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ABSTRACT 

Magnetic materials exhibiting magnetic phase transitions simultaneously with 

structural rearrangements of their crystal lattices hold a promise for numerous applications 

including magnetic refrigeration, magnetomechanical devices and sensors. 

We undertook a detailed study of a single crystal of dysprosium metal, which is a 

classical example of a system where magnetic and crystallographic sublattices can be either 

coupled or decoupled from one another. Magnetocaloric effect, magnetization, ac magnetic 

susceptibility, and heat capacity of high purity single crystals of dysprosium have been 

investigated over broad temperature and magnetic field intervals with the magnetic field 

vector parallel to either the a- or c-axes ofthe crystal. Notable differences in the behavior of 

the physical properties when compared to Dy samples studied in the past have been observed 

between 110 K and 125 K, and between 178 K and -210 K. A plausible mechanism based 

on the formation of antiferromagnetic clusters in the impure Dy has been suggested in order 

to explain the reduction of the magnetocaloric effect in the vicinity of the Ne61 point. 

Experimental and theoretical investigations of the influence of commensurability effects on 

the magnetic phase diagram and the value of the magnetocaloric effect have been conducted. 

The presence of newly found anomalies in the physical properties has been considered as 

evidence of previously unreported states of Dy. The refined magnetic phase diagram of 

dysprosium with the magnetic field vector parallel to the a-axis of a crystal has been 

constructed and discussed. 

The magnetic and crystalIographic properties of Gd$b,Ge4, pseudo-binary system 

were studied by x-ray diffkaction (at room temperature), heat capacity, ac- magnetic 

susceptibility, and magnetization in the temperature interval 5-320 K in magnetic fields up to 

100 kOe. The magnetic properties of three composition (x = 0.5, 1,2) were examined in 

detail. The GdsSbzGe2 compound that adopts TmsSbzSidype of structure (space group is 

Cmca), shows a second order FM-PM transition at 200 K, whereas GdsSb,Ged_, compounds 

for x=OS and x=l (SmsGe4-type of structure, space group is Pnma) exhibit first order phase 

transformations at 45 R and 37 K, respectively. 
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The detailed investigation of crystallographic, magnetic, thermal and electronic 

properties of GdsSbo.sGe3.5 single crystal shows that the compound undergoes a coupled 

magnetic-structural transition at 40 - 70 K and an electronic transition around 60 K. The low 

temperature crystallographic study shows that unlike in other 5:4 materials with such a large 

volume change (0.5 %), the coupled magnetic structural transition in Gd&b0.~Ge3.5 occurs 

without changing symmetry of the lattice+ The magnetic and structural properties exhibit: a 

narrower temperature and magnetic field hystereses associated with a first order transition 

compared to GdS(SiXGel.,)4, which may be important for practical applications. Low 

magnetic field data show a clear presence of a complicated short range magnetic ordering 

C‘Griffiths” phase) in the temperature interval from 40 to 250 K. The mode1 that 

quantitatively describes electronic transition in Gd5Sb0.5Ge3.5 and GdsGe4 is proposed. 
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CHAPTER I: INTRODUCTION 

In the past, the magnetic and thermal properties of single crystal Dy were studied by 

various authors using different samples, and often low purity; sometimes impurities and their 

contents have not been quantified. Consequently, it is rather difficult to compare the results 

obtained by various authors in an attempt to develop a clear picture describing the nature of 

multiple phase transitions observed in the elemental Dy as a function of temperature and 

magnetic field. To the best of our knowledge, a thorough investigation of the 

magnetothermal properties of this lanthanide metal employing a variety of experimental 

techniques with the magnetic field applied along different crystallographic directions in the 

same quality crystals obtained from a single initial batch of Dy was not conducted heretofore. 

The magnetic properties of R&3ixGe,-$4 system, where R-is it lanthanide metal, have 

been extensively studied since 1997 when V.K. Pecharsky and K.A.Gschneidner, Jr. (Ref 1) 

discovered the giant magnetocaloric effect in GdsSizGea compound. Due to the first order 

coupled structural magnetic phase transitions in the R=,(SixGel-,)4 compounds a series of 

extraordinary magnetic phenomena, such as a giant magnetostriction2 and giant 

magnetoresi~tance,~ have been observed in addition to the giant magnetocaloric effect. 

Merest in these materials is strong because of future economical benefits, i.e. potentia1 

application of GdSGelSiz and related compounds in room temperature magnetic refrigeration. 

Later studies of Gds(GexGal,)4 system4 showed similar mechanism of martensitidmagnetic 

transition as in case of GdsGezSiz (see Ref 5 )  due to partially broken interlayer T-T bonds, 

where T is a statistical mixture of (Ge, Si) or (Ge, Ga). Reference 4 also suggested that lack 

of one electron in the outer she11 of Ga (3 valence electrons for Ga instead of 4 for Si) drives 

the phase transformation in Gds(Ge,Gal -x)4 system by changing valence electron 

concentration. Therefore it is natural to try to shift valence electron concentration in the 

opposite direction by adding 5 valence electrons antimony instead of four valent silicon. The 

other advantage of an additional electron might be improvement of mechanical, thermal and 

eIectrical properties. 
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Literature review 

Dysprosium 

A comprehensive investigation of the magnetic and thermal properties of high purity 

single crystals of Dy has considerable fundamental importance because the nature of 

magnetic phase transitions may be strongly affected by the presence of H, Cy N, 0, andor F 

in the studied material.6 As we will show below, the magnetic phase diagram constructed 

using the results obtained &om a high purity Dy contains several anomalous features and 

phases that were likely masked by interstitial impurities, and therefore, leR undetected in 

previous studies. Future theoretical investigations and neutron andlor x-ray scattering 

experiments should be conducted to gain a better understanding of the nature and behavior of 

the magnetic structure of Dy in these regions of temperature and magnetic fields. Such 

studies are especially important because it is also known that in low-purity single crystals of 

Dy, magnetic phase transitions have features typical of the coexisting first- and second-order 

phase transformations. 

In addition to furthering basic understanding of the relationships between structure 

and magnetism, Dy may be considered a classical example of a magnetic material where in 

certain regions of temperature and magnetic fields, a first-order magnetic phase transition 

coincides with a first-order structural transformation (in a zero magnetic field both transitions 

occur at -90 K). Recent advancements in understanding complex intermetallic compounds7 

indicate that materials with combined magnetic-crystallographic transformations have a 

potential for practical applications, e.g., in energy efficient and environmentally benign 

magnetic refi-igeration. Presently, compounds with coupled magnetic and structural phase 

for future changes are believed to be the most promising class of materials 8,9, 10, 11 

applications in magnetic cooling and heating. 

The rare-earth metal dysprosium @y) has one of the largest magnetic moments in the 

lanthanide series, which for the free trivalent ion reaches peg = g , / m  = 10.65p~, 

where g is the gyromagnetic factor, J i s  the total angular momentum quantum number and p~ 

is the Bohr magneton. In the ferromagnetically ordered state, the spontaneous magnetic 
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moment of Dy is slightly lower, Le., m = gJ = 1 0 ~ ~ .  The metal exhibits numerous magnetic 

phase transitions as temperature andor magnetic field vary. In a zero magnetic field, Dy is 

in the paramagnetic (PM) state above its Ne61 temperature, TN ~ 1 8 0  K. At -180 K, elemental 

Dy transforms into a helical antiferromagnetic (AFM) phase (see Fig. 1 in the Appendix), 

which is stable between -90 K and -1 80 K. At the Curie temperature, TC E 90 K, the metal 

orders ferromagnetically (FM) and remains in this state down to the lowest reported 

temperature of 4.2 K. 12, l3> 14, l5 The transition between the AFM and FM phases at the Curie 

temperature is first-order, while that between the AFM and PM states at the Ned point is a 

second-order transformation. The intermediate fan magnetic structure (Fig. 1, Appendix) 

emerges between the AFM and FM phases in a certain range of non-zero magnetic fields 

between -127 K and -180 R. l S  A tri-critical point on the phase diagram, where, in 

agreement with the Landau theory, the nature of the AFM f) fan transition changes from 

first- to second-order, is located near 165 K. l6 

In a zero magnetic field, the first-order phase transition from a helical AFM to a 

collinear FM state occurs simultaneously with the orthorhombic distortion of the hexagonal 

close-packed structure of the rnetal.I7 Above the Ne61 point, no short range magnetic order 
has been observed by neutron scattering. 18,19 The x-ray diffiaction investigation in low 

magnetic fields (H 5 1 kOe), carried out in the vicinities of both the Curie and Ned 

temperatures, revealed a broad region where the AFM and FM phases coexist.20 Kida et aL2' 

reported similar observations in magnetic fields higher than 1 kOe. The crystallographic 

transition in Dy is preserved in non-zero magnetic fields, but according to Vorob'ev et aZ.,20 

the structural distortion is shifted to a higher temperature by -3 K in a 1 kOe magnetic field 

when compared to that in a zero field. This result agrees with both the magnetization l5 and 

magnetocaloric effect (MCE)I6 data. 

Thermal expansion 22,23 and heat capacitf4 measured in a zero magnetic field reveal 

additional anomalies, such as steps and sudden slope changes, which were explained by 

temperature dependent changes in the commensurability between the magnetic and 

crystallographic lattices, The correspondence between the anomalies and commensurability 

points was considered by Greenough et aZ.25 with the objective to understand the nature of 
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the complex temperature dependence of the thermal expansion and elastic constants in a zero 

magnetic field, and to relate the changes of the magnetic structure studied by neutron 

scattering with the elastic properties of Dy. 

As mentioned above, the AFM e PM magnetic transition in Dy is a second-order 

transformation, in agreement with the conventional theory of phase transformations. It is 

supported by the following experimental observations. 

i. . The H-Tdiagram of Dy contains a tricritical point at T = -165 K and H = -1 1 

kOe, where the first-order AFM H FM (or AFM f) fan) transition becomes a second-order 

transformation. Thus, at least the boundary of the AFM e fan transition approaches the zero 

magnetic field Ned point as a second-order transformation. 

.. 
11. The AFM f) fan transition takes place over a broad range of magnetic fields, 

and therefore, has a continuous character. 
... 
111. The magnetic field hysteresis is absent in the range from the tricritical point 

(-165 K) to the Ne& temperature (1 80 K). 

Nevertheless, the presence of temperature hysteresis near the AFM e PM phase 

transition, detected by heat capacity 24 and other properties measurements, including 

magnetic field hysteresis of the magnetization in pulsed magnetic fields near the Ne61 

temperature,26 points to a mixed character of this phase transition. The presence of the 

extended temperature hysteresis in the paramagnetic region supports the notion about the 

existence of AFM clusters in the PM phase matrix. Both the amount and size of these 

clusters decrease with the increasing temperature, and the paramagnetic phase becomes 

uniform and homogeneous only at temperatures approximately 30 K to 50 K above the Ne61 

point.Z7 

The most recent magnetic phase diagrams of Dy 24 indicate the presence of an 

unknown magnetic phase (the so called “fa W’ phase) inside the weI1-known fan phase 

region in the temperature interval from -170 K to -180 K and in magnetic fieIds between 12 

kOe and 25 kOe. The x-ray diffraction investigations 2’ revealed anomalies of the 

temperature dependence of the c-axis and thermal expansion in this region, but both of them 
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can be explained without assuming the presence of an additional phase, Neutron scattering 

data reveal differences in scattering fiom the conventional “fan” and the new “fan II” 
phases.28 

Expected crystal and magnetic structures of the GdsSb,Ge4, system 

Taking into account that no literature data have been found on GdsSb,Ge4, pseudo- 

binary system, we will discuss below the known crystallographic and magnetic properties 

observed in of the Gd&3ixGel,)4 and Gd5(GaXGel-,)4 systems. 

Three different crystal structures are found in Gd5(Si,Ge1-~)4 pseudo-binary system. 

They are presented in Fig. 1 : 

(1) an Orthorhombic SrnsGe4-type (space group is Pnma) with all of the T-T 

dimers between [Gd5T4] slabs broken (see Fig. 1.  (a)), where T is a statistical mixture of 

Ge and Si and the top f [Gd,T,] slab is marked by a shaded rectangle in Gd&3,Ge&). 

(2) a monoclinic GdsGe2Siz-structure type (space group is P1121/a) with half of 

the T-T interslab dimers broken (see Fig. 1. (b)). 

(3) an orthorhombic GdsSi4-structure type (space group is Pnma) with T-T 

interslab dimers between f [Gd,T,,] slabs (see Fig. 1. (c). 

Changing concentration (the Si to Ge atoms ratio), temperature, pressure, or magnetic 

field 512*7 half or all of the interslab T-T dimers may break or reform, driving reversible first 

order structural phase transformations between the above mentioned crystal structures. The 

structural transfornation is strongly coupled with drastic changes in the magnetic properties 

because of a Ruderman-Kittel-Kasuya-Yoshida (RKKY) exchange between Gd atoms. The 

RKKY exchange is known to have an oscillating character depending on distances between 

magnetic atoms and, therefore, it is very sensitive to any changes in crystal structure5. Thus, 

coupling between magnetic and crystal structures brings about some extreme magnetic 

effects, such as the giant magnetocaloric effect’, giant magnetostriction 2, and giant 

magnetoresistance ’. 
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FIG, 1.  -- Three types of crystal structure in the Gd5(Si,Get-J4 system: (a) Sm5Ge4-type, (b) 
Gd5(Si2Ge2)-type, (c)  Gd5S&-type. A shaded rectangle marks a [Gd,T,] slab. Large black spheres 
represent Gd atoms, small gray spheres represent interslab Si andlor Ge atoms (the T-atoms, see text), 
small black spheres represent the T atoms, whch are responsible for the interdab bonds, 

Recent studies of the Gds(GaxGel,)4 system showed that replacement of 4-valent 

silicon by 3-valent Ga affects the interslab T-T interactions and, consequently, the inter- 

atomic distances and crystal structure themselves. It drives a phase transformation fiom the 

orthorombic SmsGeptype (stable at 30-3 1 electrons per formula unit) to orthorhombic 

Gd5Si&pe (with 29-30 electrons per formula unit) by creating additional T-T bonds. 

Actually, tight-binding linear-muffin-tin-orbital calculations showed that the trivalent Ga 

decreases and that the tetravalent Ge increases population of the antibonding states within the 

dimers, and consequently increasing the valence electron count resuIts in the breaking of 

dimers. Thus, it was interesting to check the influence of increasing the number of valence 

electrons in a Gd5T4 system by substitution of the 4-valent Ge by the semi-metallic 5-valent 

electrons antimony. Of course, germanium can be replaced by arsenic, which has a closer 

atomic radius to the one of Ge, but arsenic is toxic, so we decided to work with a safer 

antimony instead of arsenic. 
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The crystallographic study of some Rs(Sb, (Si,Ge})4 compounds29, were R- is a rare- 

earth metal, showed the existence of a new, higher symmetry structure type in the Rs(T,Sb)4 

systems, called TmsSbzSiz - type structure. It adopts an orthorhombic symmetry with the 

space group Cmca. The TmsSbzSiz - type structure is close to Srn~Ge4 -type structure, but it 

has a higher symmetry. Authors 29 reported a variety of compounds with heavy rare-earth 

metals, however they did not observe a GdsSb,Ge4, solid solution, probably because of low 

purity of their Gd metal. 

Dissertation organization 

This dissertation is written in an alternate format composed of original published 

papers or already drafted, preceded with a general introduction and conclusion chapters. 

References cited within each chapter have been placed immediately after the chapter. 

The first paper, presented in Chapter 2, “Magnetic and magnetocalonc properties, and 

magnetic phase diagram of single crystal dysprosium” was published in Physical Review B in 

2005. The authors were AS.  Chernyshov (graduate student and primary researcher at the 

Materials Science and Engineering Department of Iowa State University and the Ames 

Laboratory of the US.  Department of Energy (DOE)), A.O. Tsokol (assistant scientist at the 

Ames Laboratory of the U.S. DOE), A.M. Tishin (Leading scientist, department of physics, 

M,V. Lomonosov Moscow State University), K.A. Gschneidner, Jr. (graduate advisor at the 

Materials Science and Engineering Department of Iowa State University and senior 

metallurgist at the Ames Laboratory of the US. DOE) and V.K. Pecharsky (graduate advisor 

at the Materials Science and Engineering Department of Iowa State University and senior 

scientist at the Ames Laboratory of the U.S. DOE). This paper presents the results of detailed 

investigation of magnetic and thermal properties of a high-purity single crystal. 

The second manuscript, presented in Chapter 3, “Crystallographic study of 

dysprosium” has been prepared for publication. The authors are A.S. Chernyshov, Ya.S. 

Mudryk (assistant scientist at the Ames Laboratory of the U.S. DOE), V.K. Pecharsky and 

K.A. Gschneidner, Jr.. This manuscript presents the results of X-ray powder diffraction study 

of Dy at low temperatures in applied magnetic fields. 



8 

The third paper, presented in Chapter 4, “Structural and magneto-thermal properties 

of the Gd,Sb,Ge4., system” was published in the Journal ofAppEied Physics and is based on 

the poster presentation given by A.S. Chernyshov at the 50-th Magnetism and Magnetic 

Materials Conference in November of 2005. The authors were AS.  Chernyshov, YaS. 

Mudryk, V.K. Pecharsky and K.A. Gschneidner, Jr. This manuscript presents the results of a 

study of the structural, magnetic and thermal properties of the Gd5Sb,Ge4, system. 

The fourth manuscript, presented in Chapter 5, “Crystallographic, magnetic and 

electronic properties of GdSSbo.sGe3.5 single crystal” has been prepared for publication. The 

authors are A.S. Chernyshov, Ya.S. Mudryk, V.K. Pecharsky and K.A. Gscheidner, Jr. This 

manuscript presents the results of a low temperature X-ray powder diffraction study, 

electrical resistivity and magnetic measurements on a Gd5Sb0.5Ge3.5 single crystal in applied 

magnetic fields. 
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CHAPTER 2: MAGNETIC A N D  MAGNETOCALORIC PROPERTIES, 

AND MAGNETIC PHASE DIAGRAM OF SINGLE CRYSTAL 

DYSPRODIUM 

A paper published in PhysicaZ Review B 

A.S. Cherny~hov,2~~ A.O. Tsokol? A.M. Tishin: K.A. Gschneidner, Jr.:,3 and 

V.K. P e c h a r ~ ~ . ~  

Abstract 

Magnetic materials exhibiting magnetic phase transitions simultaneously with 

structural rearrangements of their crystalline lattices hold promise for numerous practical 

applications including magnetic refrigeration, magnetomechanical devices and sensors. We 

undertook a detailed study of a single crystal of dysprosium metal, which is a classical 

example of a system where magnetic and crystallographic sublattices can be either coupled 

or decoupled from one another. Magnetocaloric effect, magnetization, ac magnetic 

susceptibility, and heat capacity of high purity single crystals of dysprosium have been 

investigated over broad temperature and magnetic field intervals with the magnetic field 

vector parallel to either the a- or c-axes of the crystal. Notable differences in the behavior of 

the physical properties when compared to Dy samples studied in the past have been observed 

between 1 10 K and 125 K, and between 178 K and -210 K. A plausible mechanism based 

OR the formation of antiferromagnetic clusters in the impure Dy has been suggested in order 

to explain the reduction of the magnetocaloric e€fect in the vicinity of the Ned point of 

' Physical Review 3,2005,71, 184410 

Department of Materials Science and Engineering, Iowa State University, Ames, IA 5001 1-2300, USA 

Materials and Engineering Physics Program, Ames Laboratory of the U. S. Department of Energy, Iowa State 

2 

University, A m e s ,  IA 50011-3020, USA 

Department of Physics, M.V. Lornonosov MOSCOW State University, 119899 Moscow, Russia 4 
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relatively impure samples. Experimental and theoretical investigations of the influence of 

commensurability effects on the magnetic phase diagram and the value of the magnetocaloric 

effect have been conducted. The presence of newly found anomalies in the physical 

properties has been considered as evidence of previously unreported states of Dy. The 

refined magnetic phase diagram of dysprosium with the magnetic field vector parallel to the 

a-axis of a crystal has been constructed and discussed. 

Introduction 

The rare-earth metal dysprosium @y) has one of the largest magnetic moments in the 

lanthanide series, which for the fiee trivalent ion reaches p g  = g , / m  = 10.65p~, 

where g is the gyromagnetic factor, J i s  the total angular momentum quantum number and p.B 

is the Bohr magneton. In the ferromagnetically ordered state, the spontaneous magnetic 

moment of Dy is slightly lower, Le., rn = gJ = 1 O ~ B .  The metal exhibits numerous magnetic 

phase transitions as temperature andor magnetic field vary. In a zero magnetic field, Dy is 

in the paramagnetic OM) state above its Netl temperature, T’,~180 R. At -180 K, elemental 

Dy transforms into a helical antiferromagnetic (AFM) phase, which is stable between -90 K 

and -180 K. At the Curie temperature, TC E 90 K, the metal orders ferromagnetically (FM) 

and remains in this state down to the lowest reported temperature of 4.2 K.’* 2b 3* 

transition between the AFM and FM phases at the Curie temperature is first-order, while that 

between the AFM and PM states at the Ned point is a second-order transformation. The 

intermediate fan magnetic structure emerges between the AFM and FM phases in a certain 

range of non-zero magnetic fields between -127 K and -1 80 K.4 A tri-critical point on the 

phase diagram, where, in agreement with the Landau theory, the nature of the AFM f) fan 

transition changes firom first- to second-order, is located near 165 K.5 

The 

In a zero magnetic field, the first-order phase transition fiom a helical AFM to a 

collinear FM state occurs simultaneously with the orthorhombic distortion of the hexagonal 

close-packed structure of the metaL6 Above the Netl point, no short range magnetic order 

has been observed by neutron ~cattering.~~ * The x-ray diffiraction investigation in low 

magnetic fields (HI 1 kOe), carried out in the vicinities of both the Curie and Ned 
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temperatures, revealed a broad region where the AFM and FM phases c o e ~ i s t . ~  Kida et al." 

reported similar observations in magnetic fields higher than 1 kOe.,The crystallographic 

transition in Dy is preserved in non-zero magnetic fields, but according to Vorob'ev et ai.,' 

the structural distortion is shifted to a higher temperature by -3 K in a 1 kOe magnetic field 

when compared to that in a zero field. This result agrees with both the magnetization4 and 

magnetocaloric effect '(MCE) (Ref. 5) data. 

11,12 Thermal expansion and heat capacityI3 measured in a zero magnetic field reveal 

additional anomalies, such as steps and sudden slope changes, which were explained by 

temperature dependent changes in the commensurability between the magnetic and 

crystallographic laaices. The correspondence between the anomalies and commensurability 

points was considered by Greenough et a1.'4 with the objective to understand the nature of 

the complex temperature dependence of the thermal expansion and elastic constants in a zero 

magnetic field, and to relate the changes of the magnetic structure studied by neutron 

scattering with the elastic properties of Dy. 

The investigation of the magnetization in magnetic fields ranging from 0 to 20 kOe 

applied along the hard magnetization direction, Le., along the c-axis of a crystal in a 
temperature interval from 4 K to 300 K was carried out by Jordan and Lee.'' Magnetization, 

resistance and thermal expansion studies conducted between 4 K and 6.5 K enabled Wills 

and Ali'61 l7 to conclude that a component of the magnetic moment along the c-axis is likely 

present at low temperatures. 

The magnetic phase diagram with the magnetic field applied along the a-axis (the 

easy magnetization direction) has been constructed using different experimental methods, 

These include magnetization data: ultrasonic measurements," ac ~alorirnetry,'~ 

magnetocaloric effect:' and Young's rnoduI~s. '~ Even though the magnetic and thermal 

properties of single crystalline Dy have been thoroughly studied, additional features in the 

magnetism and the need to revise the arrangement of phase fields in the vicinity of the Ned 

point were noted in Refs. 13,20,21,22, and 23. Some of the anomaIies can be explained by 

the occurrence of the intermediate vortex state, the presence of which in a narrow 

temperature range was predicted theoretically by Kosevich et aZ.24 in the case of the magnetic 
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field vector parallel to the c-axis. As noted in Ref. 24, Dy - which is an easy plane magnetic 

material - may be unstable with respect to a transformation of the original magnetic phase 

into a vortex magnetic state perpendicular to the basal &plane. Amitin et ~ 2 . 2 ~  suggested 

that the anomaIous features of thermal expansion can be understood assuming the appearance 

of an intermediate vortex structure and by considering Dy as a two-dimensional magnetic 

system. The presence of the vortex state was experimentally verified by neutron scattering' 

in a zero magnetic field. The location of this additional magnetic phase on the H-T diagram 

with the magnetic field vector parallel to the [115 01 direction has been investigated by 

Alkhafaji and Mi2' using magnetization measurements. 

As mentioned above, the AFM H PM magnetic transition in Dy is a second-order 

transformation, in agreement with the conventional theory of phase transformations. It is 

supported by the following experimental observations. 

i. The H-T diagram of Dy contains a tricritical point at T = -165 K and H = -1 I 

kOe, where the first-order AFM H FM (or AFM f) fan) transition becomes a secondr-order 

transformation. Thus, at least the boundary of the AFM ++ fan transition approaches the zero 

magnetic field Net1 point as a second-order transformation. 

.. 
11. The AFM H fan transition takes place over a broad range of magnetic fields, 

and therefore, has a continuous character. 

iii. The magnetic field hysteresis is absent in the range fkom the tricritical point 

(-165 K) to the Ne61 temperature (180 K). 

Nevertheless, the presence of temperature hysteresis near the AFM e PM phase 

transition, detected by heat capacity13 and other pr~perties'~ measurements, including 

magnetic field hysteresis of the magnetization in pulsed magnetic fields near the Ned 

temperat~re?~ points to a mixed character of this phase transition. The presence of the 

extended temperature hysteresis in the paramagnetic region supports the notion about the 

existence of M M  clusters in the PM phase matrix. Both the amount and size of these 

clusters decrease with the increasing temperature, and the paramagnetic phase becomes 
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uniform and homogeneous only at temperatures approximately 30 K to 50 K above the Ned 

Since the behavior of the heat capacity at constant pressure, C,(H, T), as a h c t i o n  of 

temperature and magnetic field can be used to examine the nature of magnetic phase 

transitions, several sets of experimental investigations of the heat capacity of Dy have been 

reported to date. Specific heat was investigated by ac calorimetry fiom 80 K to 130 K in a 

zero magnetic fieldi3 and in magnetic fields up to 17 kOeI9 applied along the easy 

magnetization direction (a-axis). Unusual superheating during a first-order FM + AFM 

transformation in a zero magnetic field was observed by Pecharsky et al.29 and by 

Gschneidner et al.30 for a solid-state electrolysis purified polycrystalline Dy+ 

The most recent magnetic phase diagrams of Dy’3326 indicate the presence of an 

unknown magnetic phase (the so called “fan E’ phase) inside the well-known fan phase 

region in the temperature interval from -170 K to -180 K and in magnetic fieIds between 12 

kOe and 25 kOe. The x-ray diffraction investigations” revealed anomalies of the 

temperature dependence of the c-axis and thermal expansion in this region, but both of them 

can be explained without assuming the presence of an additional phase. Neutron scattering 

data reveal differences in scattering between the conventional “fan” and the new “fan 11” 

phasese3* 

In the past, the magnetic and thermal properties of single crystal Dy were studied by 

various authors using different quality samples. The majority of known investigations were 

performed using specimens of different, and oRen low purity; sometimes impurities and their 

contents have not been quantified. Consequently, it is rather difficult to compare the results 

obtained by various authors in an attempt to develop a clear picture describing the nature of 

multiple phase transitions observed in elemental Dy as a hnction of temperature and 

magnetic field. To the best of our knowledge, a thorough investigation of the 

magnetothermal properties of this lanthanide metal employing a variety of experimental 

techniques with the magnetic field applied along different crystallographic directions in the 

same quality crystals obtained fi-om a single initial batch of Dy was not conducted heretofore. 
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A comprehensive investigation of the impact of purity of Dy single crystals on their 

magnetic and thermal properties has considerable fhdamental importance because the nature 

of magnetic phase transitions may be strongly affected by the presence of H, C, 0, N, and/or 

F in the studied material.32 As we will show below, the magnetic phase diagram constructed 

using the results obtained from a high purity Dy crystal contains several anomalous features 

and phases that were likely masked by interstitial impurities, and therefore, left undetected in 

previous studies. Future theoretical investigations and neutron and/or x-ray scattering 

experiments should be conducted to gain a better understanding of the nature and behavior of 
the magnetic structure of Dy in these regions of temperature and magnetic fields. Such 

studies are especially important because it is also known that in low-purity single crystals of 

Dy, magnetic phase transitions have features typical of the coexisting first- and second-order 

phase  transformation^.'^ 

In addition to furthering basic understanding of the relationships between structure 

and magnetism, Dy may be considered a classical example of a magnetic material where in 

certain regions of temperature and magnetic fields, a first-order magnetic phase transition 

coincides with a first-order structural transformation (in a zero magnetic field both transitions 

occur at -90 K). Recent advancements in understanding complex intermetallic compounds33 

indicate that materials with combined magnetic-crystallographic transformations have a 

potential for practical applications, e.g,, in energy efficient and environmentally benign 

magnetic refrigeration. Presently, compounds with coupled magnetic and structural phase 

changes are believed to be the most promising class of materials 

applications in magnetic cooling and heating. 

for future 34,35,36,37 

In this paper, we report a variety of experimental measurements, including dc 

magnetization, ac magnetic susceptibility, magnetocaloric effect, and heat capacity, all as 

fhctions of temperature and magnetic field, performed using the identical quality Dy single 

crystals with magnetic field applied parallel to either the a- or c-axes of the crystal. The 

obtained results have been compared with previously known data and utilized in an attempt 

to explain the nature of the anomalies recently reported in Refs. 13 and 3 1 + 
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Experimental details 

The single crystal of Dy investigated in this work was prepared by the Materials 

Preparation Center at the Ames Laboratory. The major impurities in the polycrystalline 

metal used to grow the single crystal via a strain-anneal process were as follows (inppm 

atomic): 0 - 600, C - 190, F - 110, Fe - 60, and N - 50, thus the starting material was 

approximately 99.89 at.% (99.98 wt.%) pure. The specimens for the dc magnetization and ac 

magnetic susceptibility measurements were cut by using the spark-eroding technique from a 

large grain and shaped as parallelepipeds with the approximate dimensions 2 x 2 ~ 4  m3. The 

longest axes of the parallelepipeds were parallel to either the a- or c-crystallographic axes of 

Dy. The samples for the heat capacity measurements, aIso extracted from a large grain, were 

approximately cylindrically shaped with the height of the cylinder around 3 m, arid its 

diameter approximately 10 mm; the a- and c-crystallographic axes were parallel to the 

shortest dimensions of the two different samples. Crystallographic directions were 

determined using the back reflection Laue technique, The combined accuracy of the 

alignment of the crystalIographic axes with the direction of the magnetic field vector was 

k5". AI1 isothermal magnetization measurements reported in this paper have been corrected 

for demagnetization. The value of the demagnetization factor used for recalculating the 

magnetization was 0.2. 

The dc magnetization and ac magnetic susceptibility data were measured using a 

Lake Shore addc susceptometer/magnetometer, model 7225. Magnetic measurements were 

carried out in the range of external magnetic fields varying from 0 to 56 kOe and in the 

temperature interval from 4.5 K to 300 K. The rms amplitudes of the ac magnetic fields 

varied from 2.5 Oe to 10 Oe, and the range of the ac magnetic fields' frequencies was ffom 

55 Hz to 1000 Hz. The accuracy of the magnetic measurements, derived from measuring a 

Pt standard, appears to be better than 1 %. 

The heat capacity in constant magnetic fields ranging from 0 to 100 kOe was 

measured between -4 K and 350 K in a semiadiabatic heat pulse calorimeter, which has been 

described else~here.~' The accuracy of the heat capacity data was better than -0.6 % in the 
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temperature interval from 20 K to 350 K and better than -1 % in the temperature range 4 K - 

20 K. 

The isothermal magnetic entropy change as a f ic t ion of temperature was calculated 

fiorn magnetization data by using the Maxwell relation 

The experimental isofield heat capacity data, CAT', Hi), (usually a total of -300 data 

points for each value of the external magnetic field) were used to calculate the total entropies, 

Stolar(T, Hj), where Hi is a fixed magnetic field: 

In Eq. 2, the zero temperature entropy is assumed to be zero and independent of the 

magnetic field. In order to reduce the influence of a small variance in temperature at which 

the measurements in different Hj were initiated, the numerical integration of Eq. 2 was 

performed beginning at a common lowest temperature, Tmi", for all magnetic fields. Hence, 

the total entropy was calcuIated, as follows: 

0 A 1 

The heat capacity, CXT,  Hi), was extrapolated fiom T = Tm, to T = 0 using the 

experimenta1 data in the temperature interval from -3.5 K to -8 K and assuming that the total 

heat capacity is the s u m  of the lattice, electronic, and magnetic contributions, It was also 

assumed that at low temperature and far way from the nearest magnetic phase transition (Tc 

E 90 K), the contributions fiom the electronic (yT)  and lattice (pp) heat capacities are 

magnetic field independent. Hence, magnetic field affects only the magnetic part of the heat 

capacity, CM = Sl" where n = 1.5, and B is a parameter determined fiorn a least squares fit 

of the heat capacity data from T,in io -8 K. Thus, the determined y, B and p were used in the 
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interpolation from T = Tniin to T = 0 K using C'p (T,Hi) = gT+ B&?*' + pT3. The 

magnetocaloric effect was determined as the isothermal (MM) and the isentropic differences 

(ATod) between the two entropy hctions: (T,  Hi f 0) and (T ,  Hi = 0) . 

The magnetocaloric effect, ATad, was also measured directly fiom -77 K to 300 K in 

quasi-static magnetic fields using a home-built apparatus. The magnetic field changes 

ranged fiom 2 kOe to 14 kOe and the magnetic field was generated by an electromagnet. 

Due to the relatively large magnetic induction of the coil, the time of the field sweep fiom 0 

to 14 kOe was z E 2 sec. The measurements were made on thermally insulated samples in a 

vacuum of 

surroundings. The MCE data were usually recorded as follows. First, the temperature of the 

specimen was stabilized after either cooIing fiom -200 K or heating from -80 K to the target 

temperature in a zero magnetic field. Second, the MCE measurements were carried out by 

changing the magnetic field between zero and the desired value (and then back to zero) 

beginning from small magnetic field increments and ending with the largest AH The zero- 

magnetic field temperature of the specimen was kept constant during each series of 

measurements. We will refer to these data as the MCE measured isothermally. In another 

approach, which we call isofieId measurements and which may yield different results 

because some phase transitions of Dy are first-order and hysteretic, the MCE data were 

recorded after sample temperature was stabilized as described above before each magnetic 

field sweep. The magnetic field change was always fiom zero to the same non-zero field 

value. The equilibrium temperature of the specimen was measured using a copper- 

constantan thermocouple before and after the magnetic field sweeps. The magnetocaloric 

effect was determined as the difference between the two equilibrium temperatures with -7 % 

to -10 % accuracy. 

torr to minimize the heat exchange between the specimen and the 
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Fig. 1. Isothermal magnetization of Dy measured between 83.5 K and 122 K with the magnetic field vector 
paraIlel to the a-axis. The inset shows the critical magnetic fields as a function of temperature. The sample was 
heated to 250 K (is,, the paramagnetic state) and then cooIed down in a zero magnetic field to the temperature 
of each measurement. 

Results 

Magnetic properties 

The isothermal dependencies of the magnetization of the Dy single crystal measured 

in low magnetic fields in the temperature interval from 83.5 K to 122 K with the magnetic 

field applied parallel to the a-axis are shown in Fig. 1. Distinct metmagnetic-like steps in 

the magnetization corresponding to the magnetic field-induced first-order AFM + FM 

transformation are observed at all temperatures exceeding 90 K. The critical magnetic field, 

H,,, increases nearly linearly with temperature at a rate (dHc,./dq of 0.13 kOe/K, see inset in 
Fig. 1. 

The magnetic field dependencies of the magnetization along the same 

crystalIographic axis at higher temperatures and higher magnetic fields are shown in Fig. 2. 

The critical magnetic field required to induce the AFM + FM transformation continues to 

increase nearly linearly from -4 kOe to -1 1 kOe with increasing temperature and then 

saturates at H,, E 1 1 kOe at T 2 165 K. A step-like increase in the magnetization is clearly 
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observed even at 177 K (not shown in Fig. 2). At 180 I(, tlie step becomes nearly 

indistinguishable and the anomaly is reduced to a change of slope of the M(H)T function, 

which presumably corresponds to a second-order magnetic field-induced AFM -+ fan 
transition. This behavior is in good agreement with the results reported in Ref. 2. In higher 

magnetic fields (1 1 kOe to 22 kOe) and just below 180 K, Dy becomes ferromagnetic due to 

the magnetic field induced fan + FM transition. The magnetic field induced anomaly 

similar to that shown for the 180 K isotherm in Fig. 2 disappears above 181.5 K. The 

behavior of the magnetization becomes nearly linear with field as Dy adopts the 

paramagnetic state. 

The magnetization along the c-axis (Fig. 3) displays quite a different behavior, which 

is consistent with a hard magnetization direction. Between 120 R and 1 SO K, anomalous but 

minor slope changes are observed in magnetic fields below 15 kOe. With increasing 

temperature, the location of this slope anomaly moves towards the higher values of the 

magnetic field in a nearly linear fashion. 
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Fig. 2. Isothermal magnetization of Dy measured between 135 K and 180 K with the magnetic fieId vector 
parallel to the a-axis. The sample was heated to 250 K (;.e., the paramagnetic state) and then cooled down in a 
zero magnetic field to the temperature of each measurement. 
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Fig. 3. Isothermal magnetization of Dy measured between 50 K and 185 K with the magnetic fieId vector 
paraIlel to the c-axis. The sample was heated to 250 K @e., the paramagnetic state) and then cooled down in a 
zero magnetic field to the temperature of each measurement. 

The temperature dependencies of the magnetization along the a-axis measured in 

several different dc magnetic fields are shown in Fig. 4. Sharp reductions of the 

magnetization observed on heating in 3 kOe, 6 kOe and 10 kOe magnetic fields correspond 

to the temperature induced first-order FM -+ AFM magnetic phase transitions. The cusps, 

seen near 180 K, correspond to second-order AFM + PM transitions. A weak anomaly is 

also observed in the vicinity of 100 K in low magnetic fields, which is better visualized as the 

derivative of the magnetization with respect to temperature (e.g., in a 6 kOe magnetic field 

see inset in Fig. 4). The presence of the anomalies around 100 K may be explained by the 

proximity of the point where magnetic and crystal structures become commensurate with one 

another. Similar anomalies have been confirmed by our magnetocaloric effect measurements 

(see below), which also reveal the existence of an additional critical field in the temperature 

interval from 11 0 K to 125 K. 
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Fig. 4. Isofiefd magnetization of Dy measured during heating of a zero magnetic field cooled sample from 4.5 
K to 250 K with the magnetic field vector parallel to the a-axis. The inset shows the derivative of the 
magnetization with respect to temperature between 70 and 120 K when H = 6 kOe. The arrows point to a &ox 
anomaly observed near 100 K in a 6 kOe magnetic field. 

The isofield magnetization measurements along the c-axis in the temperature interval 

fiom 50 K to 250 K and appIied magnetic fields of 5 kOe and 15 kOe are illustrated in Fig. 5. 

Both curves behave anomalously between 80 K and 90 K (the Curie point) and around 180 K 

(the Ne& point). The step-like decrease of the magnetization at -80 K reflects the first-order 

FM -+ AFM transition occurring on heating. The maximum of the magnetization at -1 80 K 

coincides with the Ned point, where a second-order transition from the AFM to the PM 

phase occurs. 

The temperature dependencies of the ac magnetic susceptibility measured along the 

easy magnetization axis with dc magnetic fields of 5 kOe and 10 kOe applied along the a- 

axis of the crystal are presented in Fig. 6. The anornaIies observed when the sample was 

biased by a 5 kOe dc magnetic field (a minimum at 106.7 K, a maximum at 124.7 K, and a 

maximum at 180.2 K) correspond to the anomalies in the MCE (see below) and the dc 

magnetization (see Fig. 13) in this region of temperatures and magnetic fields. The minimum 

at 106.7 K is related to an intermediate magnetic phase. In the dc magnetic field of 10 kOe, 

the minimum of the ac susceptibility transforms into a weak step-like anomaly (see inset in 

Fig. 6) .  There are also anomalies related to the second-order phase 
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Fig. 5 .  Isofield magnetization of Dy measured on heating of a zero magnetic field cooled sample from -50 K to 
-250 K with a magnetic field vector parallel to the c-axis. 

transition between ferromagnetic and fan phases ( T E  140 K), the first-order AFM-FM 

magnetic phase transition ( T E  153 K) and the second-order transition between AFM and PM 

phases (Tz 175 K) when the ac susceptibility measurements are biased by a 10 kOe dc 

magnetic field. 

The fac(T) data along the c-axis measured in a zero external dc magnetic field, have 

two peaks approximately corresponding to the locations of the Curie and Ned points (see 

Fig. 8). Additional steps appear in the applied dc magnetic fields of 5 kOe, 8 kOe and 

10 kOe (only the 10 kOe curve is shown in Fig. S), and their locations on the temperature 

scale ascend in a linear fashion with the increasing magnetic field. In a 20 kOe magnetic 

field, the temperature dependence of the ac susceptibility has a characteristic maximum 

related to the position of the AFM 

temperature. 

PM transition and a step in the vicinity of the Curie 
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Fig. 6. The real component of the ac magnetic susceptibility of Dy measured on heating of the zero magnetic 
field cooled sample from 50 K to 250 K with both the ac and dc magnetic field vectors parallel to the a-axis. 
The inset clarifies details around 100 K. 
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Fig. 7. The real component of the ac magnetic susceptibility of Dy measured on heating of a zero magnetic 
field cooled sample from 5 K to 250 K with both the ac and dc magnetic field vectors parallel to the c-axis. 
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Magnetothermal properties 

The heat capacity of single crystalhe Dy in a zero magnetic field (see Fig. 8) agrees 

with the previous rneas~rements.~~ A sharp peak at -90 IS corresponds to the first-order 

AFM -+ FM transition and the characteristic 1-type anomaly at -1 80 K reflects a second- 

order AFM + PM transformation. Upon appIication of the magnetic field parallel to the 

easy magnetization direction, the behavior of the heat capacity changes considerably. The 

temperature of the sharp peak at 90 R remains nearly constant in magnetic fields between 3 

and 15 kOe but its magnitude is gradually suppressed, especially in a 15 kOe field. The peak 

completely disappears in a 20 kOe magnetic field (not shown in Fig. 8). A second low 

temperature feature - a small cusp - develops above 90 K in Iow magnetic fields, and it 

quickly shifts towards higher temperature as the magnetic field increases (see the inset in Fig. 

8). The location of the cusp approximately corresponds to the magnetic field induced AFM 

+ FM transitions (see Fig. 1 and Fig. 2). The high temperature anomaly splits into two 

when the magnetic field is in the range of 15 to 25 kOe (only the 15 kOe data are shown in 

Fig. 8). 
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Fig. 3. The heat capacity of Dy between -70 K and 250 K measured on heating of a zero field cooled sample in 
low magnetic fieIds with the magnetic field vector parallel to the a-axis. The inset clarifies the behavior 
between 100 and 150 K at 6 kOe and 15 kOe. The cusps, which develop in these magnetic fields, are indicated 
by arrows. 
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The heat capacity measured with the magnetic field applied along the c-axis in the 

temperature interval 70 K to 200 K in the range of magnetic fields up to 15 kOe is shown in 

Fig. 9. Unlike when the magnetic field is applied parallel to the a-axis, the data presented in 

Fig. 9 has only two anomalies. The sharp peak at -90 K corresponds to a first-order phase 

transition. The magnitude of this peak decreases with increasing magnetic field, however, the 

suppression is not as drastic as in the case when magnetic fieId vector coincides with the easy 

magnetization direction. As long as the magnetic field is less than or equaI to 20 kOe, its 

influence on the heat capacity around TN = 180 K is nearly negligible. 

The isothermal dependencies of the magnetocaloric effect in the region fiom -1 11 K 

to -122 K are presented in Fig. 10. Each curve displays two step-like anomalies. The low- 

field steps correspond to the magnetic field induced AFM + FM transitions. Additional 

steps occur at slightly larger magnetic fields and they are observed in the temperature interval 

fiom 105 K to 125 K. The difference between the values of the critical fields corresponding 

to the first step, measured after heating and after cooling of the sample, shows temperature 

hysteresis, which is consistent with the first-order nature of the AFM + FM transition. The 

second steps have little, if any hysteresis, thus indicating a second-order nature of the 

underlying transformation (also see below). 
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Fig. 9. The heat capacity of Dy between -70 K and 250 K measured on heating of a zero field cooled sample in 
low magnetic fields with the magnetic field vector parallel to the c-axis. 
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Fig. 10. The magnetocaloric effect of Dy between -1 11 K and -122 K measured duectly in Iow magnetic fields 
with the magnetic fieId vector parallel to the a-axis. The magnetic field was changed between 0 and the value 
specified as the abscissa after the sample was either heated in a zero magnetic field from below 90 K or zero- 
field-cooled from above 180 K to the temperature of the measurement as indicated in the legend. The arrows 
point to low-field steps observed at T = 11 1.6 K and T = 117.8 K. 
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Fig. 11. The magnetocaloric effect of Dy between -179 K and -182 K measured directly in low magnetic fields 
with the magnetic field vector paralIeI to the a-axis. The magnetic field was changed between 0 and the value 
specified as the abscissa and then back to 0 while the sample.was kept at constant initial temperature, as marked 
in the legend. 
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The isothermal behavior of the MCE in the vicinity of the Ne61 point is shown in Fig. 

1 1. At and below 179.2 K, the MCE is negative in low magnetic fields, whkh is due to the 

contribution fiom the AFM phase in this range of magnetic fields. At higher temperatures, 

the antiferromagnetic order disappears, and the magnetocaloric effect becomes positive in all 

magnetic fields. It is, therefore, possible to define the Net1 point as the temperature where 

the MCE becomes non negative in weak magnetic fields. The value of thus obtained Net1 

temperature is 179.4 K. Just below the Ne61 temperature, the MCE shows plateau-like 

behavior, i.e., the weakly magnetic field dependent MCE (e.g. fiom -4 to -8 kOe at 179.2 K, 

fiorn -10 to -12 kOe at 179.5 K, and fiom -6 to -8 kOe at 180.7 K). The fine features in the 

behavior of the MCE as a fhction of magnetic field change disappear above 182 K, where 

Dy is in the PM state. 

The temperature dependencies of the magnetocaloric effect for a magnetic field 

change fiom 0 to 10 kOe between 50 K and 200 K obtained using different techniques are 

depicted in Fig. 12. AI1 of the data are presented without accounting for the demagnetization 

factor. Some discrepancies between the MCE values are observed in the temperature interval 

fiom 90 K to 160 K. The magnetocaloric effect measured isothermally generally exceeds 

that obtained from the isofield measurements, possibly due to the presence of an additional. 

phase caused by the commensurability o f  the magnetic and crystallographic structures. The 

results computed from heat capacity are generally lower than those measured directly in this 

temperature range. While a variety of reasons may account for the discrepancies between the 

computed and the measured MCE values, including different error limits intrinsic to each 

technique,39 we believe that the observed differences are partially due to the fact that the heat 

capacity is measured in a constant magnetic field, while the direct MCE measurements 

require changing the magnetic field. Normally, this makes little, if any, difference unless the 

material undergoes a first-order phase transition, as does Dy, where the first-order AFM + 
FM transformation can be induced by low magnetic fields between 90 K and -180 K (see 

Fig. 1 and Fig. 2). 
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Fig. 12. The magnetocaloric effect of single crystalline Dy between 50 K and 200 K measured directly for a 
magnetic field change from 0 to 10 kOe and calculated from the heat capacity data collected in 0 and 10 kOe 
magnetic fields. In all cases, the magnetic field vector was parallel to the a-axis of the crystal. 

All measured physical properties of Dy, especially those with the magnetic field 

parallel to the a-axis of the crystal, show multiple temperature and magnetic field dependent 

anomalies. These are included in Fig. 13, which represents a refined T-H phase diagram of 

Dy. h general, most of the experimental results described in this section are in good 

agreement with those reported earlier. In particular, Dy behaves as a ferromagnet below the 

Curie temperature and as an antiferromagnet between the Curie and Net1 temperatures in a 

zero magnetic field. We also detect anomalies, which can be associated with the 

intermediate fan phase during the transition from the AFM to FM phase when temperature 

exceeds -125 R and the magnetic field exceeds -4 kOe. At temperatures above 181,7 K, Dy 

behaves as a conventional paramagnet. Yet, several additional anomalies have been 

observed in the course of this study, thus leading to a revision of the magnetic phase diagram 

of Dy as discussed below. 
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Fig. 13. The magnetic phase diagram of Dy with the magnetic field vector parallel to the easy magnetization 
direction, Le., to the a-axis of the crystal. Also see Fig. 17 and Fig. 20 for enlarged portions of the magnetic 
phase diagram in the range of 100 K to 130 K and 3 kOe to 7 kOe, and 170 to 180 K and 6 kOe to 12 kOe, 
respectively. 

AXM + F‘M phase transition 

Magnetization and ac magnetic susceptibility measurements with the magnetic fields 

applied along the easy magnetization direction are in good agreement with previous 

investigations. 

increases, a small magnetic field is required to induce the AFM + FM transformation and 

the value of the critical magnetic field increases with temperature (see Fig. 13 and relevant 

experimental data in Figs. 1 through 7). Below the Curie temperature, magnetic and thermal 

properties indicate that the FM phase of Dy is in a uniform state. 

The Curie temperature is -90 K in a zero magnetic field. As temperature 

The anomalous behavior of the heat capacity observed between 90 K and 180 K when 

the magnetic field is applied along the a-axis (Fig. 8) is related to complex interplay of 

magnetic and structural transitions between the AFM and FM phases, The Iowest 

temperature anomaly is a sharp peak, which resides at -90 R in magnetic fields up to 20 kOe. 

The second, next higher temperature anomaly, is a small cusp that in T-H coordinates (e.g., 

-124 K at 6 kOe and -135 K at 15 kOe)) corresponds to the location of the magnetic field 

induced AFM + FM transition obtained from the magnetization data. It is, therefore, 
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reasonable to assume that magnetic field applied along the easy magnetization direction leads 

to a two-step transformation in the elemental Dy. The fust is the orthorhombic to hexagonal 

distortion, which appears to be magnetic field independent and it always occurs at -90 K on 

heating. h a non-zero magnetic field this is likely to be a structural transition between two 

ferromagnetic phases of Dy. The second step is the c-axis discontinuity (according to Ref. 

10 the discontinuity is observed at temperatures as high as 169 K), which is coupled with the 

FM + AFM change of the magnetic structure as temperature and field increase. Thus, the 

AFM # FM transition in Dy involves an anisotropic change of the magnetoelastic 

interactions along the 6-fold crystallographic axis,lg and it appears that two structural (an 

orthorhombic -hexagonal distortion and the c-axis discontinuity) and one magnetic (AFM - 

FM) phase transitions coexist at TC in a zero magnetic field. Thus, TC may be considered as 

the lowest temperature tricritical point in the magnetic phase diagram of Dy. 

CommensurabiIity effects 

The magnetocaloric effect data collected between 1 10 K and 120 K reveal anomalous 

behavior of the isothermal MCE curves in the range of magnetic fields fiom 3 kOe to 6 kOe 

(Fig. 10). Similar features have been observed in low magnetic fields in the thermal 

expansion at 100 K and 1 10 K, and are thought to be caused by the proximity of the 

commensurability point at 113 K.I4 To gain m e r  insights on the observed low magnetic 

field anomalies and to describe the behavior of the critical fields between -1 10 K and 120 R, 

one can employ the Landau-Ginsburg theory. Although the theory is phenomenological, it 

provides a qualitative understanding of the different magnetic phase transitions irrespective 

of their nature. 

Theoretical analysis 

Consider the helical antiferromagnetic structure of Dy as a set of ferromagnetic 

planes stacked perpendicular to the c-axis. From one plane to the next, the in-base 

components of the magnetic moments rotate by a specific angle 6, the so called helix angle. 

According to neutron scatte~ing,'~ the commensurability sets at T,,, = 113 R, in agreement 
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with anomalies of the magnetic and thermal properties between 1 10 K and 120 K described 

above. At Tconr, the non-zero c-component of the magnetic wave vector q and the helix angle 

p become, respectively, 1/6zand 30" (where Tis the length of the reciprocal lattice vector). 

The magnetic moment, therefore, completes the full rotation over 12 sequential planes and 

one can consider these planes as an antiferromagnetic cluster consisting of 6 pairs of planes, 

each with mutually opposite magnetic moments. The investigation of how the 

commensurability point affects magnetic properties of a material was carried out in Refs. 40, 

41 and 42. The case of a spiral structure with AFM ordering in the basal plane was described 

in Ref. 42. 

For Ho and Dy, the Landau-Lifshitz function, expanded in the vicinity of the rational 

value of q = [O, 0, 1/6z;j, is as follows: 41 

In Eq. 4, 4 and 7 are the order parmeters corresponding to clockwise and counter-clockwise 

rotations of the magnetic moment in the basal plane, respectively; r, u, 0, and yare the 

temperature dependent coefficients; w represents the basal plane anisotropy, and Vis  the 

volume of a system. Equation (4) was obtained using full symmetry of the system at q = [0, 

0, l/6z]. 

The order parameters ( and represent a superposition of the left-handed and right- 

handed spirals. Therefore, the two variables can be reduced to one complex order 

para~neter:~' 

where p is the modulus (amplitude) of the order parameter. In case of an undistorted helix 

structure of Dy, p = qz, where q = lql and z is the coordinate along the c-axis. 
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After substituting the new variable into the fhctional(4), neglecting the fourth-order 

tern, assuming that p(r) is constant, and dr) = Mx, y, z) = p(z) depends only on the 

z-coordinate:' one can obtain the following simplified function: 

Equation (6) does not account for the presence of 12-plane antiferromagnetic clusters 

caused by the commensurability of the crystal and magnetic structures of Dy. Thus, one 

must introduce an antiferromagnetic spiral, where the cluster is treated as an 

antiferromagnetically ordered slab. The density of magnetic moments inside the material in 

case of the AFM spiral can be expressed as:42 

M(r) = M(m + le-iqAr), 

where M is the modulus of the magnetization, q A  is the vector of the AFM structure inside 

the slab, and m and I are auxiliary vectors that satisfy the following conditions to keep the 

density of the magnetic moments independent of the coordinate?2 

m 2 + I 2 = 1  and (m.1)=0. 

If the magnetic field is applied along the easy magnetization a-axis (x-direction) and 

q A  is located along the c-axis (z-direction), then vectors m and 1 should have the following 

 component^:'^ 

m, = m cosp, my = msinp, m, = 0, 

I ,  =Isinp, I,, =-Zcosp, Z, = 0, (9) 

where m = Iml and 1 = 111 are the amplitudes of the vectors m and 1. 

Considering the density of magnetic moments as the order parameter, one can obtain 

the f iu~ct ion:~~ 

-=-I-[.' + f 1 2 ( $ )  + 2 d  -+mhcosy+wZ cos6p , 
M 2  v dz 1 2 
a 1  2 dP 6 
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where Z substitutes for p in (6). 

Taking into account that in2 -I- Z2 = 1, minimization of the following equation models 

the phase transitions of the system:42 

1 2 
2 4 6 a 1  - = - [dr[ r12 + f12( $) -t- 2 d  - + mhcosq + wi cos6p 

M 2  v dz 

-a(. 2 2  + I  -1) 

After differentiating (1 I) with respect to 4,1, rn, and one obtains the following 

series of EuIer equations: 

d2p + -sin mA p + 6w - z 4  sin 6p = 0, 
& dz2 27i2 2Y 

6(@,M2) =0=3 m 2 2  + I  - l = O ,  
6A 

where I and m are treated as constants, and x a, r, and w depend only on temperature. 

Employing the perturbation theory for small values of the basal plane anisotropy (w) 

and taking into account only the terms that are linear with respect to w, we obtain the 

following approximate solutions for Eqs. 12: 

W (I) p=kz+-sin6h, Z = l , r n = O  (h<h2) 

(II) cosp = -1 E = /-,rn = -h/2r (hl < h < h3) 

12Y 

(rn) cosp= l  Z=O,m=- l  ( h > h 3 )  

where the limiting values of the magnetic field are: 
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and the modulus x of the amplitude of the Jacobian elliptic function, am(z/x, x),  can be found 

by using the energy conservation equation: 

Solution (13.0 corresponds to a helix phase slightly distorted in the basal plane; 

solution (13.q is an additional spin-flop phase that transforms to the ferromagnetic phase 

(13.m) when the magnetic field exceeds the critical value h3 = 214. Solution (13.W) 

corresponds to a distorted helix. Relying on this phenomenologicaI model, the region where 

the helix and the spin-flop phases co-exist is defined in terms of the critical fields, i.e., when 

hz > h,. Phase f13.IV), therefore, should not exist on the H-Tphase diagram of Dy. As a 

result, the transition from the helix to the spin-flop phase is a first-order, while that fkom the 

heIix to the ferromagnetic state is a second-order transformation. After substituting these 

solutions into the equation (1 1) and integrating over the volume of a sample one can 

calculate the free energies: 
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After comparing the fi-ee energies of different phases, the temperature dependencies 

of the critical magnetic fields related to the corresponding transitions are as follows: 

hI-II = hH-sF (T )  = 2JI r(T) I [B(T) + U(w)) 3 for Helix + Spin-flop (19) 

a T  h Eqs. 19 - 21, B(T) = - ( ) is introduced for convenience only because the actual 
Y W  

temperature dependencies of the coefficients r, 0 and yare unknown. 

Thus, the two boundaries of magnetic transitions ~H-sF(T)  and h s F - F M ( T )  may merge 

into a single h ~ + ~ ( q  line on the 2"-Hmagnetic phase diagram at a fixed temperature T = Tbrn 

(Tbrn is the branching point at 127 K between spin-flop and FM states on the magnetic phase 

diagram of Fig. 13) and is defined by the condition: 

By differentiating the free energy of the system with respect to the magnetic field, 

one can obtain the temperature and field dependencies of the magnetization, M 

where MS is the mean value of the magnetization, arid Hi s  the value of the magnetic field. 

To compare the experimental and theoretical curves of the MCE, we may use the 

magnetization calculated from Eq. 23 and the weIl-known expression for the MCE: 

AT = - I-(-)&, dM 

0 %  dT 
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where C’ is the heat capacity at constant pressure. In Eq (24), we used the experimental value 

of heat capacity (Cp=278 Jkg K) at fixed temperature (120 K), assuming it does not depend 

on magnetic field, and the magnetization data M(H, T )  calculated using Eq (23). 

Comparison with the experimeHt 

Using the experimentally determined temperature dependencies of the critical 

magnetic fields (see the magnetic phase diagram in Fig. 13), we first examine the correctness 

of our main assumption, Le., that the basal plane anisotropy is small. The value of the basal 

plane anisotropy constant is w = 0.04 - Tg (see Ref. 14). The average values of 
emu 

Tg 
emu emu 

I Y I  = h,-,, / 2 E 0.3 - , B = h,-,, - I r I= 0.3 were estimated in the vicinity of the 

branching point Tbrn = 727 K, where all the critical fields coincide and are approximately 

equal to hH+ = O . 6 x .  We use the units of - Tg to represent the basal plane anisotropy 

energy for convenience of the calculations. The corresponding ratios are, therefore, 
emu emu 

- - G 0.1 and in the first approximation, the basal plane anisotropy is indeed only a I?l= 1j 
small perturbation. 

The temperature dependence of the magnetization in a 6 kOe magnetic field is shown 

together with the theoretically predicted behavior in Fig. 14. The minor anomaly at -100 K 

(better seen in the inset) corresponds to a second-order FM + spin-flop phase transition. 

The distinct step around I23 K is associated with a first-order spin-flop + AFM 

transformation. The calculated M(7) curve was determined fiom Eq. 23 by using the 

theoretically predicted temperature dependence of /r(T)I. The computed values of the 

magnetization were corrected for demagnetization factor, N = 0.15, which is close to N = 0.2 

used to correct experimental data. The theory and experiment agree satisfactory, facilitating 

calculations of the isothermal dependencies of the magnetization and MCE. 

. 
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Fig. 14. The temperature dependence of the magnetization measured along the a-axis in the magnetic field of 6 
kOe compared with calculated values (see Eq. 23). The inset shows the derivative of the magnetization with 
respect to temperature in the vicinity of the commensurability point. 
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Fig. 15, Magnetization of single crystal Dy measured at 120 K between 3 and 6.4 kOe with the magnetic field 
applied along the a-axis compared to that calculated using Eq. 23. The inset shows the derivative of the 
magnetization with respect to field. 
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Another example comparing the measured and calculated (Eq. 23) M(H)T, is 

illustrated in Fig. 15. Two critical fields are seen at T = 120 K. The first one corresponds to 

the inflection point during the jump of the magnetization around 4.1 kOe, and it manifests a 

first-order magnetic transition fkom a simple AFM spiral to a spin-flop phase, The second 

critical field (-5.6 kOe) is the change of slope due to a second-order phase transition fiom 

the spin-flop to the FM phase. Both features are seen as discontinuities of the derivative of 

the magnetization with respect to the magnetic field, as shown in the inset of Fig. 15, 

illustrating qualitative agreement between the experimental data and the model. 

I 

. D y , H I I a , T = I Z O K  
a a @  

9 Experiment e.* - 

Model - 

e 
-4. :, , I . . . . I . . . . , . . . . , . . . . 

We also compare (Fig. 16) the measured calculated (Eqs. 23 and 24) isothermal 

magnetic field dependencies of the MCE at T = 120 K. Once again, one can see a reasonable 

agreement between the theory and the experiment. It is important to note that the anomalous 

MCE is both observed and reproduced theoretically in the temperature interval from 110 K to 

130 K (see Figs. 10 and 12), Le., where the simplification postulated above are applicable. 

The enhanced value of the magnetocaloric effect is, therefore, achieved due to the presence 

of the intermediate spin-flop phase. 

Fig. 16. The comparison of the isothermal magnetocaloric effect of the single crystal of Dy at T= 120 K 
measured experimentally with the same predicted using Eqs. 23 and 24. 
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Fig. 17. Details of the magnetic phase diagram of Dy with the magnetic field applied along the a-axis in the 
vicinity of the commensurability point and the theoretically predicted boundary dehneating the second critical 
field (see Eq. 20). 

Finally, in Fig* 17 we illustrate the part of the magnetic phase diagram between 

-90 K and -160 K with the magnetic fields under -1 1 kOe applied along the easy 

magnetization axis. The experimental critical fields, obtained from magnetization, MCE and 

ac magnetic susceptibility data are shown together with the second critical field boundary 

delineating the transition from the spin-flop to the FM state as calculated from the 

temperature dependence of the parameter Ir(T)I. The agreement in this range of temperatures 

is nearly quantitative. 

The fan phase 

An intermediate fan phase exists in the temperature interval from -125 K to -180 K 

in the range of magnetic fields from -5 kOe to -23 kOe when the magnetic field is applied 

along the easy magnetization direction (see Fig. 13). Its occurrence has been confirmed 

experimentally by using magnetization: MCE,' ultrasonic  measurement^,'^ and a variety of 

other experimental data.Ig The theoretical discussion of the origin of the fan phase has been 

presented in Refs. 1 and 40. However, recent ac heat ~apaci ty '~ and neutron scattering 

measurements 31 indicate that the assumed homogeneity of the fan phase region may not 

reflect reality. Our heat capacity data in this ternperature-magnetic fields region (see Fig. 8) 
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are in good agreement with the 

phase between -172 K and -180 K and between -12 kOe and 25 kOe. If one assumes 

similarity of Dy and Ho, it is possible to speculate that this additional phase is similar to the 

so-called ‘helifan’ phase in Ho, theoretically predicted by Jensen and Mackintosh. ’ 
However, the corresponding calculations for Dy 31 indicate that the heIifm phase is unstable 

at any combination of temperature and magnetic fields. 

and they confim the presence of an additional 

Considering Kitano and Nagamiya’s model described in Ref. 40, one can determine 

the temperature boundary of the region where the fan structure exists in a fixed magnetic 

field during the helix + fan + FM phase transitions. The magnetic field dependence of the 

fan angle q at low temperatures can be written as:40 

where J(q) is the Fourier transformation of the exchange integral J(R,,) ; the magnetic 

wave vector q is directed along the c-axis; J(0) is the value of J(q) at the point 141 = 0; S is 

the total angular momentum quantum number of a magnetic atom; gj is the L a d e  factor, and 

p~ is the Bohr magneton. 

The numerator of Eq. 25 is non-negative; it decreases with the increasing magnetic 

field and becomes zero at a fixed value of the magnetic field Hfi which corresponds to the 

fan + FM phase transition: 

It is worth noting that Eq. 26 does not explain the observed temperature dependence 

of the critical field. In order to do so, contributions fiom the basal plane anisotropy and the 

magneto-elastic interactions need to be considered, 

For convenience, one can write the denominator of Eq. 25 in the foIlowing form: 

3(J(q)  - J(0N - IJCW - J(0N * 127) 

Since both the left-hand side and the numerator in the right-hand side of the Eq. 25 are non- 

negative, the denominator in the right-hand side of this equation should be positive. Using 
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the experimental data for J(q)  - J(0) from Ref. 1, one can analyze the sign of the 

denominator in order to establish the critical condition when the right-hand side becomes 

negative and Eq. 25 is no longer valid. As a result, there should be a certain value of the 

magnetic wave vector, qcr, where for any values of q exceeding q,yL conventional fan 

structure does not exist. Talcing into account almost linearly increasing temperature 

dependence of the magnetic wave vector obtained from neutron scattering  measurement^,^' it 
is possible to estimate the critical temperature as T,y = 172 K corresponding to the value of 

qcp Hence, at temperatures exceeding Tc, the fan should disappear in any magnetic field. 

The estimates mentioned above are in support of the experimentally established 

configuration of the magnetic phase diagram of Dy illustrated in Fig. 13. As will be shown 

below, the critical temperature Tcr= 172 K also coincides with the location of the 

experimentally observed tricritical point Kcr= 172 K and Hi,, = 11.2 kOe. 

We now discuss some differences in the behavior of the magnetization and heat 

capacity as fhctions of temperature. The heat capacity exhibits a maximum at T ~ 1 7 1  K and 

a slope anomaly at -1 80 K in both 15 kOe (Fig. 8) and 20 kOe magnetic fields. The 

magnetization, however, displays inflection at -170 K but has no obvious anomalies around 

180 K in magnetic fields of 15 kOe (see Fig. 4 illustrating the same for the nearly identical 

magnetic field of 14 kOe) and 20 kOe. This discrepancy leads to an uncertainty in the 

location of the Ned temperature in non-zero magnetic fields. 

Taking into account the model of the AFM fan structure of Dy described above, it is 

easy to realize that both the magnetization and heat capacity should reflect the changes that 

may occur within the fan as both the magnetic field and temperature vary. Thus, it is 

possible to assume that the typical paramagnetic dependence of the magnetization following 

an inflection point in low magnetic fields indicates weakened correlations between the 

ferromagnetic planes above Tc- = 172 K. In fact, Dy may become a “two-dimensional 

paramagnet”, where the orientations of the ferromagnetically ordered moments of one plane 

are only weakly correlated with those in the neighboring plane. At the Ned point, which 

coincides with the inflection point on the temperature dependence of heat capacity, the in- 

plane ferromagnetic order is destroyed and Dy becomes conventional three-dimensional 

. 
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paramagnet. Thus, in the range of magnetic fields between 15 kOe and 20 kOe, the Ned 

temperature can not be obtained &om magnetization data, and it probably should be defined 

from the location of an inflection point on the temperature dependence of the heat capacity. 

This interpretation, however, requires hrther experimental and theoretical study. 

The vicinity of Ne61 and tri-critical points 

In order to refine the magnetic phase diagram near the Netl point, we performed 

detailed low-field isothermal measurements of the magnetization between 172 K and 18 1 K. 

These data are shown in Figs. 18 and 19. As noted earlier, the sharp, nearly discontinuous M 

vs. H behavior is seen at temperatures as high as 174 K. Between -175 K and -181 K, the 

discontinuity evolves into an inflection point and the latter disappears at TN= -181 K. The 

anomalies of M(H) at temperatures closest to the Netl point are better seen on the plots of 

( ~ M ( H , T ) / L I H ) ~ ,  shown in the inset of Fig. 19. At T = 178.7 K, the first peak at 6 kOe 

corresponds to a second-order AFM + intermediate phase transition. The anomaly around 

11.5 kOe at the same temperature manifests a second inflection point of M(H) corresponding 

to a field induced transition from the intermediate phase region into the fan phase. 
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Fig. 18. The isothermal dependencies of magnetization of a single crystal of Dy measured between 17 1.8 K and 
175.7 K with the magnetic field vector parallel to the a-axis of the crystal. 
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Fig. 19. The isothermaI dependencies of magnetization of a single crystal of Dy measured between 176.7 K and 
181 -9 K with the magnetic field vector parallel to the a-axis of the crystal. The inset shows the derivatives of 
the magnetization with respect to magnetic field at temperatures closest to the Ne61 point. 

Detailed view of the magnetic phase diagram of dysprosium with the magnetic field 

applied along the easy magnetization axis in the vicinity of Neil temperature is shown in Fig. 

20 The intermediate phase field exists around 180 K in the range of magnetic fields ftom 

-6 kOe or lower to -12 kOe. The critical fields obtained fkom the magnetization (see Figs. 

18 and 19) and direct MCE measurements (see Fig. 1 1) are in a satisfactory agreement with 

one another. A similar intermediate phase region has been reported recently by Alkhafaji 

and who used magnetization measurements with the magnetic field applied along the 

[I 15 01 direction. The appearance of the intermediate phase in the vicinity of the Ned 

temperature can be explained by the presence of the so-called "vortex" state. The formation 

of the vortex phase with the magnetic field applied aIong the c-axis of a crystal was 

theoretically investigated by Kosevich et UZ? who also showed that vortex state may even 

occur in a zero magnetic field. 
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Fig. 20. Details of the magnetic phase diagram of Dy with the magnetic field applied along the a-axis in the 
vicinity of the Nee1 point. 

Impurity effects 

Clarifyrng how the punty of a specimen affects the value of the paramagnetic Curie 

temperature, Bp,  and the location of the tricritical point, T&, on a magnetic phase diagram 

poses an interesting basic question, especially because of the presence of the intermediate 

vortex state phase. The tricritical point is a point along a phase boundary where a first-order 

transition evolves into a second-order transformation. The value of dH,, /dT should be 

equal to zero at T = Ttcp As follows fiom our magnetization measurements (see Figs. 18 and 

20), FIE,. of pure Dy is 172 K. This value is higher than the 165 K reported in Refs. 4,5 and 

29, where the purity of Dy was lower. Also, as easily seen from the Curie-Weiss behavior 

illustrated in Fig. 21, the higher the purity of Dy, the higher its paramagnetic Curie 

temperature: we obtain 8,=163.3 K, while the values listed in Refs. 1, 19,40 are lower by 

several Kelvin, i.e. BP = 159 K. 

We now recall several expressions proposed by Kitano and Nagamiya (see Ref. 40) in 

order to describe the sequence of helix -+ fan -+ FM transitions of Dy. The first equation 

relates Ned and tricritical point temperatures: . 
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where J(q)  is the Fourier transformation of the exchange integral J&,,J, vector q is 

directed along the c-axis and J(0) is the value of J(q) at q = 0 and TN= 181 K. The next 

two define, respectively, the NBel and paramagnetic Curie temperatures as follows:4o 

S(S  + 1) 

343 
8, =2J(O) 

where S is the total anplar momenfun quantum number and ks is the Boltzman constant. 

Using Eqs. 28 - 30 and the experimentally determined 8,=163.5 K, the location of the 

tricritical point should be: 

Fig. 21. The inverse magnetic susceptibility of Dy measured in different magnetic fields. The lines correspond 
to the Curie-Weiss fit of the data above -210 K. 
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The theoretically predicted 168.4 K is lower that Kcr = 172 R observed 

experimentally in a high purity single crystal but it exceeds the 165 K reported for lower 

purity specimens. The temperature difference between the zcr and TN in a relatively pure Dy 

used in our study is 9 K, which is smaller by about 3 K than the difference between same 

temperatures in a less pure metal. Therefore, it is possible to speculate that as material's 

purity improves, the tricritical point may approach TN. If this assumption is correct, then 

some of the phase fields in this part of the magnetic phase diagram of Dy may have a 

different configuration, or there may be even fewer phase fields on the diagram. In the 

limiting case, the AFM-fan boundary may approach the nearly vertical AFM-PM boundary 

with zero dHJdT. Hence, the point where these boundaries meet becomes a tricr$icaI point. 

Therefore, it is quite possible that the range where the vortex and other unknown phases were 

observed near TN will become much narrower or even disappear in a much higher purity Dy 

sample. 

Magnetocaloric effect 

The temperature dependencies of the isothermal magnetic entropy change, A&, in the 

temperature intervaI from -70 K to -250 K with the magnetic field applied along the easy 

magnetization direction in the range of magnetic fieId changes fiom 0 to 4 kOe, 8 kOe, 12 

kOe, and 15 kOe are shown in Fig. 22. The A& in the temperature interval fiom -4 K to 

300 K for much larger magnetic field changes, Le., from 0 to 20 kOe, 50 kOe, 75 kOe, and 

100 kOe is illustrated in Fig. 23. Several features seen in the behavior of the MCE are worth 

mentioning. First, the discontinuity of MdT, AH) at -90 K remains independent of both T 

and AH, although the "background" contribution to the MCE below and above 90 K 

continues to increase as the magnetic field change increases. This behavior of the 

magnetocaloric effect is typical of first-order phase transition materials and it has been 

predicted by Pecharsky et al.43 Second, the amplitude of the discontinuity at -90 K, S(A&.) 

= 0,55 J/mol K, is in an excellent agreement with the ASl, = 0.56 f 0.01 J/mol K 

(AH, = T,AS, = 50.4 J/mol)at TC obtained fkom direct calorimetric measurements of the 

solid state electrotransport purified Dy by Pecharsky et al?' Third, the negative contribution 
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to [A&/ observed just below TN in magnetic fields of 20 kOe and lower is consistent with the 

AFM state of the metal. Finally, between 20 and 50 kOe, there is a Iarge increase in IASMI at 

-180 K; the magnetic entropy change in the 100 kOe magnetic field reaches the value of ASM 
= -29 J k g  K at T = TN = 180 K, and between -100 K and 300 K the MCE exhibits a typical 

caret-like behavior in magnetic fields of 50 kOe and higher. All of these features are 

consistent with the FM state of Dy, which is realized below -1 80 K in magnetic fields 

exceeding 20 kOe. 

6 

- L l I I - u K u G  

-A- AN= 12 kOe 
+? AN = 15 kOe 

100 150 200 250 
Temperature, T ( K )  

Fig. 22. The temperature dependencies of the low-field isothermal magnetic entropy change calculated from 
the magnetization data in the temperature interval from -70 K to -250 K. 

U AH= 50 kOe 

0 50 100 150 200 250 300 
Temperature, T ( K )  

Fig. 23. The temperature dependencies of the high-field isothermal magnetic entropy change calculated fkom 
the heat capacity in the temperature interval from -5 K to -300 K. 
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Fig. 24. The comparison of the isothermal magnetic entropy change calcuIated from the heat capacity and the 
magnetization data for a magnetic field change of 15 kOe. 

The isothermal magnetic entropy changes calculated from the heat capacity and 

magnetization data for a magnetic field change from 0 to 15 kOe with the a-axis of a crystal 

parallel to the field are compared in Fig. 24. The agreement is generally good, but above the 

Ned temperature, the MCE obtained ftom heat capacity deviates systematically fi-om the 

MCE calculated from magnetization data, This variance in the -MM computed from different 

experimental data in the paramagnetic region is likely reIated to the fact that a progressively 

smaller quantity (MM) is computed by subtracting progressively larger total entropies. As a 

result, the relative error in determining ASM from heat capacity rises much faster than the 

corresponding absolute errors. Similar systematic differences have been noted in the ATad of 

Gd measured directly and calculated from heat capacity data above the Curie tern~erature.~~ 

In Fig. 25, we compare the magnetocaIoric effect measured directly during a 

magnetic field change from 0 to 10 kOe applied along the a-axis with the temperature 

dependencies of the magnetocaloric effect reported 

rise of the ATnd around 90 K, which can be understood because the specimen employed in 

this study has a higher purity when compared to thecrystals used in the past, there is a 

substantial difference in the MCE's of Dy in the paramagnetic state. The amplitude of the 

difference is greater than the measurement errors and therefore should not be neglected. 

In addition to a much sharper 
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Also important is the fact, that the greatest deviation fiom the previous measurements is 

observed in the immediate vicinity of the Ned temperature, i.e. where short range 

correlations, such as AFM clustering, can be significant. 

In order to estimate the influence of clustering on the magnetocaloric effect, we first 

calculate the MCE of dysprosium assuming the ideal paramagnetic behavior at T > TN. 

Magnetization, M(iY,T), of an ideal paramagnet follows the Curie-Weiss law: 

M(H,T)  = 
3k&(T-Bp)  ' 

where N is the number of paramagnetic atoms, kB is the Boltzmann constant, 0, andpgare 

163.5 K and 10.65 p ~ ,  respectively. Since the heat capacity of Dy in the paramagnetic state 

is nearly magnetic field independent at 10 kOe and below (see Fig. S), it can be approximated 

by the following analytical expression: 

Jk# 
125 

C(T,H)H<lOkOe =220+ T -180 

2.0 

h x 
I-" 

$ 1.0 
% 

E 
E 

1.5 

Q 
c- 

0 
'C 
0 0.5 

0 - 
------ 0.0 

I 
I 

-0.5'. 8 . .  . . , . . . . , . . . . , . . , 

80 I20 160 200 
Temperature, T(K) 

133) 

. Fig. 25. The temperature dependencies of the magnetocaloric effect for a magnetic field change of 10 kOe in 
comparison with earlier measurements and the theoretical MCE for Dy assuming an ideal paramagnetic 
behavior above TN, 
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After substituting Eqs. 32 and 33 into Eq. 24 and integrating, we obtain the following 

temperature dependence of the MCE above TN for a magnetic field change AH = 10 kOe: 

The MCE calculated using Eq. 34 is shown in Fig. 25 as a heavy solid line. The 

estimated MCE values are in excellent agreement with our experimental data at all 

temperatures above T,,. The earlier ATnd values are smaller than the calculated ones, and the 

deviations are most obvious in the immediate vicinity of the TN. 

The following qualitative model can be proposed to understand the observed 

differences. Assuming that AFM clustering can occur at T > TN, dysprosium may be 

considered as a paramagnet with a certain amount of embedded AFM phase (AFM clusters) 

above the TN. The concentration of these AI;M clusters decreases as temperature increases. 

Naturally, small magnetic field changes produce a negative AT,, for an A.FM component and 

a positive MCE for a fiaction of the material that is in the PM state. The experimentally 

measured ATnd is the combined total of the two contributions. Therefore, the higher the 

concentration of the AFM clusters, the lower the observed total MCE and the greater the 

negative deviation from the ideal paramagnetic behavior. The results shown in Fig. 25 

indicate that impurities enhance the AFM clustering in Dy. 

The ATnd of Dy in strong magnetic fields applied along the a-axis as calculated from 

the heat capacity is shown in Fig. 26. The maximum MCE is 19.4 K for the magnetic field 

change of 100 kOe. Considering both the large values of the isothermal magnetic entropy 

change (Fig. 23) and the adiabatic temperature change, single crystaIline Dy is indeed a 

promising magnetocaloric material. Its practical use, however, requires that the magnetic 

field change exceeds 2 T in order to eliminate the negative contributions to the MCE due to 

the presence of the AFM phase. 
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+ AH=20kOe 
-0- AH= 50 kOe 
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Fig. 26. The temperature dependencies of the magnetocaloric effect of Dy as calculated fkom the heat capacity 
data. 

Conclusion 

As a result of measuring magnetization, ac magnetic susceptibility, heat capacity, and 

magnetocaloric effect of single crystals of Dy we confirmed the majority of previous findings 

but also report some notable differences in the behaviors of the magnetothermal properties, 

especially in the vicinities of Curie, Ned and tricntical temperatures. When the magnetic 

field vector is paraIlel to the a-axis of a crystaI, the refined H-T phase diagram of Dy is more 

complicated than previously thought, and it contains several new phases. The appearance of 

some of these new phases has been explained by considering the Landau-Ginsburg theory of 

phase transitions. 
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CHAPTER 3 CRYSTALLOGRAPHIC STUDY OF DYSPROSIUM 

This is a manuscript prepared for pubkation 

AS. Chernyshov,''2 Ya.S. Mudryk,' V.K. Pecharsky,'s2 K.A. Gschneidner, Jr.',2 

Abstract 

This research is concerned with a detailed X-ray powder diffraction study of 

polycrystalline Dy in the temperature interval 4 - 300 K in applied magnetic fields up to 40 

kOe. Our measurements point to a complicated interplay of magnetic and structural 

transitions. According to OUT data, a splitting of a structural transformation and a magnetic 

transition occurs in non zero magnetic fields in the temperature interval fiom 135 K to 170 

K. A discontinuous change along the c-axis follows a firrst order magnetic Helix-Fan 

transition, whereas a hexagonal-orthorhombic distortion occurs simultaneously with change 

of the magnetic structure fiom Fan to ferromagnetic PM) state. Our measurements also 

indicate that transition to FM state is always foIlowed by a distortion of the hexagonal lattice, 

even if it is a transition from the paramagnetic (PM) to the FM state in magnetic fields 

exceeding 20 kOe. 

Ames Laboratory, Materials and Engineering Physics Program, Iowa State University, h e s ,  IA 5001 1-3020, 
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Introduction 

The rare-earth metal Dy has been extensively studied over the last few decades, 

because of its high magnetocrystalline anisotropy, large localized magnetic moment 

@e~10,65pj$) and complex magnetic structure at low temperatures.’ At room temperature, 

Dy is paramagnetic (€‘MI. On lowering the temperature in a zero magnetic field,2 a helix 

antiferromagnetic (AFM) ordering occurs at TN = 180 K (Net1 point) that is followed by a 

transformation to the ferromagnetic structure (FM), and when the temperature is lowered 

below TC = 90 K (Curie point) a coupled magnetic - structural transition OCCUTS.~’ ‘* At 

temperatures from the Curie point up to 135 K, an applied magnetic field transforms the 

magnetic structure directly from a helix to a ferromagnetic type, whereas between 135 K and 

the Neil point, the AFM - FM transition is separated by an intermediate fan magnetic phase 

in the range of magnetic fields ffom 7 kOe to 25 kOe, depending on temperature. 

According to single crystal x-ray diffraction study at low temperatures ’? Dy which 

has a close packed hexagonal crystal structure at room temperature, distorts orthorhombically 

on lowering temperature below the Curie point in a zero magnetic field. The single crystal x- 

ray diffiaction investigation of Dy in low magnetic fields (HI 1 kOe), carried out in the 

vicinities of both the Curie and Neil temperatures, showed the presence of a broad region 

where the AFM and FM phases coexist as judged ffom splitting of the (006) peak into two 

(hexagonal AFM and orthorhombic FM) components. Authors of Ref. 4 reported temperature 

dependencies of the c-lattice parameter in applied magnetic field and showed that even Iow 

fields applied along the easy a-axis shifts the structural transformation to higher temperatures 

according to H-T magnetic phase diagram reported in Refs. 2,5,6. It was aIso shown that a 

second order transition from heIix to PM can be identified as a minimum on the temperature 

dependence of the c-Iattice parameter, and the critical field data obtained from the X-ray 

investigation agree well with the H-T phase diagram. 2si6 Kida et a1? reported similar 

observations for temperature and magnetic field dependence of the c-lattice parameter in 

magnetic fields up to 60 kOe. The x-ray powder diffraction investigation of polycrystalline 

Dy at 70 R, 145 K and room temperature in applied magnetic fields up to 13.8 kOe was 
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undertaken by Finkel and Belovol,8 who directly observed a hexagonal-orthorhombic 

distortion in applied magnetic field. 

The thermal expansion and magnetostriction of Dy single crystals was first reported 

by Clark et al.' These authors reported the temperature dependencies of the thermal 

expansion along different crystallographic axes in applied magnetic fieIds up to 14 kOe. The 

investigation of correlations between commensurability points, where magnetic helix 

structure becomes commensurate with the crystal structure, and anomalies of thermal 

expansion was carried out in Ref. lo, 

The magnetic moments of Dy atoms lay in the basal plane (Fig. 1, Appendix), that is, 

perpendicular to the c- axis, of the hexagonal close packed structure '. So, Dy in the ordered 

state has a set of ferromagnetically ordered planes interacting via Rudeman-Kittel-Kasuya- 

Yoshida (RKKY) interaction. The RKKY interaction has an oscillating character depending 

on the interatomic distances; therefore, the magnetic structure is sensitive to magnetic field 

and temperature dependencies of the c-lattice parameter. This explains why the majority of 

crystal structure examinations in applied magnetic field were concerned with measurements 

of the c-lattice parameter, although the hexagonal+xthorhombic transformation occurs as a 

distortion of the hexagonal net in the basal plane. 

There are a number of papers where magnetic phase diagram of Dy along the easy 

magnetization axis was constructed using different experimental techniques, such as 

magnetization: ultrasonic measurements,' ac-calorimetxy,'2 magnetocaloric effect ' and 

Young's modulus measurements. The most recent work l 3  presented a detailed investigation 

of dysprosium single crystal by dc magnetization, ac-susceptibility, heat capacity and direct 

measurements of the magnetocaloric effect. The magnetic phase diagram along the easy 

magnetization a-axis was reported and some new interesting anomalies were revealed. A first 

order transformation in applied magnetic field up to 20 kOe was observed around the Curie 

point (90 K) fiorn heat capacity measurements. Additional anomalies were reported close to 

commensurability point at 1 13 K and a phenomenological model was proposed to explain the 

observed anomalies. Heat capacity measurements l 3  confirmed the observations of Ref. 7 and 

12 that area of the fan phase on the magnetic H-T phase diagram splits into two regions: the 
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low temperature region in the temperature interval 135-165 K (fan I) and the high 

temperature region (fan II) that spans from 165 K to the Net1 point (I 80 K). A simple model 

was proposed stating that a fan structure in a classical understanding exists only in the low 

temperature region and the high temperature limit of the classical fan was estimated and it 

coincides with line of critical fields dividing the experimentally observed fan I arid fan I1 

regions (-170 K). Additional anomalies close to Nee1 point were observed by magnetization 

and direct magnetocaloric effect measurements. The magnetocaloric effect measurements 

also showed values approximately twice as large as compared to previous measurements in 

the PM region (Ref. 5) due to AFM clustering in low purity samples. 

In this paper we report a detailed x-ray powder diffiaction study of polycrystalline Dy 

in the temperature interval 5-300 K in applied magnetic fields up to 40 kOe. The objective of 

this work was to directly investigate structura1 changes in Dy in order to resolve observed l 3  

contradictions between thermal properties (heat capacity) and magnetic properties 

(magnetization and magnetocaloric effect). 

Experimental details 

The polycrystalline Dy investigated in this work was prepared by the Materials 

Preparation Center at the Ames Laboratory. The major impurities in the bulk metal were as 

follows (in ppm atomic): 0 - 600, C - 190, F - 1 10, Fe - 60, N - 50, and the total of other 

impurities was -50. Thus, the starting material was 99.89 at.% (99.98 wt.%) pure. 

Dysprosium powder was prepared by grinding a piece of metal using rough (80 grit) A1203 

sand paper. Even though Dy is paramagnetic at room temperature, particles stick to a high- 
power Neomax-type magnet due to a high magnetic moment of dysprosium. The non- 

magnetic A1203 particles do not stick to the magnet, thus we used magnetic separation to 

clean Dy powder from the A1203 dust. The Dy powder was screened through a 75 ,um sieve, 

wrapped in a Ta foil, sealed in a quartz tube, and annealed for 3 hours at 400 "C to minimize 

strains produced in a sample during grinding. The final product contained around 9 wt.% of 

Dyz03 oxide (determined &om X-ray diffiaction measurements at room temperature). The 

powder was mixed with a diluted solution of GE varnish in methanol and mounted on a 
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copper sample holder filling a 24.5x21.4x0.5 m3 cavity. After drying, a flat surface was 

formed by using a 380 grit sand paper to minimize preferred orientation and improve 

resolution of powder diffraction patterns. The X-ray powder diffraction data were collected 

on a Rigaku TTRAX rotating anode powder diffiactometer with Mo Ka radiation in the 2 0 

Bragg angle interval ranging of 11" to 55". The sample temperature was controlled within 

f0.02 K below 50 K and better than k0.05 K above 50 K using a helium flow cryostat. A 

split-cod superconducting magnet was used to create magnetic fields ranging fkorn 0 to 40 

kOe coplanar with the plane of the specimen. l4 Multiple sets of diffkaction patterns were 

collected in a step (1 sedstep) scanning mode with 0.01" steps of 28. Each pattern was 

refined using GSAS'" l6 software to determine the positional parameters of the individual 

atoms (for orthorhombic phase) and the unit cell dimensions. Profile residuals (R,) were 

about 6-8 % and derived Bragg residuals were fkom 3 to 5 %. Preferred orientation was 

accounted using cylindrical symmetry spherical harmonics approximation (8th order, 6 

harmonic coefficients) implemented into GSAS '5. The texture index was 1.29. The same 

coefficients obtained during refinement of hexagonal phase were used for orthorhombic 

phase refinement. The other coefficients for Cmcm group (orthorhombic) were kept at zero. 

Hexagonal 
(Space group is PG,/mc) 

Orthorhombic 
(Space group is Cmcm ) 

u 

FIG. 1. The comparison of hexagonal (T= 290 K, H =  0) and orthorhombic (T= 60 K, H = 0) unit cells of 
dysprosium. 
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Results 

At room temperature, dysprosium adopts the hexagonal close packed structure (space 

group P63lrnrnc). Fig. 1 shows the basal plane (perpendicular to the c-axis) projection of the 

crystal structure of Dy and low temperature orthorhombic crystal structure. The gray 

rhombus and the rectangle represent the basal planes of the unit cells of the two structures. 

The hexagonal structure with a and c lattice parameters can be also described as an 

orthorhombic structure with lattice parameters aor,,, = aha, bo, = ah-& and cor,,, = Cher (see 

the 1eR hand side of Fig- 1). On cooling dysprosium metal down to TC =90 K the basal plane 

of the hexagonal structure distorts and the actual lattice parameter berth deviates fiom an ideal 

a& value (see Fig. 1). This distortion results in a stnrctwal transformation from a 

hexagonal to an orthorhombic lattice symmetry. 

I Dy, 300 K 
6000 - 

h 

3 

K 

I= 4000 - 3 
8 
.- & 
E 2000- 
B c - 

Molar percentage of phases: 

...... 

... 

10 20 30 40 50 

Bragg angle, 28 (deg) 

FIG. 2. The x-ray powder dlmaction pattern of Dy collected in a zero magnetic field at 300 K. Profile residual 
(Rp) was about 6 % and derived Bragg residual (RB) was 3 %. The upper set of vertical bands indicates 
calculated positions of Bragg peaks of Dy and the lower set represents the same for Dy203. The Bragg 
reflections (1 10) (basal plane) and (004) (c-axis) are marked. 
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The x-ray diffkaction pattern, collected at room temperature (300 K) and the results of 

the Rietveld refinement are presented in Fig. 2. To monitor structural changes at temperatures 

below 90 R one can use two representative Bragg reflections, the (1 10) and (004) that are 

marked in Fig.2. Because the distortion occurs in the basal (ab) plane, the splitting of the 

(hh0) peak is an indicator of the orthorhombic distortion in the hexagonal plane, whereas the 

shifting of the (001) peak position is an indicator of changes along the c-axis. Fig. 3 and Fig. 

4 show the 28 - temperature maps of scattered intensity collected on heating of the sample in 
the vicinities of these two reflections, A clear splitting of the hexagonal (1 10) peak into 

orthorhombic (200) and (130) peaks and a shift of the (004) peak at temperatures below 90 K 

are seen in Figs. 3 and 4, respectively. Despite the fact that the splitting is more pronounced 

at higher Bragg angles (higher values of h), the (1 10) reflection was chosen because of its 

high intensity. The maps (Fig. 3 and Fig. 4) represent the actual patterns collected at different 

temperatures with a step of 5-10 K; dashed lines in Fig. 3 and Fig. 4 follow the intensity 

maximum positions in the patterns. 

140 

120 
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25 
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I- 100 
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(1) e 60 
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z 
40 

20 
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0 

Intensity, 
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\ 

FIG. 3. The contour map of scattered intensity collected on heating in the vicinity of the (1 10) peak from 20 to 
140 K. The dashed lines follow maximum scattered intensity. 
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FIG. 4. The contour map of scattered intensity collected on heating in the vicinity of (004) peak from 20 to 140 
K. The dashed lines follow the maximums of scattered intensity. 

The temperature dependence of the a-lattice parameter of dysprosium in a zero 

magnetic field is presented in Fig. 5 .  According to notation of Ref. 8, on lowering 

temperature, the a-lattice parameter of the hcp structure splits into a- and b/& 

orthorhombic parameters as the distortion occurs and the structure changes to the 

orthorhombic type. The temperatures of transformations on heating and cooling are -105 K 

and -85 K, respectively. Thus, the specimen exhibits a significant hysteresis (-20 K), which 

is a clear evidence o f  the first order transformation. The temperature dependencies of the c- 

parameter (see Fig. 6) show similar values of the transition temperatures and temperature 

hysteresis. 

The temperature dependencies of the a-lattice parameter (hexagonal structure) andor 

a- and b/& parameters (orthorhombic structure) in applied magnetic fields 3 kOe, 12 kOe 

and 30 kOe are presented in Fig. 7. The curves exhibit structural transitions from hexagonal 
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FIG. 5. Temperature dependencies of the hcp a- and of the orthorhombic a- and b/& lattice parameters of 
dysprosium in a zero magnetic field between 5 and 300 K. 
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FIG. 6.  Temperature dependencies of the c- lattice parameters of dysprosium in a zero magnetic field between 5 
and 300 K. 
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FIG. 8. The temperature dependencies of the hcp and the orthorhombic a-lattice parameter in fixed 7 kOe, 12 
kOe and 20 kOe magnetic fields in the temperature interval 5 - 300 K. The arrows indicate the kinks on the 
c w e s  at low temperatures (orthorhombic structure). The sharp minima correspond to the hcp-orthorhombic 
distortion. 

The 7 kOe, 12 kOe and 20 kOe magnetic fieId temperature dependencies of the a- 

lattice parameter are shown in Fig. 8. Sharp singularities between 130 K and 165 K 

depending on the magnetic field correspond to the structural transition. Weaker kink-like 

anomalies are also observed around 90 K and these are marked by arrows in Fig. 8. 



67 

h 

5. 

9 

e 
8 5.66 

5.67 - c, 
i 

E 

E 
m a 

1 

5.65 - 

Fig. 9 represents the temperature dependencies of the c-lattice parameter in applied 

magnetic fields up to 20 kOe. All the curves have a minimum around 180 K that corresponds 

to the Net1 point. A broad maximum around 90 K remains practically unchanged in applied 

magnetic fields for H 2  3 kOe (see Fig. 9). 
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FIG. 9. The temperature dependencies of the c-lattice parameter in 0 kOe, 7 kOe, 12 kOe and 20 kOe magnetic 
fields coilected on heating of the sample at fixed magnetic fields. The arrow indicates the broad maxima on the 
temperature dependence of c-lattice parameter. 
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FIG. 10. The isotherms measured at 115 K, 135 K and 155 K representing the hcp a- and the orthorhombic a- 

and b/& lattice parameters as a function of magnetic field. The arrow indicates a kink on the 155 K isotherm 



68 

The isotherms of basal plane parameters for hexagonal and orthorhombic structure in 

the range of magnetic fields 0 - 40 kOe are presented in Fig. 10. The curves were collected 

on increasing magnetic field at fixed temperatures. The structural transformation occurs in 5 

kOe, 9 kOe and 18 kOe magnetic field at 11 5 K, 135 K and 155 K correspondingly. One can 

also note the change of slope on a 155 K isotherm in 10 kOe magnetic field, which is marked 

by arrow, 

The c-lattice parameter isotherms in the range of magnetic fields 0 - 40 kOe (see Fig. 

1 I) at 115 R, 135 K, 155 K and 175 K have steps in 5 kOe, 9 kOe, 11 kOe and 10 kOe 

respectively. There is an inconsistency between the basal pIane parameters and the c- 

parameter anomalies, because in Fig. 10 hexagonal-orthorhombic structural transition at 155 

R occurs at 18 kOe with kink at 10 kOe, whereas the step of c-lattice parameter at 155 K (see 

Fig. 1 1) takes place at 1 1 kOe. We plotted two isotherms at 155 K (see Fig. 11) measured on 

heating and cooling of the sample to show the presence of a small hysteresis during the 

AFM-Fan transition around 10 kOe. 
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FIG. 11. The isotherms representing the c-lattice parameter at 115 K, I35 K, 155 K and 175 K as a function of 
magnetic field. The inset shows the isotherm at 155 K as the derivative of the c-lattice parameter with respect to 
the magnetic field visualizing a fan - FM transition marked by arrow. 
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FIG. 12. The structural H-T phase diagram of Dy polycrystal obtahed from x-ray powder diffraction data 
compared to the magnetic phase diagram obtained from single crystal measurements (Ref. 13). 

Fig. 12 represents the H-T structural phase diagram of Dy obtained from analyses of 

basal plane and c- lattice parameters behavior described above. The solid circles interpolated 

by the bold line, solid and dashed follow the boundary of the hexagonal-orthorhombic 

distortion (see Figs. 5,7-8 and lo), whereas the solid triangles show the step-like anomalies 

of the c-lattice parameter (see Figs, 9 and 11). The open circles and triangles correspond to 

minor anomalies of lattice parameters, marked by arrows in Figs. 5 and 8-9. The continuous 

lines in Fig.12 correspond to a first order transition and the dashed lines correspond to second 

order transition. The thin lines representing magnetic phase boundaries are taken fkom Ref, 

13, where a study of Dy single crystal with the magnetic field applied along the a - axis was 

carried out using dc magnetization, ac-susceptibility, heat capacity and direct magnetocaloric 

effect measurements. Clearly, the magnetic phase diagram of Ref. 13 corresponds quite well 

with the H-T structural diagram derived ffom X-ray powder diffraction data. 
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Discussion 

In general, our X-ray powder diffraction measurements are in good agreement with 

previous magnetic (Refs. 2 and 23), thermal (Refs. 5,6,  12 and 13) and structural (Refs. 3,4 ,  

7 and 8) measurements on dysprosium. The structural H-T phase diagram looks similar to the 

diagrams reported in Refs. 2,6,12 and 13. There is also a correspondence between our 

results and data collected by using single crystal x-ray diffiaction technique (Ref. 3,4 ,7) .  

Since there is no sharp step visible during the hexagonal-orthorhombic transition in the data 

shown in Fig. 5 ,  we tried to estimate changes of the a- and b- lattice parameters fiom the 

maximum height of hysteresis area, marked using dashed lines (see Fig. 5). Thus, Fig. 5 

shows the change of parameters Ab = -0.026 A, Aa = 0.009 A which corresponds to the Ab = 

-0.028 and Au = 0.009 A calculated fiom zero magnetic field data of Ref. 3. The change of 

the c-lattice parameter in a zero magnetic field (see Fig. 6) appears to be Ac = 0.006 A, which 

is lower than Ac = 0.009 A, reported in Refs. 3,4,7.  Thermal expansion measurements 

along the a- and c- axes in a zero magnetic field show similar values of the jump of the c- 

lattice parameter (the reported Ac/c = 1.2 x 

a-lattice parameter ( Au/u = 2.8 x 

literature data about direct x-ray measurements of basal plane parameters in applied magnetic 

field, our results were compared to the Dy single crystal thermal expansion and 

magnetostriction measurements of Ref. 9 along different crystallographic directions in 

magnetic fields up to 12 kOe applied along the a-axis and a qualitative agreement was 

observed. 

corresponds to Ac = 0.007 A) and the change 

corresponds to Aa = 0.01 A). Since there are no 

There are no distinct discontinuities on the temperature dependencies of Iattice 

parameters (see Figs. 5-1 l), which can be associated with a first order phase transition, 

because it was difficult to refine both phases simultaneously due to relatively broad peaks 

which were caused by residual strain remaining in the powders even after the heat treatment 

of the powder. One can qualitatively see the coexistence of hexagonal and orthorhombic 

phases on the X-ray diffraction patterns (e.g, see Fig. 3), but it was impossible to quantify 

phase contents using Rietveld refinement, meaning that in the two-phase region we are 

reporting the “average” lattice parameters. The temperature interval of the two-phase . 
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coexistence region amounts to -20 K and is close to the observed value of the temperature 

hysteresis during the transition (see Fig. 5) .  

The present investigation allows us to clarify the connection among magnetic and 

crystallographic transitions in Dy. According to magnetic measurements of dysprosium (Ref. 

2, 5 and 13) there is a first order HeIix-FM transition in the temperature interval 90 - 130 K 

in magnetic fields below 8 kOe (see Fig. 12). At higher temperatures the transformation to 

FM state occurs through an intermediate fan magnetic phase, which exists in the temperature 

interval fi-om 130 K to the Net1 point (1 80 K) in the range of magnetic fields 8 - 22 kOe. 

Dysprosium has a layered magnetic structure consisting of ferromagnetically ordered planes 

stacked perpendicular to the c-axis. So, it is natural to assume that the interplay between 

Helix, Fan and FM phases is mostly determined by the inter-layer distance (c-lattice 

parmeter). 

In the temperature interval 80 - 135 K the hexagonal-orthorhombic distortion 

coincides with the jump along the c-axis tied up with magnetic transition (see Fig. 12). At 

temperatures above 135 K the crystallographic and magnetic transitions split into the first 

order Helix - Fan transition with the related jump of the c-lattice parameter and the second 

order Fan - FM transition, which is accompanied by the orthorhombic distortion. Hence, the 

Helix-Fan transition occurs without a change of the symmetry of the lattice, only with a 

change of the c-lattice parameter. The Fan-FM transition can be also identified from 

magnetic field isotherms of the c-lattice parameter (see inset to Fig. 1 1 and Ref. 7). The inset 

to Fig. 1 1  shows a clear second order nature of the coupled Fan - FM and hexagonal - 
orthorhombic transition. The important conclusion is that a transition to FM state is always 

coupled with an orthorhombic distortion of the hexagonal lattice (see Fig. 12). So the 

minimum of free energy of the ferromagnetic phase is reached for the Orthorhombic lattice, 

whereas Helix and Fan magnetic structures exist in the hexagonal lattice only. 

According to magnetic measurements (Ref. 2,5 and 13) and single crystal X-ray 

diffraction study (Ref. 7) the. first order magnetic transformation from Helix to FM andor 

Fan structure becomes second order at the so-called tricritical point at 170 K. Our 

measurements confirm the change of order of the transition. One can see from Fig. 11 that 
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magnetic field isotherm of the e-lattice parameter at 175 K has only a change of slope instead 

of a characteristic discontinuity, showing up at 115 K, 135 K and 155 K. It is worth noting 

that change of the order of the AFM-Fm transition also affects the origin of the Fan-FM 

(PM) transition. According to our data (see Fig. 12) the Fan-FM transition below tricritical 

point occurs simultaneously with an orthorhombic distortion, whereas the Fan-PM transition 

in the temperature interval from tricritical(l65 K) to Ned point occurs without any structural 

changes. It is questionable what magnetic structure actually exists in the temperature interval 

from 165 to 180 K in magnetic fields from 10 kOe to 20 kOe, especially taking into account: 

the results of Ref. 13, where authors show that classical Fan is not stable at temperatures 

above -1 70 R. 

Recent measurements of the heat capacity of high-purity dysprosium single crystal 

(Ref. 13) observed unusual anomalies in the vicinity of Curie point in magnetic fields appIied 

along easy the a-axis. According to Ref. 13, a sharp peak observed at the Curie temperature 

in a zero magnetic field, does not shift to higher temperature as expected from magnetic 

measurements (Ref. 2,5 and 13). However, another small anomaly appears on the heat 

capacity curve in applied magnetic field in addition to the sharp peak. On increasing 

magnetic field the small anomaly quickly moves towards higher temperatures following the 

AFM-FM transition until the Fan phase appears at 135 R ( H =  8 kOe) and then the anomaly 

follows the Fan-FM transition boundary. This generally agrees with the X-ray powder 

diffi.action data; one can see anomalies in the vicinity of Curie point marked by mows on 

temperature dependencies of the a-lattice parameter (see Fig. 8). It is worth noting that minor 

anomaly of the heat capacity from Ref. 13 follows the boundary of the hexagonal - 

orthorhombic transition, which also follows Fan - FM magnetic transition at temperatures 

above 135 K (see Fig. 12). 

Another open question is whether the orthorhombic-hexagonal distortion is preserved 

in higher magnetic fields. Our isofield temperature measurements (see Fig. 12) indicate that 

hexagonal-orthorhombic transition together with slope change of the c-lattice parameter still 

takes place around 160 K in magnetic fields above 20 kOe. Thus, assuming that the FM 

phase has the minimum energy in a distorted orthorhombic lattice and the PM phase 
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maintains hexagonal type of crystaI structure, the distortion should exist as long as Dy 

undergoes transition to the ferromagnetic state. 

ConcIusion 

The X-ray powder diffraction study was undertaken in the temperature interval 4 - 
300 K in the range of magnetic fields up to 40 kOe, Our measurements confirmed 

complicated nature of magnetic field - temperature relationships in pure Dy and agree well 

with the heat capacity observations of Ref, 13. The main conclusion is that ferromagnetic 

structure is observed together with the orthorhombic distortion of the crystal structure, 

whereas Helix, Fan and PM magnetic structures have Iower energies in an undistorted 

hexagonal lattice. The hexagonal-orthorhombic distortion and the pronounced anomaly in the 

c-lattice parameter are coupled with AFM-FM transition in magnetic fields below' 8 kOe. 

However, on applying magnetic field above 8 kOe our structural measurements show that 

these two phenomena are no longer coupled: the change along the c-axis occurs between 8 

and 12 kOe and the orthorhombic distortion occurs between 8 and 20 kOe, this results in an 

increase in the number of ordered states of Dy. 
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CHAPTER 4: STRUCTURAL AND MAGNETO-THERMAL 

PROPERTIES OF THX Gd&b,Ge4, SYSTEM 

The paper is published in Journal of Applied Physics ’ 

A.S. Chernysho~?’~Ya.S. Mudryk? V.K. Pechar~ky?’~ K.A. Gschneidner, Jr.21~ 

Abstract 

The crystallographic and magnetic properties of the GdsSb,Ged-, pseudo-binary 

system were studied by x-ray powder diffiaction at room temperature, and the heat capacity, 

magnetization and electrical resistivity in the temperature interval 5-320 K in applied dc 

magnetic fields between 0 and 100 kOe. The GdsSba.rGel.9 compound adopts the TmsSbzSiz- 

type structure (space group Cmca) and orders magnetically via a second order ferromagnetic- 

paramagnetic transition at 200 K, whereas the GdsSb,Ge,+, compounds with x = 0.7 and x = 

1 crystallize in the SrnsGe4-type structure (space group Pnma) and exhibit frrst order phase 

transformations at 45 K and 37 K, respectively, and therefore, the giant magnetocaloric 

effect. The heat capacity and electrical resistivity measurements of Gd5Sb0.7Ee3.3 indicate a 

second order antiferromagnetic transition at 60 K in fields 20 kOe and lower. 

‘ Journal of Applied Physics, 2006,99,08Q102 

USA 
Ames Laboratory, Materials and Engineering Physics Program, Iowa State University, Ames,  LA 5001 1-3020, 

Department of Materials Science and Engineering, Iowa State University, Ames, IA 5001 1-2300, USA 
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Introduction 

The magnetic properties of R5(SiXGel-$4 system, where R - is a lanthanide metal, 

have been extensively studied since 1997 after Pecharsky and Gschneidner' discovered the 

giant magnetocaloric effect in the Gd&Gel compound. Due to a coupled magneto-structural 

first-order phase transition in this and other R5(SiXGel.,)4 compounds, a number of intriguing 

magnetic properties, such as the giant magnetostriction2 and the giant magnetoresistance3 

have been observed in addition to the giant magnetocaloric effect. The crystal structures of 

R5(SiXGel& compounds consist of :[Gd5T4] slabs, where T is a statistical mixture of Ge 

and Si, Specific T-T dimers between the slabs can be reversibly broken or reformed by 

changing temperature, concentration (x) andor by applying pressure or magnetic field, 

leading to magnetostructural transitions. Recent studies of the Gd&3exGal-,)4 system 

showed a sequence of structures changing with x, that mimic the martensitic transition 

observed in Gd~SizGa2.~ The authors of Ref. 4 suggested that lack of one electron in the outer 

shell o f  Ga (3 valence electrons for Ga instead of 4 for Si) drives the change of the 

crystallography in the Cd5(GexGa& system via a gradual reduction of the valence electron 

concentration. Therefore, it is natural to examine how a shift of the valence electron 

concentration in the opposite direction by substituting pentavalent antimony for tetravalent Si 

or Ge affects the crystallography and physical properties of the GdsSb,Ged, compounds. 

4 

A crystallographic study of several RsSbz(Si,Ge)Z compounds,6 showed the existence 

of a new structure type, called the TmsSb2Si2-type structure. The latter is closely related to 

the Sm5Ge4-typey but has a higher symmetry (space group is Cmca instead of Pnma). The 

authors reported several compounds with heavy rare-earth metals, however they did not 

observe the GdsSbzGez compound. 

Experimental details 

The starting materials for synthesis of Gds(SbxGel,)4 samples were pieces of Gd 

(99.86 at.% or.99.99 wt.%) prepared by the Materials Preparation Center of the Ames 

Laboratory, and Sb (99.99 wt.%> and Ge (99.99 wt.%) purchased fkom Meldform Metals 
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(United Kingdom). Four samples weighting -5 g each of the GdsSb,Ged, alloys with x = 0.5, 

1,2 and 3 stoichiometry were prepared by arc-melting the elements on a copper hearth in an 

argon atmosphere. Because of low boiling temperature of antimony (1860 K), we used -5% 
excess of this metal to make up for evaporation to maintain the necessary stoichiometries. 

The alloy buttons were remelted 4 times to minimize inhomogeneities. The x-ray powder 

diffiaction studies were performed on an automated Scintag powder diffiactometer using Cu- 

Ka radiation; the crystal structures were refined using Rietveld technique, The magnetization 

and electrical resistivity data were measured using a Lake Shore magnetometer, model 7225. 

Magnetic measurements were carried out in the temperature interval fiom 4.5 K to 300 K in 

applied magnetic fields up to 56 kOe. Electrical resistivity was measured by a standard four- 

probe technique in the temperature interval 5-350 K in applied magnetic fields up to 40 kOe. 

The heat capacity in magnetic fields up to 100 kOe was measured between -2 K and 350 K 

in a semiadiabatic heat pulse calorimeter, which has been described el~ewhere.~ 

Results 

The room temperature x-ray data indicate that when x 12, GdsSb,Ge4, adopts the 

TmsSb$3iz-type structure. When x < 2, GdsSbxGe4-, has the orthorhombic Sm~Ge4-type 

structure, same as the binary Gd5Ge4. The lattice parameters are listed in Table I. According 

to the results of the Rietveld refinement, the actual compositions of the Gd5Sbo.sGe3.5, 

GdsSblGez and GdsSb3Ge and alloys were GdsSb0.7Ge3.3, GdsSb2.l Gel .9 and Gd5Sb2.7Ge1.3, 

respectively. Based on the results obtained for the latter component, it is quite likely that the 

largest amount of Sb soluble in Gd5Ge4 is x = 2.7. 

The magnetization, eIectronic transport and heat capacity of the three compositions 

with x = 0.7, 1 and 2.1 were measured. The GdsSbz.lGe1.9 compound exhibits a second order 

ferromagnetic-paramagnetic (FM-PM) transition at 200 K, whereas Gd5SbXGe4-, with x = 0,7 

and x = 1 undergo first order phase transformations at 45 K and 37 K, respectively. 
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TABLE I The crystallographic properties of alloys in the GdsSb,Ge4, system Data for x = 0 are taken from 
Ref. 8. 

~ 

Interslaby Structure type 
~ T - T ~  (4 X a (4 b (4 c (4 

0 7.697(5) 14.83(1) 7.78516) 3.71 SrnsGe4 
0.7" 7+786(6) 14.89(1) 7.84416) 3.77 Sm5Ge4 
1" 7.865(9) 14.97(2) 7.90 l(9) 3.82 SrnsGe4 

2.7* 15.28(1) 8.049(9) 8.072(9) 4.27 TrnsSb2Siz 
2.1" 15.17(1) 7.968(8) 7.982(9) 4.22 Tm5Sb2Si2 

~ 

* As determined from the Rietveld analysis. 

Selected magnetization isotherms of GdsSbGe3, shown in Fig. 1, are similar to those 

observed for Gd5Sbo.7Ge3.3. Although there me no distinct steps of the magnetization on the 

isotherms, the presence of hysteresis points to a first order nature of the phase transformation 

that occurs between 45 K and 67 K in magnetic fields below 50 kOe. The magnetization 

results have been confirmed by heat capacity that shows a sharp first-order phase transition 

peak moving to higher temperatures with the increasing magnetic field, which is also similar 

to Gd5Sbo.7Ge3.3, see below. A small anomaly observed at 100 K on the M(T) dependencies 

(not shown) can be interpreted as the %el point and the first order phase transition at: 45 K 

most likely is of ferromagnetic-antiferromagnetic (FM-AFMJ type. It follows fiom the 

noticeable FM component observed in low magnetic fields at temperatures as high as 94 K 

(see Fig. 1) that the AFM structure .of this compound may be quite complex. The maximum 

isothermal magnetic entropy change 

Gd~SbGes, is -23.5 Jkg K at T = 53 R for a 50 kOe magnetic fieId change, which is 

somewhat less than the ASM = -37 Jkg K exhibited by Gd$30.33Ge3.67 for a 50 kOe magnetic 

field change at 70 K (Ref. 9), but the former still maintains all the characteristics of the giant 

mawetocaloric effect. 

calculated from the heat capacity data for 
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200 . 
Gd,S bOe, 

--t 29.1 K .. 
--C 47.6 K 
--b 52.3 K - 56.6 K + 61 K 
-0- 67.8 K 
-4- 70.2 K 
-A- 94.2 K 

0 15 30 45 60 75 

Magnetic field (kOe) 

FIG. 1. The magnetization isotherms of Gd5SbGe3 in the temperature interval 29-94 K in the range of magnetic 
fields up to 50 kOe. 

The temperature dependencies of magnetization of GdsSb0.7Ge3.3 fkom 4 to 250 K in 

magnetic fields of 1 kOe, 10 kOe and 20 kOe are presented in Fig. 2. The c w e s  exhibit a 

sharp step of the magnetization at 37 R in a 1 kOe magnetic field, which shifts to higher 

temperatures with increasing magnetic field (T = 55 K in a 20 kOe magnetic field). The step 

in the magnetization corresponds to a first-order magnetic phase transition that is also 

confirmed by the heat capacity data (Fig. 3). There are also anomalies at -60 K and -1 50 K 

that can barely be seen in the 1 kOe and 10 kOe curves (inset, Fig. 2). The anomaly at -150 

K may be due to the magnetic ordering of an impurity phase, whose concentration was to low 

to be detected by x-ray powder diffiaction. The heat capacity data only show the presence of 

a second order transformation at T=60 K in magnetic fields below 20 kOe (see inset in Fig. 

3) and no anomaly at 150 K, which is consistent with a small amount of an impurity phase. 

To clarify the nature of the transformation at T = 60 K, the electrical resistivity 

measurements were carried out (see Fig. 4). There is a step-like behavior at the first order 

phase transition and a broad maximum at 60 K that relates to the second order phase 

transition observed in the heat capacity data. The anomaly at 60 K can be interpreted as a 

Nkel point corresponding to AFM-PM transition. The maximum isothermal magnetic entropy 

change (-27 J/kg K) for GdsSb0.7Ge3.3, calculated fiom the heat capacity, is observed at 70 K 
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for a 70 kOe magnetic field change. The corresponding value estimated from M(H, data 

using Clausius-Clapeyron equation for the same magnetic field change is -25 J k g  K. 
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Temperature (K) 

FIG. 2. Temperature dependencies of the magnetization of Gd5Sb0.7Ge3.3 measured in 1 kOe, 10 kOe and 20 
kOe magnetic fields. The inset shows the rate of change of the magnetization with field as a function of 
temperature. The arrows in the inset indicate observed anomalies. 
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0 40 80 120 
Temperature (K) 

160 200 

0 

FIG. 3. Temperature dependencies of the heat capacity of Gd5Sb0.7Ge3.3 in magnetic fields up to 100 kOe. The 
inset shows the details of the second order transition around 60 K. 
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FIG. 4. Temperature dependencies of the electrical resistivity of Gd5Sb0.7Ge3.3 in applied magnetic fields up to 
40 kOe. 

Discussion 

We believe that like in Gd5Ge4, where AFM-FM transition is coupled to a 
martensitic-like structural change," the same happens in both Gd5Sb0.7Ge3.3 and Gd5SbGe3. 

The nature of the structuraI transition in the GdsSb,Ge4, system, however, remains open and 

needs to be studied using x-ray diffraction measurements at low temperatures and in applied 

magnetic fields. At this point we only know that at room temperature the crystal structure is 

similar to that of the Gd5Ge4 compound, i.e. there are no T-T dimers between the [Gd5T,] 

slabs. Similar to Gd5(SixGel,)4, one can assume that temperature andor magnetic fieId 

restore some or all of the T-T dimers, causing a structural transition simultaneously with the 

ferromagnetic ordering. With this assumption and recalling that at room temperature for x 2 

2 the T-T interslab distances (&-TI in GdsSb,Ge4_, are much longer than for x -= 2 (see Table 

I), one may explain the absence of a first-order transition when x 2 2 by the inabiIity of the 

system to restore T-T bonding like in GdSGe4. One can also notice that 60 K 

antiferromagntetic transition for GdsSbo.TGe3.3 is magnetic field independent and it 
disappears in fields above -20 kOe, where it merges with a structural transformation. In other 
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words, the AFM-PM transition is found only in the high temperature (low field) SmsGe4- 

type phase. 

Conclusion 

In summary, the GdsSb,Ged-, system exhibits interesting structural and magnetic 

properties along with a high value of the isothermal magnetic entropy change. Compared to 

the Gds(Si,Gel-,)4 system, the Gd,Sb,Ge+x system exhibits narrower hysteresis during the 

first order transformation and the samples with antimony are less brittle. Detailed 

measurements of a single crystal of Gd~Sb0.7Ge3.3 are planned in the near future. 
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CHAPTER 5: CRYSTALLOGRAPHIC A N D  MAGNETIC PROPERTIES 

OF THE Gd5Sbo.5Ge3+5 SINGLE CRYSTAL 

The paper is prepared for publication 

A.S. Chernyshov,132 Ya.S. Mudryk,' V.K. Pecharsky,'.' K.A. Gschneidner, Jr. '' 
D. Schlagel and T,A. Lograsso.' 

Abstract 

Crystallographic and magnetic properties of a Gd~Sb0.5Ge3.5 single crystal were 

investigated using a variety of experimental techniques: dc magnetization, ac-susceptibility, 

electrical resistivity, heat capacity ana X-ray powder diffiaction. Our measurements indicate 

that the compound undergoes a coupled magnetic-structural transition at 40 - 70 K and an 

electronic transition around 60 K. The detailed crystallographic study of Gd5Sb0.5Ge3.5 shows 

that d i k e  GdS(SixGel-J4, the coupled magnetic structural transition occurs without shear 

displacements of the [Gd,T,] slabs (T is a statistical mixture of Si,Ge or Sb,Ge). The 

magnetic and structural properties show narrower temperature and magnetic field hystereses 

associated with a first order transition, when compared to Gds(Si,Gel,)4, which may be 

important for practical applications. Low magnetic field data clearly show a presence of 

complicated short range magnetic ordering (Griffiths phase) in the temperature interval fiom 

40 to 250 K. A theoretical model that quantitatively describes the electronic transition in 
GdSGe4 and GdsSb0.5Ge3.5 and its evolution with addition of Sb is proposed. 
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Introduction 

The magnetic and crystallographic properties of R5(Si,Gel,)4 system, where R - is a 

rxe-earth metaI, have been extensively studied since 1997, when Pecharsky and 

Gschneidner’ discovered the giant magnetocaloric effect in GdsSizGeZ compound. These 

alloys exhibit a coupled magnetic-structural transition, which not only accounts for the giant 

magnetocaloric effect, but also the giant magnetostriction2 and giant magnetoresi~tance,~ 

The system may be utilized for numerous practical applications, because transition 

temperature, where the giant magnetic responses occur, may be “tuned” by varying Si 

content. 

At room temperature, crystal structure of R~(Si,Gel,)4 compounds consists of 

m * [Gd,T4] slabs, hlly or partially bonded by T-T dimers, where T is Si, Ge or their statistical 

mixture. There are three basic structure types observed in the Rs(Si,Ge1-,)4 systems: 

1. 

2. 

3. 

the orthorhombic SmSGe&pe (space group is Pnma) with all of the T-T dimers 

between [Gd,T4] broken; 

the monoclinic GdsSiaGez-structure type (space group is P1121/a) with half of the T-T 

interslab dimers broken; 

the orthorhombic GdsSi4-structure type (space group is Pnma) - all T-T dimers 

between f [Gd,T,] slabs formed. 

The formation of T-T dimers strongly affects exchange interaction between 

ferrornagneticaly ordered [Gd,T4] slabs and the resulting type of magnetic structure. 

Therefore, on lowering temperature, or changing composition, or applying magnetic field, or 

pressure the restoration of T-T bonds drives a coupled magnetic - structural transition, which 

usually starts from orthorhombic SmsGe4- or monoclinic GdsSizGez- types of structures and 

ends up as Orthorhombic GdsSi4-type with all the T-T dimers formed. It is worth noting that 

GdsSi4 and Srn5Ge4 structure types have the same symmetry of the lattice (space group is 

Pma).  The difference between those two structure types is a shear displacement of 

m [Gd5T, ] slabs that restores T-T bonding between the slabs. 
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Following a series of works devoted to Rs(SixGel+)4 system, a detailed X-ray single 

crystal and powder diffraction study of Gd5(GaxGel-,)4 was undertaken and a sequence of 

structures depending on the concentration (x) as in the Gd5(SiXGe& system was observed. 

The authors showed that substituting Si with Ga, which has 1 electron less in the outer shell 

(3 valence electrons for Ga instead of 4 for Si), drives a change of crystalIography of the 

Gd5(GaxGel.,)4 system via a gradual reduction of the valence electron concentration, a 

mechanism similar to the recently reported in GdsSizGe2.6 A crystallographic study of several 

RSSbZ(Si,Ge)* alloys was undertaken Ref. ’. The authors reported a new structure type, called 

the TmsSizSbl-type structure, which is closely reIated to the SmsGe4-type, but has a higher 

crystallographic symmetry (space group is Cmca instead of Pnma). Several RsSbz(Si,Ge)z 

compounds were reported, however authors did not observe the GdsSblGez compound. 

Following the idea of substituting Si with Ga, crystallographic, magnetic, electronic 

and thermal measurements of Gd5Sb,Ge4+ system were recently reported: where Si was 

substituted with Sb, which has an additionalp-electron in the outer shell, compared to Si. The 

room temperature X-ray powder diffraction study shows that the largest amount of Sb 

soluble in Gd5SbxGe4., is x = 2.7. For x < 2, the system adopts the SrnsGe4 type of crystal 

structure, which is the same structure as pure GdsGe4. For 2 < x < 2.7 the room temperature 

crystal structure of the Gd,Sb,Ge4, alloys is the TrnjSizSbz-type. Magnetic measurements 

show that there is a first order magnetic transition for low concentrations of Sb (x < 2) and a 

second order transition from ferromagnetic (FM) to paramagnetic (PM) state for 2 < x -= 2.7. 

At low temperatures GdsSbxGe4, is ferromagnetic. For the GdsSbo.sGe3.5 compound (x = 0.5) 

the transition fiorn ferromagnetic to antiferromagnetic (AFM) state occurs at 37 K and at 60 

K the second order joint electronic and AFM-PM transition was observed from the heat 

capacity and electrical resistivity data. The last transition is similar to the second order 

transition at 130 K in GdsGe4. For x = 1 there is a first order FM to PM transition, while for x 

= 0.5 the transition is from the AFM to the PM state. The critical temperatures of the 

observed magnetic transitions of GdsSb,Ge,+, in a zero magnetic field are listed in Table I, 

for the examined Sb concentrations. Additional anomalies in the dc of magnetization and ac- 

susceptibiIity were observed at -150 K and -100 R for x = 0.5 and x = 1 respectively * , and 
are probably due to short range magnetic ordering, i.e. magnetic clustering. 
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Table I Magnetic properties of Gd$bxGe.+x system (Ref. 8); x = 0 data are taken from Ref. 

First order transition, Second order transition Additional anomalies, 
H from 0 tu I O 0  kUe (rr = 0) low fields X 

0 0-75K - 130 K" - 

0.5 3 7 - 8 5 K  - 60 K* - 150K - 100K 1 40-80K - 
1.25 45 K - 

2 - 200 K 

- 

* Joint AFM-PM and electronic transition 

A qualitative model based on electronic structure calculations was proposed in Ref. 

10 to explain the origin of electronic transition in pure Gd5Ge4. The authors (Ref 10) 

proposed that one of fifteen Gd electrons per unit cell does not participate in covalent 

bonding and may be either localized or belong to the conduction band. A model that 

quantitatively describes such mechanism of electronic transition of Ce was recently proposed 

by A.S. Mischenko and A.K.Zvezdin ll. In this paper the high-temperature electronic 

transition in GdsGe4 and GdsSbo.sGe3.5 was modelled by means of Anderson impurity 

Hamiltonian with the addition of Falikov-Kimball interaction12. As a basis of out calculations 

we used the zero-temperature Green function formalism to explain electronic transition, as 

described in Refs. 13,14, and the extended finite temperature model used by Ref. 11. 

The objective of this research is to investigate the magnetic, electronic and 

crystallographic properties of GdsSbo.sGe3.5 single crystal. We also used electrical resistivity 

measurements on Gd5Sbo.sGe3.5 and the model from Ref. 11 to quantitatively describe the 

electronic transition GdsSb,Ge4, at low concentrations of Sb (x < 0.5). 
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Experimental details 

The single crystal of Gd~Sb0.5Ge3.5 investigated in this work was grown in a tungsten 

crucible using the Bridgman technique. The starting materials for the synthesis of the 

Gd5Sb~.5Ge3.5 compound were pieces of Gd (99.86 at. % or 99.99 wt %) prepared by the 

Materials Preparation Center of the Ames Laboratory, and Sb (99.99 wt %) and Ge (99.99 wt 

%) purchased fkom Meldfom Metals (United Kingdom). The Gd5Sb~.~Ge3.5 single crystal 

specimen for dc magnetization measurements was cut by using the spark-eroding technique 

from large grains and shaped and oriented as cube with the approximate dimensions (in m) 

1 ~ 0 . 9 8 ~  1.55 with each side of the cube perpendicular to one of the three principal 

crystallographic direction. The value of demagnetization factors of Gd single crystal in 

magnetic field applied along a-, b- and c- axis were 0.3, 0.25 and 0.23 respectively (see Ref. 

15). The sample for heat capacity and electrical resistivity measurements was cut as a 6 mxxl 

diameter and 2 mrn high flat cylinder with a-axis perpendicular to the pIane of the flat plate. 

The crystallographic directions were determined using the back reflection Laue technique. 

The combined accuracy of the alignment of the crystallogaphic axes with the direction of the 

magnetic field vector was f5". 

The sample for X-ray powder diffraction measurements were prepared by hand- 

grinding of a bulk piece of unoriented Gd~Sb0.5Ge3.5 single crystal. The fine Gd~Sb0.5Ge3.5 

powder (particle size < 25 pn) was mixed with a methanol diluted GE varnish, air dried, and 

baked at 120 "C for I h in order to solidify the specimen and prevent rotation of individual 

particles by a magnetic field. The flat surface for the Bragg-Brentano diffraction experiment 

was created by using a 320-grit sandpaper, thus minimizing preferred orientation near the 

surface and reducing surface roughness. * The x-ray powder diffraction measurements were 

carried out as functions of temperature between 5 and 300 K in a zero magnetic field and 

between 5 and 100 K in constant magnetic fields ranging from 0 to 40 kOe on a Rigaku 

TTRAX rotating anode powder diffractometer employing Mo & radiation. The 

diffiactometer was equipped with a continuous flow 4He cryostat controlling the temperature 

of a sample with L 0.05 K accuracy, and a split-coil superconducting magnet creating a 

homogeneous dc magnetic field around the specimen. l6 The scattered intensity was recorded 
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as a function of Bragg angle (28) using a scintillation detector with a step of 0.01" 28 in a 

step scan mode with the intensity measured for 2 s at each point. Two patterns at 15 K and 

150 K were recorded in a step scan mode with 10 s at each point. The maximum intensity to 

lowest background intensity ratio was close to -300 with the strongest Bragg peaks 

registering nearly 6000 counts at their peak values, which corresponds to -I .8% statistical 

spread. The range of measured Bragg angles was from 9" to 49" 28, which is equivalent to 

-19.5' - 128" 28 range using Cu Karadiation (sin BmaX/h 4.58),  LHPM RIETICA" was 

employed to carry out the full-profile Rietveld refinement of every recorded pattern. In 

proximity of the transition an attempt was made to refine both phases simultaneously. 

However, the program failed to recognize both phases separately (the scale of one phase was 

negative) due to close positions of their Bragg reflections caused by the similar structures of 

the high temperature and low-temperature phases. The isotropic thermal displacement 

parameters of all atoms in each phase were assumed to be the same, in effect, employing the 

overall isotropic thermal displacement approximation. The profile residuals Rp were from 

-0.09 to -0.12, and the derived Bragg residuals RB were from -0.05 to -0.09. The Ieast- 

squares standard deviations of the refined lattice parameters were on the order of 20-30 parts 

per million of the absolute values of the corresponding unit cell dimensions. 

The dc magnetization data were collected using Quantum Design SQUID 

magnetometer O M S  XL system), which operates in the temperature interval 1.7 - 400 K in 

the range of magnetic fields up to 70 kOe. The accuracy of magnetic measurements was 

better than 1 %. Electrical resistivity in an applied magnetic field was measured using a Lake 

Shore magnetometer, model 7225. Electrical resistivity was measured by a standard four- 

probe technique in the temperature interval 5-350 K in applied magnetic fields up to 40 kOe. 

The heat capacity in magnetic fields up to 100 kOe was measured between -2 and 350 R in a 

semiadiabatic heat pulse calorimeter, which has been described elsewhere.'' 
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Results 

Our results are generally consistent with the magnetic and thermal properties 

measurements of polycrystalline GdsSbo.SGe3.5 (see Ref. 8). However, X-ray powder 

diffiaction study shows that unlike Gd~Ge4, where the magnetic - structural transition occur 

with change of the crystal structure type fiom SmsGe4- to Gd&3& - type, in Gd~Sb0.5Ge3.5 a 

first order bansition occurs without shear displacements of the f [Gd,T,] slabs and, 

therefore, without a crystal structure change. The magnetic measurements along different 

crystallographic axes generally agree with the data collected on polycrystalline material.8 

However, additional clear steps were observed on the inverse susceptibility ( H i !  at high 

temperatures where the compound is assumed to be paramagnetic. 

Figs. 1 - 3 represent the temperature dependencies of a-, b- and c- lattice parameters 

of Gd~Sb0.5Ge3.5, measured on heating and cooling the sample in a zero magnetic field and on 
heating the sample in 20 kOe and 40 kOe magnetic fields. One can see clear steps of the 

lattice parameters that shift to higher temperatures in applied magnetic fields. Another minor 

anomaly (maximum) can also be seen clearly seen in Figs. 1-3 around 70 K in zero and 20 

kOe magnetic fields, but it disappears in a 40 kOe magnetic field. The largest relative change 

of the lattice parameter is observed along the a-direction (Ada = -0.35 %), whereas changes 

along c- and b- directions were Adc = -0.24 % and Abh = 0.09 % respectively. It is worth 

noting that changes along the a- and c- axis are both negative, unlike for GdsGe4, where the 

major change occurs along the a-axis (-1.8 %) and the change along the c- axis is small and 

positive. The points marked by a gray square correspond to a two-phase region and represent 

the superposition of the lattice parameters of two different phases. One notices a much 

narrower value of temperature hysteresis, compared to Gds(Si,Ge)4 system (5  R vs. 10-15 K). 

The shift of the transition temperature with magnetic field is not linear, in other words, for a 

magnetic field change 0 - 20 kOe the transition temperature shiAs more than for 20-40 kOe. 



Fig. 1 Temperature dependencies of the a-lattice parameter of Gd5Sb0.5Ge3.5 in the temperature interval 5 - 100 
K in a zero magnetic field on heating and cooling, and in 20 kOe and 40 kOe magnetic fields on heating. 
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Fig. 2 Temperature dependencies of the b-lattice parameter of Gd5Sb0,5Ge3.5 in the temperature interval 5 - 100 
K in a zexo magnetic field on heating and cooIin, and in 20 kOe and 40 kOe magnetic fields on heating. 

The unit cell volume of GdsSbo.sGe3.5 calculated fiom the X-ray powder diffraction 

patterns collected on heating and cooling in a zero magnetic field and on heating in 20 kOe 

and 40 kOe magnetic fields as a function of temperature, and on increasing up to 40 kOe 

magnetic field and decreasing back to zero at 55 K, are presented in Figs. 4 and 5,  

respectively. 
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Fig. 3 Temperature dependencies of the c-lattice parameter of Gd&3bo.5Ge3,5 in the temperature interval 5 - 100 
K in a zero magnetic field on heating and cooling, and in 20 kOe and 40 kOe magnetic fields on heating. 
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Fig. 4 Temperature dependencies of the unit cell volume of Gd~Sb0.5Ge~.~ in the temperature interval 5 - 100 K 
in a zero magnetic field on heating and cooling, and in 20 kOe and 40 kOe magnetic fields obtained on heating. 

Unlike Gds(Si,Gel.,)4, the structural transition observed in Figs. 1-5 is different fiom 

a SrnsGed - GdsSi4 crystallographic transition with - -1 % volume change that takes place in 

GdSGe4. In our case despite a relatively large volume change -0.5 %, the crystal structure 

type does not change, and there are no large shear displacements of the slabs with respect to 

one another (see discussion below). 
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Fig. 5 The isothermal behavior of the unit cell volume of Gd5Sb0.5Ge3.5 at 55 K measured on applying magnetic 
field from 0 to 40 kOe and then lowering the field back to zero. 
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Fig. 6 The temperature dependence of the heat capacity of GdSSb0.5Ge3.5 single crystal in the temperature 
interval 2-200 K in applied magnetic fields up to 100 kOe. The inset shows the additional second order 
transition observed at 60 K. 

The temperature dependencies of heat capacity of Gd5Sb0.5Gej.5 in the temperature 

interval 2 - 200 K in magnetic fields ranging from 0 to 100 kOe, applied along a-axis are 

presented in Fig. 6. One can see a sharp peak moving to higher temperatures and, in general, 

with an increasing peak height on applying a magnetic field. A second order transition was 
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observed at 63 K and can be clearly seen in the inset of Fig. 6. These results are in a fuIl 

agreement with previous measurements carried out on a polycrystalline material.’ It is worth 

noting that this peak in zero and 20 kOe magnetic fields is broad and asymmetrical, which 

usually indicates a second order transition. 
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Fig. 7 The isothermal magnetization of Gd5Sb0.SGe3.5 single crystal in the temperature interval from 2 K up to 
200 K in the range of magnetic fields up to 60 kOe, applied along b- axis. 
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Fig. 8 The isothermal magnetization of GdSSb0.SGeJ.5 single crystal at 1.8 K as a function of magnetic field 
applied along a-, b- and c- axis. 



95 

The isothermal magnetization of GdsSb0.5Ge3.5 at temperatures from 2 K up to 200 K 

along the a- crystallographic direction is presented in Fig. 7. One can see sharp steps of 

magnetization shifting to higher magnetic fields on increasing temperature that correspond to 

a coupled magnetic-structural transition. It is worth noting a much narrower magnetic field 

hysteresis (-4 kOe) during the first order transition, when compared to Gds(Si,Gel,)4 system 

(- 5 kOe). The isothermal magnetization with magnetic fields applied along the b- and c- 

axes generally look similar. To determine the easy magnetization direction the 1.8 K 

isotherms were measured as a function magnetic field applied along a-, b- and c- axes see 

Fig. 8. One can see from Fig+ 8 that unlike GdsGe4, where the easy magnetization axis is the 

6-direction, the easy axis in Gd~Sbo.sGe3.5 is the a-direction and the c-direction is a hard 

magnetization axis in both GdsGe4 and Gd~Sbo.sGe3.5. It is also worth noting that the 

difference between the three crystallographic directions is smaller in Gd5Sb0.5Ge3.5, 

compared to GdSGed, which means that magnetic anisotropy is weaker in Gd5Sb0.5Ge3.5. The 

value of the saturation magnetization is 187.1 emdg or 7.42 p~ per Gd atom (see Fig. 8). The 

single crystal isothermal magnetization data agree well with previous polycrystalline 

measurements and the heat capacity and powder diffiaction data. 
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Fig. 9 The temperature dependencies of the real and imaginary components of ac- magnetic susceptibility of 
Gd5Sb0.5Ge3.5 single crystal in the temperature interval 2 - 250 K in a zero dc magnetic field. The data were 
collected at a frequency of 125 Hz and ac-field of 6 Oe applied along the a- axis. 
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f =  125 Hz, 
Ha, = 6 Oe 
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Temperature, T (K) 

Fig. 10 The temperature dependencies of the real and imaginary components of ac- magnetic susceptibility of 
Gd5Sb0.5Ge3.5 single crystal in the temperature interval 2 - 400 K in a zero dc magnetic field. The data were 
collected at a frequency of 125 Hz and ac-field of 6 Oe applied along the a- axis. 
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Fig. 11 The temperature dependencies of the real and imaginary components of ac- magnetic susceptibility of 
Gd5Sb0.5Ge3.5 single crystal in the temperature interval 2 - 400 K in a zero dc magnetic field. The data were 
collected at a frequency of 125 Hz and ac-field of 6 Oe applied along the a- axis. 

The zero dc magnetic field temperature dependencies of ac-susceptibility of 

Gd5Sb0.5Ge3.5 with ac-fieId applied along the a-, b- and c- axes are presented in Figs. 9-1 1, 

respectively. One can see the main transition around 45 R in all three figures and small 

anomalies of the imaginary part of ac-susceptibility, such as a peak around 140 K in case of 
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H I ]a  and H I I C  and a step-like anomaly around 160 R in with H I Ib. It is worth noting that the 

positive plateau of the temperature dependence of the imaginary part of the susceptibility 

with H I Ib and H 1 I C  of Gd5SbO.sGe3.5 in the temperature interval 60 - 160 K relates to 

magnetic losses in the sample. 

The temperature dependencies of the magnetization along the a-, b- and c- axes in the 

temperature interval 2 - 400 K in the range of magnetic fields up to 10 kOe are presented in 

Fig. 22 - 14, respectively. One can see a clear first order transition from FM to AFM (at low 

fields) or FM (at high fields) state around 45 K in all three figures. The insets in Fig. 12 - 14 

show calculated temperame dependencies of the inverse susceptibility (H/W in the same 

magnetic fields. One can see fiom Fig. 12 that the inverse susceptibility in low magnetic 

fields along the a- axis shows three step deviations fiom linearity at temperatures from 60 K 

to 160 K, then fiom 160 K to 220 K and fkom 220 K to 290 K. In the latter interval H/M 

shows a linear behavior, which is shifted slightly down &om the paramagnetic behavior 

observed above 290 K. The paramagnetic Curie temperatures (8,) and effective magnetic 

moments (kg) of two linear regions of the inversed susceptibility are Bp = -7 K and p+f= 8.57 

p~ for the temperature interval from 220 to 290 K and B p  = -50 K and b ~ =  9.04 FB for PM 

region above 290 K. 

The temperature dependence of the inverse susceptibility (H/M) along the b-axis (see 

Fig. 13) shows just one deviation fiom linearity in the temperature interval fiom 60 K to 160 

K and at temperatures above 160 K H/M behaves as a paramagnet with the tIp = -23 K and bf 

= 9.1 p ~ .  However, in case of magnetic field applied along the c-axis (see Fig. 14) there is an 

additional deviation fiorn linearity between 160 K and 220 K, when compared to the 

behavior of the inverse susceptibility along the b-axis (see Figs. 13 and 14). The values of the 

paramagnetic Curie temperature and effective magnetic moment Bp = -19 K and ~ g =  8.84 ,UB 

in the PM region above 220 K are close to the vaIues observed along the 6-axis. One notes 

that the inverse susceptibility along all three crystallographic directions (Pig. 12 - 14) agrees 

with the ac-susceptibility data (Fig. 9 - 1 l), which show a peak at 150 K for H I fa, a plateau 

fiom 60 to 160 K for H I Ib, and combination of both for H I IC. 
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Fig. 12 Temperature dependencies of the magnetization of Gd5SbD.5Ge3.5 single crystal in the temperature 
interval 2 - 400 K in the range of magnetic fields from 10 Oe up to 10 kOe, applied along the a-axis. The inset 
shows the temperature dependencies of inverse susceptibility (WM) calculated fiom the magnetization data. 
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Fig. 13 Temperature dependencies of the magnetization of Gd5Sb0.5Ge3.5 single crystaI in the temperature 
interval 2 - 400 K in the range of magnetic fields from 10 Oe up to 10 kOe, appIied along the b-axis. The inset 
shows the temperature dependencies of inverse susceptibility (H/M) calculated fiom the magnetization data. 
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Fig. 14 Temperature dependencies of the magnetization of Gd5Sbo,5Ge3.S single crysta1.h the temperature 
interval 2 - 400 K in the range of magnetic fields fiom 10 Oe up to 10 kOe, applied along the c-axis. The inset 
shows the temperature dependencies of inverse susceptibility (MM) calculated from the magnetization data. 

The above noted deviation of the inverse susceptibility fiom linearity along all three 

crystallographic directions may be associated with short range magnetic ordering, Le. 

magnetic clustering. It is also worth noting that even in the case of high magnetic fields (10 

kOe) the Curie-Weiss behavior of the magnetization along all three crystallographic 

directions is rather unusual. First, the values of the paramagnetic Curie temperature appear to 

be negative, despite the fact that the ground state of Gd5Sbo.sGe3.5 is ferromagnetic, whereas 

negative value of the paramagnetic Curie temperature usually means the AFM ground state 

of the compound. Second, the values of calculated effective magnetic moments along all 

three crystarlographic axes exceed theoretical value of 7.94 p~ by 10-13 %. 
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Discussion 

Our results generally confirm the magnetic and thermal behavior of polycrystalline 

GdiSb~.~Ge3.5, reported in Ref. 8, which were assumed to be somewhat simiIar to the 

behaviour found in Gd&3ixGel,)4 system except for narrower hysteresis values of 

temperature and magnetic field during the coupled magnetic-structural transition. However, 

the detailed crystallographic study shows that the nature of the structural transition is 

significantly different fiom the transformation in Gd5(SixGel-x)4. Also, detailed low field 

magnetization data show an unusual behavior ofthe inverse susceptibility (see Figs. 10 I 12) 

which may be associated with a so called Griffths phase, recently reported in TbsSizGe2.” 

Following electrical resistivity measurements of Ref. 8 and 10, a theoretical model is 

proposed to explain electronic transition in GdsGe4 and GdsSbo.sGe3.5. 

Ge,Sb 

Fig. 15 The ab- projection of the unit cell of Gd5Sb0.SGe3.5 and ac-projection of the top Gd- slab marked by 
dashed rectangles, caIcufated from the X-ray powder difliaction pattern, collected at 55 K in a zero magnetic 
field. The numbers represent relative inter-atomic distance changes (in %) of the bonds that undergo maximum 
changes during the transition. 
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Coupled magnetic-structural transition in Gd~Sbo.sGe3.5 

According to the magnetic and crystallographic data, Gd5Sbo.sGe3.5 exhibits a 

crystallographic transition which is different from that observed in pure GdsGe4. Despite the 

fact that at room temperature the crystal structure of Gd5Sbo.5Ge3.s is the same as in pure 

Gd5Ge4 (the SrnsGe4- type), on applying a magnetic field, no shear displacements of the 

[Gd5Ge,] slabs (see ab- and ac- projections of the top slab, marked by dashed rectangles in 

Fig. 15) with respect to one another occur in Gd5Sb0.5Ge3.5 and the lattice does not change its 

type of structure to Gd5Si4 -type as was observed in GdsGe4.20 

In pure Gd5Ge4 the largest change of lattice dimensions occws along the a - axis and 

the relative change (Aala) is equal to -1.8 %, which is larger then A d a  = -0.35 %, observed 

along the a-axis in Gd5Sb~.5Ge3.5 (see Fig. 1). This large change of the a-lattice parameter in 

GdSGed occurs because of the shear displacements of adjacent [Gd,Ge,] slabs and results 

in drastic shortening of T-T bond distances along the a- axis, (see four medium size atoms 

between the slabs in Fig. 15). And the shortening of T-T bond distances consequently results 

in formation of T-T dimers and drives the coupled magnetic-structural transition in Gd5Ge4. 

Such a large negative change (-1.8 %) in Gd5Ge4 of the a- lattice parameter causes the minor 

increasing of b- and c- lattice parameters by - 0.14 % and - 0.6 %, respectively, to stabilize 

the lattice, but the giant volume change of GdsGe4 (-1%) mostly comes from the decreasing 

of the a- lattice parameter. 

In Gd5Sbo.sGe3.5 the situation is different. Here we have similar changes along the a- 

and c- axes equal to Aala = -0.35 % and Adc = -0.24 % (see Figs. 1-2), respectively. The 

[Gd,Qe,] slabs in Gd5Sbo.sGe3.5 do not shift with respect to one another, but shrink nearly 2 
m 

equalIy in the ac-plane. It is illustrated in Fig. 15, where one can see approximately -4 % 

shortening of the Ge-Ge distances (small atoms inside the slab in Fig. 15) accompanied .by 

the 3.8 % increasing of Gd-Ge distances inside the slab. The shrinkage of the 2 [Gd,Ge,] 

slabs in the ac-plane affects the b-lattice parameter, which slightIy increases by 0.09 % (see 

Fig. 3). It is shown in Fig. 15 that unlike GdsGe4, it is not the T-T bond distances that change 

significantly during the transition in Gd5SbO.5Ge3.5, but the interslab Gd-T distances, which 
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decrease by -1.9 % (see Fig. 15). Thus, one may speculate that structural transition in 

GdSSb0.5Ge3.5 mostly comes from the change of Gd-T interslab bonding instead of the 

interdab T-T bonding, as in GdsGe4. 

It is also worth noting that the crystal structure and volume change in Gd5Sb0.5Ge3.5 

has more symmetrical character that in GdSGe4. This is may be the origin of the improvement 

of lattice stability and, consequently, lower values of magnetic field and temperature 

hystereses, when compared to Gd~Ge4 and the Gd5(SiXGel-,)4 system as a whole, where the 

mechanism of the coupled magnetic-structural transition is similar to the one in Gd,Ge+ 

Appearance of a Griffiths-like phase in Gd&&e3.j 

Following Ref. 19, who first reported the observations of a Griffiths-like phase in 
TbsSiZGez, we made a detailed study of the low field magnetization (see Figs. 12-14). The 

Griffiths model 

magnetic interactions given by disorder results in different values for the exchange constant 

describes a magnetic system in which a random distribution of the 

at the different sites of the lattice. Then one can introduce a critical temperature, TC , which is 

the proper ordering temperature, and the Griffiths temperature, TG, which accounts for the 

complete absence of dis0~der.l~ Considering the temperature interval Tc< T <  Tc, where the 

thermodynamic functions become unanalytical, the system lies between the ordered FM and 

conventional PM states.lg Such an intermediate regime is called the Griffiths phase and is 

characterized by a clusterlike system induced by this disordered state. 

The calculated inverse susceptibility (H/M) temperature dependencies along the a-, 6- 
and c- axes show low field behavior similar to that observed in Ref. 19. However, our 

measurements indicate even more interesting details, such as a three and two steps deviations 

from linearity observed in the PM region along the u- and c- axis (see Fig. 12 and 14), and 

the negative values of the paramagnetic Curie temperature (0,) observed aIong the all three 

crystalIographic directions. Also the effective magnetic moments in the PM region (see Fig. 

12 - 14) exceed theoretical value of 7.94 p~ by 10-13 %. 
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Griffiths-like phase 
A PM 

Q 

The negative value of paramagnetic Curie temperature usually means the AFM 

ground state of the material, which is inconsistent with the observed FM ordering at low 

temperatures. Looking at the magnetic H-T phase diagram of polycrystalline Gd5Sb0.7Ge3.3 

(see Fig. 16), which is similar to magnetic H-T diagram of the GdsSbo.sGe3.5 single crystal, 

one can assume that the AFM ordering exists in the temperature interval 45-60 R (see Fig. 

16) in analogy with GdsGe4, where an electronic and AFM-PM transition coexist at 130 K. 

Our magnetic measurements indicate a weak anomaly at 60 K, which might be an AFM-PM 

transition. Another possible explanation of the negative value of BP is that the short range 

magnetic ordering (Griffiths phase) in Gd5Sbo.sGe3.5 is of the AFM type. The three and two 

steps deviations fkom linearity of the inverse susceptibiIity along the a-axis and c- axes might 

be interpreted assuming three different length scales of magnetic clustering, which is 

inconsistent with the fact that we observed a different number of steps along different axes. 

Another possible explanation of three and two step behavior may be that there are three 

distinct preferred orientations of AFM short range magnetic ordering in Gd~Sb0.5Ge3.5. 

However, both statements about the AFM type of short range magnetic ordering and 

especiaIly about different preferred orientations of the short range AFM ordering are 

speculations that need to be verified by future X-ray magnetic scattering experiments. 

-I20 . 
Gd,Sb,,Ge,,3, polycrystalline 

40 60 80 100 120 140 160 180 
Temperature (K) 

Fig. 16 Magnetic phase H-T diagram of polycrystalline Gd5Sb0.7Ge3.3, constructed using the data of Ref. 8. The 
dashed line indicates that Griffiths-like phase exists only in magnetic fields below f kOe. 
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Fig. 17 The dependencies of the logarithm of resistivity In@) of Gd5Sb0.5Ge3.5 on VI and %power of inverse 
temperature (1IT)'" and ( ~/zJ ' '~ in a zero and 10 koe magnetic fields. The upper scale indicate real 
temperatures, corresponding ( l/T)'l4 scale. 

Model uf the electronic transitiofi in Gd~Ge4 and Gdfibo.sGe3.5 

The joint AFM-PM and electronic transition observed at 60 K in GdsSb0.5Ge3.5 fkom 

heat capacity and electricaI resistivity is similar to the transition at 130 K in pure GdsGe4 (see 

Refs. 8 and 10). In both compounds the heat capacity exhibits a second order transition (see 

Fig. 6 and Ref. 10) and electrical resistivity shows a peak at 60 K and 130 K in GdSSb0.5Ge3.5 

and Gd5Ge4, respectively. The natural logarithm of electrical resistivity (In@)) of 

polycrystalline GdsSb0.5Ge3.5 vs. (l/T)'14 is presented in Fig. 17. The upper scale in Fig. 17 

shows the real temperatures corresponding to the ( l/T)'14 scale. One can see the steps of 

lnlp), marked by arrows in Fig. 17, at -40 K and -50 R and they correspond to the coupled 

magnetic-structural transition in a zero and 10 kOe magnetic fields, It is also seen &om Fig. 

17, that a linear behaviour of In@) vs.  UT)"^ (straight heavy line in Fig. 17) or 

(curved heavy line in Fig. 17) is observed at temperatures above 60 K. Both temperature 

dependencies are rather unusual for the intermetallic compound, because this type of 

temperature dependence is usually observed in amorphous semiconductors, where the 
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localization of the conduction electrons result in a conductivity provided by electrons 

"hopping" from one localized state to another and, therefore, it is called hopping 

conductivity. The electronic transition at 130 K in Gd~Ge4 was called as metahinsulator 

transition by authors of Ref. 10. However, since there is no drastic change of the electrical 

resistivity during this transition, just change in a temperature dependence behaviour, so we 

will consider it as an electronic transition. 

To introduce a qualitative model of electronic transition in GdSGe4, proposed in Ref. 

10, one can start fiom the ground state electronic configuration of the Gd atom (4f75d '6s '). 
In compounds, the 3-valent Gd3' ion, which has electronic configuration (4f75d '6s O),  

donates one 5d electron and two 6s electrons, which participate in forming a band structure 

of the compound. The authors of Ref. 10 assumed that there are two types of configuration of 
the Gd-atoms in GdsGe4: with the 4f 7 1  5d and 4f75do + e electronic configurations. And for 4f 

75d' configuration, a Sd electron can be either localized or belong to the conduction band. So 

the observed electronic transition in Gd5Ge4 comes ftom the transition between the 

mentioned above configurations of Gd atom. 

The idea of localized 5d electron comes fiom a simple electron count in GdsGed. The 

GdSGe4 compound has 3 1 valence electrons per formula unit: Ge is $-valent so it lacks 16 

electrons and Gd is 3-valent so it contributes 15 electrons. The valence band below the 

localized level is formed by 15 valence s -,p -, d - states lo and it means that there are 30 

electrons per formula unit in the valence band. The difference in number of electrons per unit 

cell comes from formation of Ge-Ge dimers inside the slabs. Using counting formalism for 

valence compounds, the dimer needs 7 electron pairs instead of 2 x 4 electron pairs for two 

isolated Ge atoms. The additional valence electron is utilized to form four Gd-Gd a-bonding 

5d-z2 orbitals along the bond axis." In other words, one of the five Gd atoms per unit cell of 

GdsGe4 has unpaired electron that does not participate in covalent bonding with Ge atoms. 

Electron counting in case of GdSGe4 is illustrated in Fig. 18. The unpaired electron may sit 

either at the localized Sd-level below the conduction band created by Gd s, p states or inside 

the conduction band created by s, p and d states. 
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5 Gd3+ 3 15Z + 14F + lF(5d) 
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Covalent Ge-Ge 
bonding dimers 

Fig. 18. The schematic description of a formal electron counting in GdsGe4. 

Mentioned above mechanism in GdsGe4 is supported by'electronic band structure 

calculations," which show that in the PM region (at high temperatures) the Fermi level falls 

into a narrow band below the conduction band, whereas at low temperatures the Fermi level 

lies in the conduction band and Gd~Ge4 exhibit metallic behavior. 

5 Gd3* 3 15i?+lSi?+12Z 

0.5Sb3 -e 1 . 5 Z y  U f 
/ Covalent 

bonding 

3.5Ge4 c 14F= 12Z + 2F 
U U 

Covalent GelGe 
bonding dimers 

Fig. 19. The schematic description of a formal electron counting in Gd5Sb0.5Ge3.5. 

The same model can be extended to that of Gd5Sb0.5Ge3.5 compound, where we 

assume Sb to be a 3-electron acceptor. Using the formal electron counting, illusbated in Fig. 

19, one obtains one and a half Gd atoms per unit cell, of which the 5d electron can be either a 

localized or a conduction electron. As we compare our theoretical model to the results of Ref. 

8, where the polycrystalIine GdsSb0.7Ge3.3 was investigated, one adjusts the formal electron 

counting in case of x = 0.7 instead of x = 0.5 and obtains 1.7 Gd atoms with unpaired 

electron per unit cell in Gd5Sb~~Ge3.3. 

Taking into account the band structure of GdSGe4 (Ref: 10) and following the 

theoretical work of Ref. 1 I, a simple model can be introduced to explain the electronic 

transition in GdSGe4 and GdsSbo.sGe3.s. Considering the individual Gd atom with unpaired 

electron in a framework of the compound band structure, one can introduce an insulating 
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state of such a Gd atom, when the unpaired electron belongs to 5d * localized level, and 

metallic state, when unpaired electron belong to the conduction band. This model is 

illustrated in Fig. 20. The so-called metallic state occurs at low temperatures, and the so- 

called insulating state occurs at temperatures above 60 K or 130 R in Gd5SbO.sGe3.5 or 
Gd~Ge4, respectively, that is the insulating state corresponds to the 4f 7 1  5d configuration of 

the Gd atom and the metallic state corresponds to the 4f75d $. e configuration of the Gd atom. 

“Metallic” state “Insulating ’’ state 

EF - . - . - . . 

56’ (Gd) - 
5d0 (Gd) 5d (Gd) 

Valence 

Valence I band 1 
Fig. 20 The schematic of the band structure of an itinerant individual Gd atom in Gd5Sb0.5Ge3,5 with 5d electron 
that can be either localized or beiong to the conduction band. 

An important issue illustrated in Fig. 20, is that 5d0 configuration of Gd atom has 
lower energy than the excited 5d ’ configuration. So the energy gain from losing a 5d Gd 

electron should be equal to work needed to put the unpaired electron in to the conduction 

band, where it has a higher energy, comparing to localized state. To understand the dynamics 

of interplay between two states one has to introduce a Falicov-Kimball interaction’* marked 

by the symbol “G” in Fig. 20, which is an exchange interaction between the localized and 

conduction electrons. If we assume that the electron is partially localized with an occupancy 

of 5d level (nJ, it means that the rest of the electron belongs to the conduction band, which 
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has an occupancy (n, = 1 - nd). It is also seen fiom Fig. 20 that due to Falicov-Kimball 

interaction the gap between the localized 5d level and the conduction band is proportional to 

the occupancy of the conduction band (1 - ~ d ) .  Depending on temperature, magnetic field, 

pressure etc., the G( 1 - n d )  term in Fig. 20 may either lower the conduction band, favoring 

the transfer of electron to the conduction band and a transition to the metallic state, or raise it, 

favoring the transfer of electron to the localized level, i.e. a transition to the insulating state. 

To describe the mentioned above mechanism quantitatively, one can introduce the 

following Hamiltonian of the interaction of conduction electrons and 5d-electrons at the 

localized level: “*13 

where ak /a ;  is an operator to create/annihilate a conduction electron, bmj /b2i is an operator 

to create/annihilate a 5d-localized electron, E m i  - the energy of a localized level, E, - is the 

energy of the conduction electron in k-representation, G - is a Falicov-KimbaI1 interaction 

between conduction and d- electrons; U- is the energy difference between 5 8  and 5d’ 

levels; Y- is the hybridization between conduction band and localized 5d-level and N is a 

number of atoms in the system. One notices that by the ccrni” index in Eq. 1 we mean W+l 

(-J< m < J) Zeernan splitting of the localized level (with total angular momentum J) of the i- 

th Gd atom. 

To understand the dynamics of the system one can use Green function formalism for 
Actually the Hamiltonian (1) is very difficult to deal with 11,13,14 the above Hamiltonian. 

because of the last Falicov-Kimball interaction term. The simplest approximation for the last 

term of Eq. 1 is the a so-called mean field approximation 11~13 in which: 
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where we introduce the average occupancies of the localized level nd = - 

the conduction band n, = - cak+uk , where the (...) brackets mean that we substituted a 
N ' ( k  ) 

quantum mechanical operator with its average value, As already mentioned above the 

occupancy of conduction band (nc) is equal to 1 - nd, because there is only one unpaired 

electron per Gd atom, which is either a localized or a conduction electron. 

Using the above simplifications, the equations of motion for the problem are: 

where Gmj,m,ir = ((bmib,',.))mand Gk,mi.v = are the Green functions in w - 

representation. 

After soIving Eq. 3, The Green function of the 5d electron can be presented as: 

where r is: 

In this paper we use I? as a phenomenological parameter and as a reasonable approximation, 

a value of I? is equal to 30 meV (see Ref. 22). 
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Table II the electronic configurations of the Gd atoms in case of the non-localized and locaIized 5d electron 

Nutation Configuration S L J g fi  @E) 
“1” 4f7 5d’ 3 2 5 815 8 
“2” 4f7 5d0 712 0 71 2 2 7 

To quantitatively describe the influence of temperature and magnetic field on the 

transition one can use the finite temperature formalism of Ref. 1 I. From the viewpoint of the 

interaction with a magnetic field, we have three subsystems in GdsGe4 and Gd5Sb0.&e3.5: the 

Gd atoms with the 4f 5d ’ configuration, the Gd-atoms with the 4f 5d0 configuration and 

the conduction electrons. The two electronic configurations Gd atom, listed in Table II, have 

different values of the total angular momentum J and total magnetic moment p and, therefore 

interact with magnetic field differently. For convenience, we used notations of type 1 and 

type 2 for the Gd atoms, according to Table II, instead of the full electronic configuration. 

From viewpoint of the interaction with the magnetic field, the Gd atoms with all three 

electrons paired and the Gd atoms with an unpaired electron belonging to the conduction 

band, are basically the same, because they have same values of the totaI angular momentum J 

and the total magnetic moment p. Introducing the number of the Gd atoms with unpaired 

electrons per unit cell vi) in Gd5Ge4 and Gd~Sb0.5Ge3.5 and, respectively, the number the Gd 

atoms with all paired electrons (f2 = 5 -fr), one can estimate the number of Gd atoms of type 

1 and type 2. One also needs to take into account that only a fiaction of the Gd atom with an 

unpaired electron is of type 1 (with localized 5d electron) and this fiaction is equal to the 

occupancy of the localized 5d level (nd) introduced above. Therefore, the total number of the 

Gd atoms of type 1 (NI)  and type 2 (&) atoms per formula unit are: 

The partition function for the system with the Gd atoms in the simplest approximation 

of non-interacting Gd atoms with two different values of magnetic moment (type 1 and type 

2) has a following form: 
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where values of Jl,z and g1,2 are taken from Table II, k is the Boltzmm constant, p~ is the 

Bohr magneton, and we introduced the sub-partition functions 21 and 2 2  for convenience, 

The free energy of the system of the Gd atoms (per formula unit) is: 

F = -kT 1nZ = -f,nd (E,oc + A + kT In Z ,  ) - (1 - n, ) + f 2 ] .  kT lnZ, . 

And the chemical potential (per formula unit) is: 

At equilibrium the chemical potential of the Gd atoms must be equal to the Fermi 

level ( E F )  of the conduction electrons. Thus, the following equality takes place: 

E,, -E, =-A- f ,kT lnZ ,  +f,kTlnZ,. 

Using the Green function calculated above (Eq. 4), the Green function of an electron 

at the 5d level can be presented as follows: 

ARer substituting the Green functions into the general equation of the occupancy of 

the excited localized level (E,,) and formal change of variables (see Eq. 12), one obtains the 

following self-consistent equation for nd (see Eq. 13): 

dw 1 . e x=-~(w-E,A~+I  

1 ”  dx 1 nd =- 1 7  
n-,x +1 U - G(1 f nd )- A - f ,kTlnZ,  -I- f,kT In 2, 

r 
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d W ( x )  
dx 

The integral (1 3) can be evaluated by using Euler digamma function Y (x )  = 

where r (x )  is Gamma function:*4 

Y 

i- ( U - G - A ) - J k T l n Z ,  + f , k T l n Z ,  -@z, 
2 n  2 2nkT 2dT ' {  - A C 

i r  

where we have introduced the phenomenological parameters A and C. 

The numerical solution of Eq. 14 allows us to calculate the temperature and magnetic 

field dependencies of the occupancy of the localized 5d level. The calculated theoretical 

temperature dependencies of the 5d level occupancy and temperature dependence of the 

critical field of electronic transition compared to the experimental H-T diagram of 

Gd~Sb0.7Ge3.3 are presented in .Fig. 21. The comparison of theoretically calculated 

temperature dependence of critical field of an electronic transition with the experimentally 

obtained H-T diagram of the GdSGe4 (Ref. 10) is shown in Fig. 22. One can see a good 

correspondence between theory and experiment. The parameters used in the calculations are 

listed in Table I l l  and they are consistent with the electronic band structure of GdsGe4.I' As 

we apply our theoretical model to the GdsSbo.7Ge3.3 instead of the Gd~Sbo.sGe3.5 one has to 

adjust the number of the Gd atoms with an unpaired electron in Gd5Sb,Ge4, from 1.5 (x = 

0.5) to 1.7 (x = 0.7), using a formal electron counting illustrated in Fig. 19. One notes that the 

parameters A and C are not independent, because A = U- A - C, which means that an 

adjustment of the C parameter automatically affects the A parameter. 

Table I11 Phenomenological parameters used in the calculation of the occupancy of the localized 5d level 

A (eJ-9 rfeJ-9 c (eV fi Tcr  (W 
GdsGea 0.0504 0.03 0.0939 1 128 R 
Gd~Sbo.7Ge3.3* 0.0504 0.03 0.0939 1.7 76 K* 
Gd5Sb0.7Ge3.3 0.0498 0.03 0.0945 1.7 60 K 

* The estimation of transition temperature of GdSSb0.7Ge3.3 based on band structure parameters of Gd5Ge4. 
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It is noted that the theoretical model explains the shift of the transition temperature 

when Ge is substituted for Sb. As in pure GdsGe4 the number of Gd atoms with unpaired 

electron per unit cell cf~) is equal to 1 and in case of GdsSbo.7Ge3.3 the value offi is equal to 

1.7. So if we fixed the phenomenological parameters of calculation in case of Gd~Ge4 and 

then change value5 flom 1 to 1.7 one obtains a transition temperature of 76 K in a zero 

magnetic field (see “GdgSb0.7Ge3.3*” raw in Table HI), which is somewhat higher than 

experimentally observed 60 K. However, the addition of Sb will definitely affect the band 

structure and after a slight adjustment of C (see Table EI) and, consequently, the A parameter 

(see Table m), the solution of Eq. 14 gives a transition temperature around 60 K. 
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Fig. 21 The magnetic H-T phase diagram of polycrystalline Gd5Sb0.7Ge3.3 constructed from the data of Ref. 8 
with the line of the electronic transition fitted by theoretical curve (dotted line). The inset shows the theoretical 
temperature dependencies of occupancy nd of 5d level. The dashed line indicates that the Griffiths-like phase 
exists only in magnetic fields below 1 kOe. 
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Fig. 22 The theoretically calculated joint AFM-PM and electronic transition boundary on the magnetic H-T 
phase diagram of Gd5Ge4 compared to experimental data fiom Ref. 10, shown in the inset. 

Conclusion 

In summary, the GdsSbo.sGe3.5 compound exhibits interesting magnetic, thermal 

electronic and crystallographic properties. The coupled magnetic structural transition in 
Gd5Sbo.sGe3.5 in the temperature interval 45 - 85 R and in magnetic fields from zero to 200 

kOe exhibits large a volume change (AY/Y= -0.5 %) and the giant magnetocaloric effect 

ASM = -24 J/(kg K) (AH = 50 kOe) compared to the - - 1 % volume change and -37 J/(kg K) 

(AH = 50 kOe) magnetic entropy change of the Gd5Si0.33Ge3.67 compound 23 ( transition 

temperature is - 70 K). Despite the smaIler values of the volume change and the 

magnetocaloric effect, the GdSSb0.5Ge3.5 compound exhibit smaller values of magnetic field 

(< 1 kOe vs. 5 kOe) and temperature (< 5 K vs. 10-15 K) hystereses, compared to 

Gd5Si0.33Ge3.67 and the Gd5(SiXGel,)4 alloys in general. The origin of the small hysteresis 

values is probably due to the fact that crystallographic transition occurs without change of the 

crystal structure type. That is a AV/V= -0.5 % volume change is observed and that there are 

no shear displacements of the slabs with respect to one another, as it is in Gd~Ge4 and 

Gds(Si,Gel-x)4. 



Detailed low field magnetization measurements revealed the appearance of a 

Griffiths-like phase similar to the observed in TbsSilGe2, which may be of AFM type, as 

suggested by the observed negative values of paramagnetic Curie temperature. Moreover, 

inverse susceptibility (H/M) calculated fiom magnetization measurements along a-axis 

exhibits three distinct steps at 170 K, 220 K and 290 K, whereas the inverse susceptibiIity 

along b-axis exhibits steps at 170 K and 220 K and inverse susceptibility.along c-axis as well 

as of polycrystalline exhibit a plateau only at 170 K. The observed three step behavior of 

H/M may come fiom the existence of three different scales of AFM clusters formation or 

three different preferred orientations of AFM axis of individual cluster. 

A theoretical model is proposed to explain the observed electronic transition in 

GdsSbo.sGe3.5 and Gd5Ge4 and its evolution depending on antimony concentration. According 

to the model the electronic transition at low temperatures occurs due to transfer of the Gd 

atoms localized 5d electrons not participating in the covalent bonding to the conduction band. 

The model qualitatively explains the lowering of the transition temperature with increasing 

Sb concentration due to an increase of the number of localized electrons per unit cell. 
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GENERAL CONCLUSIONS 

Dysprosium 

As a result of measuring the magnetization, ac magnetic susceptibility, heat capacity, 

and magnetocaloric effect of single crystals of Dy, and also the temperature and magnetic 

field dependent X-ray powder diffraction experiments we confirmed the majority of previous 

findings but also report some notable differences in the behaviors of the magnetothermal 

properties, especially in the vicinities of Curie, Net1 and tricritical temperatures. When the 

magnetic field vector is parallel to the a-axis of a crystal, the refined H-Tphase diagram of 

Dy is more complicated than previously thought, and it contains several new phases. 

A peak of heat capacity at the Curie point in appIied magnetic fields up to 20 kOe 

was observed and it is accompanied by minor anomalies on the temperature dependencies of 

a-lattice parameter. Then, an additional spin-flop phase appeared in the temperature interval 

100 - 125 K and it has been explained by considering the Landau-Ginsburg theory of phase 

transitions. A theoretical model has been proposed to explain additional anomalies observed 

during the Fan-PM transition. It has also been shown that Fan magnetic structure becomes 

unstable at 170 K, whereas Dy becomes paramagnetic at 180 K. The anomalies of the 

magnetization and magnetocaloric effect were observed in the vicinity of Ne61 point and they 

may be caused by formation of vortex state in FM phase. A model has been proposed to 

explain the twice as large values of the magnetocaloric effect in PM region in a vicinity of 

Nee1 point due to due to formation of AFM clusters on impurities in samples of low purity. 

An X-ray powder difeaction study was undertaken in the temperature interval 4 - 
300 K in magnetic fields up to 40 kOe. Our measurements confirmed the complicated nature 

of magnetic field - temperature structural relationships in pure Dy and agree well with the 

heat capacity observations of our earlier paper. The main conclusion is that ferromagnetic 

structure is stable in the orthorhombically distorted crystal structure, whereas Helix, Fan and 

PM magnetic structures have lower energy in case of undistorted hexagonal lattice. The 

hexagonal-orthorhombic distortion and the pronounced anomaly in the c-lattice parameter are 

coupled with AFM-FM transition in magnetic fields below 8 kOe. However, on applying 
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magnetic field above 8 kOe our structural measurements show that these two phenomena are 

no longer coupled: the change along the c-axis occurs between 8 and 12 kOe and the 

orthorhombic distortion occurs befxeen 8 and 20 kOe, this results in an increase in the 

number of ordered states of Dy. 

The crystallographic and magnetic properties of the GdsSbXGe4., pseudo-binary 

alloys were studied by x-ray powder diffiaction, heat capacity, magnetization and electrical 

resistivity in the temperature interval 5-320 K in applied dc magnetic fields between 0 and 

100 kOe. The Gd5Sbz.1Ge1.9 compound adopts the TrnsSbzSiz-type structure (space group 

Cmca) and orders magnetically via a second order ferromagnetic-paramagnetic transition at 

200 K, whereas the Gc€$3bxGe4-, compounds with x = 0.7 and x = 1 crystallize in the 

SmsGe4-type structure (space group Pnma) and exhibit first order phase transformations at 45 

K and 37 K, respectively, and therefore, the giant magnetocaloXic effect. The heat capacity 

and electrical resistivity measurements of GdsSbo.7Ge3.3 indicate a second order 

antiferromagnetic transition at 60 K in fields of 20 kOe and lower. 

The GdsSb,Ge4, system exhibits interesting structural and magnetic properties along 

with a high value of the isothermal magnetic entropy change. Compared to the Gd@i,Gel-,)4 

system, the GdSSb,Ged., system exhibits narrower hysteresis during the first order 

transformation and the samples with antimony are less brittle. The important parameters of 

the GdsSb,Ge4, and Gd5(SixGel,)4 system for practicaI applications, such as the hystereses, 

magnetic entropy change, volume change and transition temperature are listed in Table I, 

One can see that the giant magnetocaloric effect, and giant magnetostriction in Gd5SbxGed-, 

are accompanied by low values of temperature and magnetic field hystereses. 
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Table I The comparison of the Gd5Sb,Ge4., and Gd5Si,Ge4, systems. 

Hysteresis (rr) 1 kOe 5 kOe 

Hysteresis (T) <5K 10 -15 K 

ASmax (AH= 50 kOe) 24 J/(kg K) (x = 0.5) 37 J/(kg K) (x = 0.33) 

A V Y  (“h) 0.5 % - 1 %  

Transition temperature <45 R 20 - 300 K 

A study of crystallographic, magnetic, electronic and thermal properties of 

GdsSbo.sGe3.~ single crystal has been undertaken. It is seen from Table I that the coupled 

magnetic structural transition in GdsSbo.5Ge3.s in the temperature interval 45 - 85 K and in 

magnetic fields fiom zero to 100 kOe exhibits large a volume change (AV/Y= -0.5 %) and 

the giant magnetocaloric effect ASM= -24 J/(kg K) (AH= 50 kOe) compared to the - -1 % 

volume change and -37 J/(kg K) (AH = 50 kOe) magnetic entropy change of the 

Gd5Sio.33Ge3.67 compound ( transition temperature is - 70 K). Despite the smaller values of 

the volume change and the magnetocaloric effect, the GdsSbo.sGe3.5 compound exhibit 

smaller values of magnetic field (< 1 kOe vs. 5 kOe) and temperature (e 5 K vs. 10-15 K) 

hystereses, compared to GdsSi0.33Ge3.67 and the Gd~(Si,Gel& alloys in general. The origin 

of the small hysteresis values is probably due to the fact that crystallographic transition 

occurs without change of the crystal structure type. That is a AY/Y= -0.5 % volume change is 

observed and that there are no shear displacements of the slabs with respect to one another, 

as it is in GdsGe4 and Gd~(Si,Gel& 

Detailed low field magnetization measurements revealed the appearance of a 

Griffiths-like phase similar to the observed in TbsSiaGen, which may be of AFM type, as 

suggested by the observed negative values of paramagnetic Curie temperature. Moreover, 

inverse susceptibility (WM) calculated from magnetization measurements along a-axis 

exhibits three distinct steps at 170 K, 220 K and 290 K, whereas the inverse susceptibility 

along b-axis exhibits steps at 170 K and 220 K and inverse susceptibility along c-axis as well 

as of polycrystalline exhibit a plateau only at 170 K. The observed three step behavior of 
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H/M may come from the existence of three different scales of AFM clusters formation or 

three different preferred orientations of AFM axis of individual cluster. 

A theoretical model is proposed to explain the observed electronic transition in 

GdsSbo.sGe3.5 and GdSGe4 and its evolution depending on antimony concentration. According 

to the model the electronic transition at low temperatures occurs due to transfer of the Gd 

atoms locaIized 5d electrons not participating in the covalent bonding to the conduction band. 

The model quaIitatively explains the lowering of the transition temperature with increasing 

Sb concentration due to an increase of the number of localized electrons per unit ceI1. 

Recommendations for future work 

(1) Although a study of Dy single crystal was undertaken and most of the anomalies were 

at least qualitatively explained, there are a few features that still need further 

explanation. One of them is the appearance of the heat capacity peak at 90 K in 

applied magnetic fields, whereas only a minor anomaly of the heat capacity occurs at 

the coupled magnetic - structural transition. 

(2) The proposed phenomenological model of the influence of the commensurability 

point in magnetic phase diagram needs to be codinned by detailed neutron scattering 

experiments in a vicinity of commensurability point (1 13 K). Further experimental 

investigations of other systems that exhibit helix magnetic ordering should be carried 

out. 

(3) The main disadvantage of GdsSb,Ged-, system is its low transition temperature, which 

limits potential applications of the material. So the next step will be to increase the 

transition temperature together with important properties, such as the conservation of 

the crystal structure symmetry during the coupled magnetic-structural transition that 

decreases the temperature and magnetic field hystereses. 

(4) The appearance of Griffiths phase in Gd~Sbo.sGe3.5 is based on macroscopic 

observation, and it needs to be verified by direct neutron scattering experiments, 
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(5) A model of the electronic transition in GdsSb0.5Ge3.5 and GdsGe4 is mostly based on 

electrical resistivity measurements of polycrystalline materials, so the next step will 

be to carry out single crystal eIectrical resistivity measurements along three different 

crystallographic directions and firher development of the model to fit experimental 

data. 
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APPENDIX: MAGNETIC STRUCTURES OF DYSPROSIUM 

Helix Fan FM 

Fig. 1. The magnetic structures of Dy: fiom left to right helix, fan, ferromagnetic (FM) 


