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Studies of structures and phase transitions in pyrrhotite 

Fan Li 

Major Professor: Dr. H. F. Franzen 

Iowa State University 

Because of their importance and significance not only in fundamental chemistry and 

physics but also in practical metallurgy and mineralogy, the structures and phase relations 

of pyrrhotite have been extensively studied using various in-situ high-temperature 

characterization techniques. The main conclusions are as follows: 

1. It is experimentally confirmed that troilite FeS shows a first-order phase transition 

above 300°C for which the structure transforms into NiAs-type. The order of this 

transition is shown to be consistent with Landau theory. An intense DTA anomaly at 

120°C was found to correspond to a structural transformation with no volume 

discontinuity and to arise from ferroelectric and magnetic spin flip transitions. For the 

non-stoichiometric iron sulfide, however, a first-order crystallographic transition, which 

occurred irreversibly at this temperature, leads to a distorted hexagonal structure instead 

of the simple NiAs-type. These findings have clarified the contradictions that appear in 

the literature concerning the magnetic, ferroelectric and crystallographic transitions in 

this material. 

2. The formation of Kagome nets is found to be the principal ordering in the iron- 

deficient monsulfide. For Fe,S,, based on the TEM and XRD observations at elevated 



2 

temperatures, the AEKD stacking with the monoclinic symmetry was found to transform 

into the ABC stacking (or mixed stacking) with trigonal symmetry at temperatures 

between 200°C and 250°C. The vacancies disorder within the iron layers at 3 15"C, at 

which temperature the magnetic Curie transition occurs. 

3. Pyrrhotites with the composition from Fel,S,, to Fe,S,, can form the ideal 

commensurate NC superstructure @=integer, C= c-axis length), but, in reality, mixed 

stacking with varying degrees of ordering. often results. The special feature of these NC 

structures is the ABCD stacking of Kagome nets and antiferromagnetic ordering. When 

the stacking becomes disordered at temperatures between 150°C and 250"C, the 

pyrrhotite undergoes an anti-Curie transition (h-transition), and then transforms into 

another commensurate NC structure which is characterized by vacancies disordered 

i 

within the layers. 
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CHAPTER 1 

GENERAL INTRODUCTION 

The compounds in the Fe,,S system (x=O-0.13), in mineralogy, are collectively called 

pyrrhotite, and the 1 : 1 stoichoimetric iron sulfide (FeS) with a fi x fi x2 superstructure is 

particularly called troilite. Because of its important structural, electrical, magnetic and 

thermal properties, for over one century this system has been the subject of considerable 

interest for a wide range of disciplines. The prototypic structure of this system is NiAs- 

type, but a number of structure - and superstructure types resulting from the low- 

temperature vacancy ordering and structural distortions have been reported in this narrow 

composition range between room temperature and 700K. The most abundant pyrrhotites 

in nature are the monoclinic (4C), troilite (2C) and the intermediate pyrrhotites. The latter 

tend to be more wide-spread and can be generally categorized as nC type, of which the 

5C, 6C and 11C types are special cases (in this thesis A and C refer to axial lengths of 

NiAs-type cell, A=3.44A and C=5.70A). Table 1 lists the superstructures reported for the 

natural pyrrhotites [ 11. Apart from these crystallographic modifications, at least two 

magnetic transitions and one electrical transition are known to be involved in this system 

below 600K: At 600K the order-disorder transition (the so called ,&transition) for 

magnetic spins occurs, which, in fact, is a Curie transition for the ferrimagnetic phases 

and a Nee1 transition for the antiferromagnetic phases. This magnetic transition is 

insensitive to composition. Below Tp , a second magnetic transition (called the Morin 
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Table 1. The structure types found in the naturally occurring pyrrhotites 

Composition Symmetry Superstructure type Remarks 

50.0 (FeS) Hexagonal A A ,  2C. natural troilite 
(at.% Fe) (cell size, A) 

a=5.96, c=l 1.75 

-46.7 (Fe,S, ) 

-47.4 (-Fe,SIo) 

-47.8 (-Fe, , S ,J 
-47.6 (-Fe,,S,,) 

Monoclinic 

Hexagonal 

Hexagonal 

2 1/5 A, 2A, 4C. a=l 1.90, 
b=6.87, c=22.87, 
p=9Oo30' 

2A, 5C. a=6.88, c=28.7 

2A, 6C. a=6.89, c=34.48 

orthorhombic 2A, 2B, 11C. a=6.89, 
b=11.95, c=63.18 

magnetic pyrrhotite 

5C pyrrhotite 

6C pyrrhotite 

1 1 C pyrrhotite. In 
reality, it is a mixing of 

5C and 6C 

nC pyrrhotite. 47.4+ 47.8 orthorhombic 2A, 2B, nC where n is a 
(Fe,s,o-+ Fe,,S,*) or non-integer between 4.8 

Monoclinic and 6 

transition) occurs for which the magnetic spins rotate from the orientation lying in the a-b 

plane for T > TM to the orientation parallel to c-axis for T < TM. This change in spin 

orientation has been proved by neutron diffi-action and the measurement of the 

anisotropy of the magnetic susceptibility as a function of temperature [2-41. The 

temperature point for this transition is sensitively dependent on the composition. For FeS 

with the troilite structure type, TM is found to be at 135"C, but theoretical and experiential 

investigations indicate that the transition temperature dramatically decreases with 

increasing iron deficiency [5-71. On the other hand, the electrical properties also have a 

direct relationship with the compositions. At room temperature, troilite is considered to 

be a ferroelectric semiconductor, while Fe,S, exhibits a high conductivity. The former 

undergoes a so-called a-transition at a temperature close to TM (-120°C) for which the 
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material is transformed into a paraelectric conductor with a sharp increase of conductivity 

in the c direction. With an increase of x in Fe,,S, as for T,, the temperature for this a- 

transition declines almost linearly [8,9]. 

In spite of the voluminous literature about the pyrrhotite system, a number of the most 

important properties have still remained open to interpretation. These questions involve 

(1) the nature of the transitions (a-, p- and y-transitions discussed in the following 

papers), (2) the ordering of vacancies as a function of temperature and composition, and 

(3) the relation between structure and properties. 

The understanding of structural properties and phase relations in pyrrhotite is of 

special significance for the metallurgical industry and mineralogy. The most common 

nickel- and copper-bearing minerals are pentlandite (Fe, Ni),S, and chalcopyrite 

(CuFeS,), the former accounts for about three-quarters of the nickel mined in the world, 

the latter also accounts for most of copper mined. However these sulfide minerals are 

easily intergrown with pyrrhotite. From the outset, therefore, the separation of sulfide 

Ni/Cu ores from pyrrhotite has been central to the metallurgy of Ni and Cu [lo, 1 11. 

Figure 1 is a flowsheet showing the separation process performed in Inco as well as other 

Ni/Cu producers. As can be noted, two of the most important steps-- the magnetic 

separation and froth flotation-- depend critically on the structural characteristics of 

pyrrhotite. The former actually takes advantage of the magnetic properties in pyrrhotite, 

while the latter greatly relies on the surface chemical properties that are essentially 

determined by a variety of factors among which the most important are chemical 

composition, crystal structure and the morphology of the minerals. 
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FIGURE 1. A flowsheet of extractive separation of pyrrhotite in N K u  Metallurgy 
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In this research, we have undertaken a systematic investigation of various 

compositions of iron sulfide including high-temperature structure determination (x-ray 

and electron difiactions), thermal and thermomagnetic property characterization. It is the 

goal of the author to establish a thorough understanding of the phase relations as 

functions of both the temperature and composition, and thus to provide a basis for the 

consideration of pyrrhotite separations in minerals. 

Dissertation Organization 

This dissertation consists of four papers. Chapter 3 (“From Pyrrhotite to Troilite: An 

Application of Landau Theory of Phase Transition”, which has been published in Journal 

of Alloy and Compounds) and Chapter 4 (“Phase Transitions In Near Stoichiometric Iron 

Sulfide”, which has been published in JAC) mainly concern the theoretical and 

experimental investigation of phase transitions for the near 1 : 1 stoichoimetric iron 

sulfide. Chapter 5 (“Ordering, Incommensuration and Phase Transitions in Non- 

stoichiometric Iron Sulfides. Part I: A TEM Study of Fe,S,”, which has been published in 

JSSC) will focus on the phase transitions in Fe,S,. Chapter 6 (Ordering, 

Incommensuration and Phase Transitions in Non-stoichiometric Iron Sulfides. Part 11: A 

High-Temperature X-Ray Powder Diffraction and Thermomagnetization Study”, which 

has been published in JSSC) will involve an investigation of the intermediate iron 

sulfides over the composition range between those two extreme cases, FeS and Fe,S,. 

Preceding these papers is a general experimental chapter (Chapter 2) and following these 

papers is a chapter in which general conclusions and a comprehensive phase diagram for 

this system are presented. 
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CHAPTER 2 

EXPERIMENTAL SECTION 

Sample Preparation 

The samples used for this project were synthesized from high-purity iron (Johnson- 

Matthey, 5N, -20 mesh) and sulfur powders (Aldrich, Sublimed, -100 mesh), the latter 

was pressed into pellets before mixing with iron powder. Carefully weighed quantities of 

iron and sulfur were sealed in evacuated silica-glass tubes which were then heated in a 

tube furnace. The samples were at first heated to 410°C and then gradually to 500°C. As 

sulfur boiled and vaporized over this temperature range, it diffused to the cooler end of 

the silica tube where the iron powder was placed so that the reaction between these two 

elements could take place. The temperature was controlled below 500°C until no yellow 

sulfur vapor was visible (approximately one week). The samples were annealed at 800°C 

for 20-30 days, and a very slow cooling followed. At the rate of -5"C/h, the samples were 

cooled to 600°C and annealed at this temperature for two weeks, and finally cooled down 

to room temperature at a rate of 3"C/h. After these steps the recovery percentage of 

products was determined to be 99-100%. If the samples were found to be non- 

homogenous, they were ground and re-loaded into the evacuated capsules for a second 

annealing. At this time the samples were first heated between 400-500°C for one day and 

then annealed at 800°C for 10 days. For some cases nonuniform samples were heated to 
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1200°C for a few hours before they were annealed at 800°C. Finally, the samples were 

cooled as described above. 

The compositions of the final products were verified using the Electron Microprobe 

(ARL, SEMQ). The operating conditions were 20kV accelerating voltage and 25 nA 

beam current. Under these’conditions both Fe and S were determined on WDS 

spectrometers (LiF crystal for Fey PET crystal for S), and count rates were about 10,000s- 

. Three samples, Fe0.88$, Feo.967S and Feo.980S, prepared by Dr. Paul G. Spry [l] were 1 

used for standards. The theoretical error from counting statistics for a counting time of 

10s was about 0.3%; the actual reproducibility as determined by a series of counts on the 

standards usually gave standard deviations of 0.6 to 0.8%. The compositional variations 

in different areas of the sample were found to be within these limits. Thus the standard 

deviation of the measured stoichiometry was less than 1%, and good sample homogeneity 

was further indicated by the absence of any significant anticorrelation between measured 

concentrations of Fe and S. The EMP analysis results and preparation conditions for the 

representative samples are listed in Table 2. 

In addition to the synthetic samples, naturally occurring pyrrhotites were kindly 

provided by Inco Limited, Canada. The shipped samples were in the frozen slurry form. 

In our laboratory, they were heated to dry at 100- 120°C in glass tubes under pure 

flowing nitrogen. Detailed descriptions of these natural samples are summarized in Table 

3. 



TABLE 2. The Representative Fel.,S Samples Prepared in This Research 

sample number 

1 

16 

18 

21 

22 

52 

53 

mixed Fe/S synthesis condition the no. of points actual Fe/S ratio 

ratio analyzed by EMP (EMP result) 

9:lO 800°C, 20 days 8 0.8 87kO.O 1 0 

7:8 800°C for 20 days; 1200°C 14 0.876k0.007 

for 12 hrs, then 700°C for 10 

days 

7:8 800°C for 10 days, and 60 0.875t-0.004 

700°C for 20 days. 

11:12 same as no. 18 57 0.906+0.006 

15:16 same as no. 18 43 0.925k0.004 

1 : l  800°C for 10 days, re-sealed 34 1.002+0.0 12 

and annealed at 800°C for 

another 10 days 

1:l  same as no. 52 30 0.996kO.O 1 0 



TABLE 3. A Description of the Natural Pyrrhotites Provided By Inco. 

Inco 5 Name of sample Inco 6 

Source of 
Product 

reject 
pyrrhotite 
tails 

Inco 1 
pyrrhotite 
rejection 
concentrate 

mag. 
concentrates 
after mag. 
separation 

~~ 

Inco 2 
non-magnetic 
concentrates after 
mag. separation 

Inco 3 
fast flotation 
portion in floating 
separation (i.e., 
concentrates A 
and B) 

Inco 4 
slow flotation 
portion in 
floating 
separation (i.e., 
concentrates C 
and D 
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In Situ High-Temperature Powder X-ray Diffraction (HTXRD). 

The HTXRD experiments were carried out using a high-temperature powder 

difiactometer @lliott GX! 1) with a multihnctional cylindrical chamber and a gas-flow 

proportional curved position sensitive detector (Inel CPS 120 and Canberra ADC8715). V- 

filtered Cr radiation was used. The sample holder was a Ta-strip with a depression of 

lOmm x 6mm x 1.5mm in the center. Temperatures were measured with a chromel-alumel 

thermocouple that was spot welded to the bottom of the Ta-strip. The temperatures were 

controlled using a RE2400 thermocontroller with a precision of 0.01 mV. Temperature 

differentials in the sample region were determined to be less than 5°C. Using this 

diffractometer a satisfactory pattern can be obtained in about 1 minute, but the collection 

time for all patterns shown was set to 10 minutes in order to improve the counting 

statistics. The HTXRD measurements were performed under a vacuum of -lo4 Torr. The 

temperature measured during HTXRD was also calibrated using an organic sample, tris- 

(0-phenylenedioxy) cyclotriphosphazene, which has a melting point of 25OoC as 

determined by DSC and showed a melting transition at 25 l0C on HTXRD. 

Differential Thermal Analysis Experiment (DTA) 

A Perkin-Elmer DTA 1700 with System 7/4 thermal controller was used for DTA 

studies. The sample powder was accurately weighed, and then loaded into an alumina 

crucible. The reference arm was loaded with AI203. The heating and cooling rates were 

usually 5Wmin. The Ar-gas flow with 0 2  impurity < 40ppm was maintained throughout 

the course of experiments. Finally, the differential temperature (AT) in all the DTA figures 

were consistently expressed as the degrees per milligram of sample. 
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High-Temperature Thermomagnetization Measurement (HTM) 

Thermal magnetization measurements were carried out using a Vibrating Sample 

Magnetometer (VSM 4500, EG&G). The samples were accurately weighed and loaded 

into a BN sample holder. The applied magnetic field was between 1500 Oe and 22,000 

Oe, depending on the magnetization of the sample. A pure argon atmosphere with 0, 

impurity < 40ppm was maintained in the sample cylinder during the measurement. 

Transmission Electron Microscopy (TEM) 

For TEM observation the samples were crushed in a mortar and pestle into <400 

mesh and mixed with ethanol. A single drop of the suspension was placed onto a holly 

carbon grid and allowed to air dry. Once dried, the sample was examined using a Philips 

CM30 TEM with a heating stage. All the selected area diffiaction patterns in Fig. 3 of 

Chapter 5 were obtained from the same region of the crystal using a 50 pm aperture (i.e., 

the region near the tip of the crystal indicated by a arrow in Fig. 7(a) ). In-situ heating 

was performed using a double tilt hot stage (Gatan, Model 628-0500) with a temperature 

monitor and a Pt/Rh thermocouple mounted at the edge of the sample. The heater current 

was manually adjusted, and the measured temperature, according to prior calibration, is 

within f1O"C of the sample temperature. Since the sample had been confirmed to have a 

Curie transition at 3 15'C, the highest heating temperature was 340'C. 

References 
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CHAPTER 7 

GENERAL CONCLUSIONS 

With the previous four papers that cover the different compositional regions of 

pyrrhotite, we have made progress in understanding of structures and phase transitions in 

this system. 

First, we have seen that one transition process, such as crystallographic, magnetic, 

electric or ferroelectric, may significantly alter the transition path of others when they are 

entangled. Four transitions, that is, the a-transition (which actually is a ferroelectric 

transition, and thermodynamically corresponds to a large anomaly), the spin-flip 

transition (Le., Morin transition), the electric transition and the crystallographic transition 

(from P3 1 c to P62c), are closely related in near stoichiometric iron monsulfide. When 

the transition temperatures for the magnetic and ferroelectric transitions decline with 

increasing defect concentration, the path of the crystallographic transformation is 

correspondingly altered into one in which the 

“collapses” into a distorted NiAs-type structure which may be incommensurate with 

x & x 2 supercell irreversibly 

mixing of 1C and 2C structures. The transition from troilite (P62c) to NiAs-type 

structure was observed via a first-order process which is accompanied by the magnetic 

disordering transition (p-transition) only over a narrow composition range. For the p- 

transition, the transition temperature is not sensitive to change of composition. However, 

the vacancy order-disorder process occurring in the defect iron sulfides is associated with 
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the magnetic disordering transition, and, consequently, this interaction of transitions gives 

rise to a stronger thermodynamic change at the original magnetic transition temperature. 

Second, the formation of Kagome nets is found to be the principal ordering in iron- 

deficient monsulfide. In order to achieve a maximum separation of iron vacancies, the 

ABCD stacking is most favorable. At temperatures above which this ideal ordered 

stacking is the stable form the disordered (or random) stacking of Kagome nets and 

disordering of vacancies within the layers, both yielding the trigonal symmetry and the 

former resulting in an incommensurate structure, occur. All the phenomena related to the 

vacancy order-disorder transition observed in this research, such as the anti-Curie 

transition, mixing of ABCD and ABC stacking, and formation of Cd1,-type structure, 

indicate that vacancies disorder preferentially within the iron layers at an early stage, and 

then reach the complete disordering at temperature above 500°C. It is found that in most 

of pyrrhotites the structures are distorted in such a way that the [FeS,] octahedra are 

stretched along the c-direction to form trigonal antiprisms. 

Third, figure 1 shows the regions of known phases and their transitions revealed in 

these studies. At room temperature, ideally, the discrete phases fall near Fe/S=l : 1 region, 

the Fe/S = 10: 11 line and the Fe/S = 7: 8 line. In the first region a x J? x 2 

superstructure with the troilite symmetry is stable; in the second the stable form is an NC 

superstructure with ordered vacancies; and in the third another ordered structure with the 

ABCD stacking and the monoclinic symmetry is formed. Between the regions of Fe/S= 

7:8 and 10: 11, there is the region where either two phases may co-exist or there occurs 
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Figure 1. The phases and phase transitions for Fel,S (x=O-0.125) studied in this research. 

T, ---a-transition (ferroelectric transition); T r  P-transition (disorder 

transition of magnetic spins); T-pin-flop transition; Th-ti-Curie 

transition; P I 4 3  IC; P r P 6 2 c ;  Prvacancy-disordered hexagonal structure; 

P4-vacancy-ordered NC structure with ABCD stacking; P-vacancy- 

disordered NC structure; p-onoclinic structure with ABCD stacking; 

P h g o n a l  structure with A13C stacking; P-vacancy-disordered hexagonal 

structure; P4+P&ncommensurate structure with non-integral c length and 

mixed stacking. 
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an incommensurate phase with mixed stacking sequences of Kagome nets. Because 

pyrrhotites with x < 0.08 in Fe,,S essentially show antiferromagnetic characteristics, it is 

concluded that over this composition range vacancies are not so well ordered to form the 

Kagome nets. However, there may still exist some discrete phase(s) in the p3 region 

arising from the position displacement. 



105 

ACKNOWLEDGEMENTS 

I would like to express my gratitude to Dr. Franzen, my major professor, for his 

guidance and education. It was a great experience to study and work under his direction. 

My special appreciation also goes to Dr. Jacobson, Dr. Miller, Dr. Ng and Dr. Goldman 

for serving in my committee. They always gave me the valuable suggestions and shared 

their experiences and time with me. 

I also want to thank Dr. Alfred Kracher for the EMP analysis work, Dr. Matthew 

Gamer and Dr. L. Scott Chumbley for the electron diffraction experiment, Kevin Dennis 

for the generous assistance and help he offered me in the thermomagnetic and DTA 

measurements, and to Mr. Hengning Wu and Larry Margulies for their help in the DTA 

experiments. I am indebted to Dr. Anatoli Frishman for his helpful discussion. I also wish 

to acknowledge the kindly help from Jim Anderegg, Jerome Ostenson, Michael 

Sandholm, Dr. Ming Xu and Victor Young. The experience on the third floor of Spedding 

Hall with solid state chemistry group members was really enjoyable and encouraging. I 

appreciate the help and friendship they offered to me. 

I want to express my deepest appreciation to my lovely wife and daughter. This 

project would not have been possible without their love, encouragement and devotion. 

These deepest thanks also go to my parents and my wife’s parents who supported and 

understood me throughout my study abroad. This degree is theirs as much as it is mine. 

Support from Inco Limited, Canada, was very important and is gratefully 

acknowledged. The author wish to thank Dr. Bruce Conard at Inco for his assistance and 



106 

encourage in this project. This work was performed at Ames Laboratory under Contract 

No. W-7405-Eng-82 with the U. S. Department of Energy. The United States government 

has assigned the DOE Report number IS-T 1774 to this thesis. 



107 

APPENDIX A 

USING PROJECTION OPERATORS TO CONSTRUCT 

THE BASIS FUNCTIONS 

In Chapter 3, we have seen that a set of appropriate basis functions is very important 

in consideration of a symmetry-broken structure transformation because the symmetry 

properties of the solid structure are explicitly defined by the symmetry properties of these 

basis fbnctions. In the group theory, the fundamental, universally applicable tool for 

constructing a set of basis functions, essentially for the group which is finite, is the 

projection operator, i.e., 

In this appendix, a set of basis functions is found by applying the projection operator into 

the space group. 

As we know, the basis functions are linearly independent (orthonormal), and one can 

produce the innumerable sets of basis functions by re-combining one set of basis functions. 

On the other hand, an arbitrary vector or function in this representation space can 

always be projected onto the bases. Mathematically, it should therefore be possible to 

express an arbitrary function as a sum of basis functions as follows 

CP= Cqi 

where cp; 's are basis functions. 
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For the case under consideration in Chapter 3, if we make use of the k =(1/3, 1/3, 1/2) 

and k* (= -k ) to which the transition corresponds to construct this “arbitrary” function, 

we have 

Z x + y  z 
3 2 3 2  

Y=exp[2xi( - ‘+Y + -11 + iexp[-2xi(-++)] 

By consulting with the character table for this representation under consideration, we 

acquire the characters that are non-zero as follows 

R 
x 

El000 
2 

c,,“ IO 0 0 
2 

0,~000 
-2 

0,~000 
-2 

Then, the projection operator is employed: 

A x + y  z x + y  z P Y = 2-{exp[2ni(-+-)] + iexp[-2xi(-+-)]} 
3 2  3 2  

+ 2-{exp[2ni(- +-)I + iexp[-2ni(-+-)]} 

+ 2*{ exp[2xi( - +-)I + iexp[-2xi(-+--)] } 

- 2-{exp[2xi(-+-)] + iexp[-2xi(-+-)]} 

- 2*{exp[2ni(- +-)I + iexp[-2xi(-+--)]} 

- 2. { exp[-2xi( - - - )I + iexp[2xi( - - - )] } 

Let ‘p1= exp[2ni(- +-)I - exp[-2xi(---)] + exp[2xi(-+-)] 

- exp[-2ni(---)] + exp[zxi(- + - )] - exp[-2xi( - - - )] 

x-2y z x-2y z 
3 2  3 2  

y-2x z y-2x 2 

3 2  3 
2y-x z 2y-x z 

3 2  3 2  
2x-y z 2x-y z 

3 2  3 
x + y  z x + y  z 

3 2  3 2  
x + y  z x + y  z x-2y z 

3 2  3 2  3 2  
x-2y z y-2x 2 y-2x 2 

3 2  3 2  3 2  

cp2 = exp[-2xi(-+-)] x + y  z - exp[2xi(---)] x + y  z + exp[-2xi(-+-)] x-2y z 
3 2  3 2  3 2  

x-2y z y-2x 2 y-2x z - exp[2ni(---)] + exp[-2xi(- +-)I - exp[2xi(---)] 
3 2  3 2  3 2  

0,,~000 
-2 
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Thus we have projected out of the fbnction Y onto the two hnctions (p1 and (p2 which 

form a basis for this representation. 

To generate the real functions, we use 

cosx = (e" + e-? / 2 

and the relations 

cos(a+p) - cos(a-p) = -2sinwsinp 

Therefore, the fbnctions become 

2 x-2y z y-2x 2 

3 2  3 2  3 2  
' P I  + (p2 = cos[2n(=+-)] + cos[2n(- +-)I + cos[2n(-+-)] - 

x + y  2 x-2y 2 y-2x z 
3 2  3 2  3 2  

- cos[2n(---)] - cos[2n(---)] - cos[2n(---)] 

X + Y  x-2y y -2x 
3 3 3 

= sin(nz).[sin2x( -) + sidx(-) + -)I 

and 

x-2y 2 y-2x z 
3 2  3 2  3 2  

91 - (p2 = sin[2n(- + Y +z 11 + sin[2n(- +-)I + sin[2n(-+-)] + 

x + y  z x-2y z y-2x z 
3 2  3 2  3 2  

+ sin[2n(---)] + sin[2n(---)] + sin[2n(---)] 

X + Y  x-2y y -2x 
3 3 3 

= cos(nz)-[sin2n( -) + sin2n( -) + sirQx( -)] 

Apparently, the real fbnctions cp1 and (p2 are as same as given in Chapter 3. 

This projection operator method works for other cases as well. For example, the 

transition 

P6Jmmc + P cmn at k = (1/2, 0, 0) (see Ref[l]) 



110 

Since (1/2, 0, 0), (0, 1/2, 0), (1/2, -1/2, 0) in a star, the fbnction 

= [eim + e i ~  + eix(x-Y)l. e s m  

is constructed. 

For this case, the symmetry operations which have non-zero characters are 

= cos(2nz).[isin(xn) + isin(yn) +isin{ n(x-y)}] 

Consequently, we can acquire the three basis functions 

cp 1 = cos(2nz).sin(xn) 

cp2 = cos(2nz).sin(yn) 

cp3 = cos(2nz)~sin[(x-y)n] 

which are same as obtained in the literature. 

Reference 

1. Franzen, H. F., “Physical Chemistry of Inorganic Crystalline Solid”, Springer-Verlag, New 

York, 1990. 
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APPENDIX B 

THE LOW-TEMPERATURE MAGNETIC TRANSITION 

IN BULK PYRRHOTITE SAMPLES 

Introduction. 

As stated in previous chapters, pyrrhotite undergoes a spin rotation transition (also 

known as Morin transition) from the c-plane towards the c-axis in the state where the 

magnetic spins are ordered. This phenomenon seems to be a characteristic feature for 

NiAs-type compounds. Studies have shown that the transition temperature for troilite with 

Fe/S ratio = 1: 1 is at about 410K, and that this transition temperature declines rapidly as 

the iron deficiency increases [l, 21. Honvood et. a1 studied Fe1,S single crystal samples 

for 0 5 x I 0.07 over the temperature range from 80K to 600K, and confirmed that in 

FQ.& the spin-rotation transition occurs at 170K [3]. By using neutron diffraction, 

Andreson and Torbo [4] used as evidence for the spin rotation the intensity change of the 

(001) magnetic reflection which is zero when the spins are I] c. They found that there 

occur two magnetic transitions in Fel,S with x > 0.03, one at temperatures between 300K 

and 400K, the other below 200K. These two transitions were also attributed to the co- 

existence of two phases, one being more deficient of iron than the other. It is also found 

that this transition when taking place in Fe& occurs over a range of temperature instead 

of abruptly, as happens in near stoichiometric pyrrhotite. Thus, it appears that the 

composition not only changes the transition temperature, but also alters the transition 

mechanism. Theoretical model for the spin-rotation transition, which is based on the 
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consideration of the magnetocrystalline anisotropy energy, was contributed by Adachi [5- 

71. The result is expressed as following equation: 

F(4,8)= -ClkT In(cosh { [(hl,S)2COS28 + A2]'"/kT}) + C2K1 COS28 

+ Cz' &sin2 8 cos24 + C& cos4@ (1) 

where h is the spin-orbit coupling constant, 1, is the z component of the orbital angular 

momentum in the orbital doublet state under the trigonal field, A is the energy splitting due 

to the orthorhombic field, 8 and 4 are spin angles with respect to the c and a axis in the 

single domain, and K1, K2 and &, and C1, C2 and C4 are numerical constants which are 

determined by the population of Fe2' ions on the crystal-lattice site. Given that 

(cubic field)>> (trigonal field, exchange interaction) >> (orthorhombic field, spin-orbit 

coupling), Eq. 1 was approximated by Honvood et. al. as follows: 

F(8)= -ClkT In(cosh { [(hl,S)cos8] ACT}) + C2K1 cos2@ + C& cos4@ (2) 

The first term in this equation is the energy due to the ground doublet state in which the 

spins align preferentially along the c-axis; the second term comes from the second-order 

perturbation in the singlet ground state, in which the spins align preferentially in the c- 

plane; the last term comes from the fourth-order perturbation. This model has been applied 

to explain the magnetization curves for single crystals of pyrrhotite, although some 

difficulties exist in qualitative calculation due to lack of information about the constants. 

In this report, we present the low-temperature magnetic changes obtained fiom bulk 

pyrrhotite samples. These results are analyzed using the Adachi's model, and confirmed to 

be consistent with those obtained from the single crystals. 
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Results and Discussion. 

Figures l.( 1) -1 .(4) display the susceptibility/magnetization curves for the various 

compositions of synthesized pyrrhotites (FQ.gsS, Feo.93S, Feo.glS and Fe&) over the 

temperature range from 300K to 5K. Keep in mind that samples Feo.gsS, Feo.93S and 

F@.glS are antiferromagnetic, Feo.glS is the sample which shows an anti-Curie transition at 

about 500K, and Fe& is ferrimagnetic arising from the vacancy ordering. For Feo.g&, no 

magnetic transition was found in this temperature range, as expected because the spin 

rotation would occur at temperature higher than 300K. For samples with x > 0.03, the 

magnetic changes can be clearly seen. As shown in Fig. 1.(2)-1.(4), the 

susceptibility/magnetization decreases in the temperature range in which the spin moments 

have been proved to rotate by neutron diffraction experiments and magnetic measurements 

on single crystals of pyrrhotite. In Fe&, the magnetization begins to gradually decrease at 

220K - 250K, and then has a rapid drop at T < 50K; while for the intermediate pyrrhotites 

the susceptibility slightly increases at about 100-120K7 and then shows a rapid decrease at 

50K, and finally reaches a minimum value at about 20K. Furthermore, the magnetization 

in the magnetic pyrrhotite (Fe7S8) decreases by 45% - 50% when the temperature drops 

to 10K; while the intermediate pyrrhotites decrease their susceptibility only by 10% down 

to this temperature. These characteristics that the course of the transition depends 

appreciably on the composition has been also observed in the spin rotation transition for 

Fel,Se system. It was found by neutron diffraction and magnetization investigations that 

the intermediate composition of Fel,Se (or for Fe7Se8 with the 3C structure) showed an 

abrupt transition; while for Fe7Se8 with the 4C structure a progressive process resulted. It 
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FIGURE 1 The susceptibilities/magnetization for bulk pyrrhotite samples. 
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has also been found that the progressive process in the latter has a higher temperature than 

the abrupt process in the former [8, 91. In spite of the lack of more evidence, especially for 

intermediate pyrrhotites, according to Adachi and Honvood’s observations [3, 71, these 

two distinctive magnetic curves corresponding to different types of pyrrhotite have still 

been demonstrated. 

The previous results from magnetic measurements on the single crystal as well as the 

calculation by Adachi and Sat0 showed that the spins “stand up” off the c-plane only by 

20’ even if the temperature is decreased near 12K, and thus, correspondingly, cos9 

increases by about 0.34 [6,7]. Because the ferrimagnetism in Fe& arises from the 

uncompensated magnetic moments between the adjacent layers along c-axis, the fact that 

the magnetization in Fe& drops by a large ratio rather than restores the original 

ferrimagnetism even down to 5K suggests that the magnetic spins would rotate from the 

direction lying within c-plane to an angle off the c-axis rather than to the direction parallel 

to the c-axis. Another possible configuration of the magnetic structure is that the moments 

lying within every two adjacent layers turn to a same direction (up or down) off the c- 

plane; while the moments within the next two layers turn to the opposite direction as 

shown in Fig. 2. As result, the total ferrimagnetic moment is partially canceled due to the 

interaction between the every two layers with the rotation of the spins. 

The mechanism of the composition dependence of the spin “stand up” process is still 

unclear even for the Fe-Se system where more structure information at low temperature 

has been derived. According to the literature, for Fe& with the 4C structure the splitting 

energy (A) due to the orthorhombic field was estimated to be 19.5 cm“ - 21 cm-’. This 
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FIGURE 2. One of possible spin rotation mechanisms for which the magnetic spins rotate 

from the ferrimagnetic structure to the antiferromagnetic structure: (a) c-plane 

status; (b) rotating status; (c) c-axis status. 

value is very compatible with that due to the trigonal field (11,s) which was calculated to 

be 50cm-'. In contrast with the 4C structure, the 3C structure of Fe& and intermediate 

pyrrhotites show a stronger trigonal field effect (11,S = 100 cm" - 200 cm-I). It thus 

seems that the spin rotation angle and rate may be depressed at the earlier stage of the 

rotation transition for the case of Fe& with the 4C structure, where the orthorhombic 

field becomes significantly important. As the temperature approaches OK, the 

orthorhombic field effect is overcome and gives rise to the rapid rotation of spins towards 

to c-axis. 



117 

On the other hand, from d2Fld(kT)2 in Eq. (2) we can derive that 

8 Z F  -- - (C*Dcose)2 - sech[ Lye] 
d(kT)' &TI 

where D = &S. For the turning point in the F-T curve, 8F/8(kT)2= 0, that is, cos8 = 0,8 

= 90"; or sech[ kT ] 0,  meaning that D + oc) or T + 0. Obviously, a larger D (= D Cose 

h1,S) will inevitably result in a steeper slope, implying a rapid rotation. 
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