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1 INTRODUCTION 

The purpose of this thesis is to investigate the systematics of the microscopic mag- 

netic order within a series of isostructural compounds and, at the same, to develop the 

relatively young experimental method of x-ray resonant exchange scattering (XRES) 

[Nam85, Gib88, Isa89, Blu85, Han88, Car95, Mat94al. 

This technique utilizes x-ray absorption edges to obtain large enhancements of the 

magnetic scattering cross section. In the scattering process, an electron-core hole pair is 

created by electric dipolar or quadrupolar transitions and coherently recombines under 

emission of a photon. Although the experimental procedures for this technique are not 

as fully developed as for the more traditional magnetic neutron scattering techniques 

[Nee32, Shu49, Wi161, Moo66, Lov841, XRES can offer distinct advantages: Compared 

to the nonresonant magnetic x-ray scattering regime [deB8lb], the resonant enhance- 

ment yields higher scattered beam intensities and better signal to noise ratios. It occurs 

at distinct x-ray absorption edges, where the incident photon energy equals the binding 

energy of a core level electron. These binding energies are element-specific so that XRES 

allows the separate investigation of the magnetism of sublattices associated with specific 

elemental constituents in compounds, alloys and multilayers. The high collimation of 

x-ray beams at synchrotron sources yields an order-of magnitude higher reciprocal space 

resolution than typical neutron experiments, and thus allows investigations over meso- 

scopic length scales (on the order of 0.1 pm). In cases where the natural isotopes strongly 

absorb neutrons, e.g. Sm, Gd and Eu, it is not necessary to perform the costly isotopic 
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substitution. The downside, of course, is that large enhancements of the scattering at the 

magnetic Bragg peaks are observed at the L2,3 and M2,3,4,5 absorption edges only. This 

means that the technologically important 3d-elements, including Mn, Fe, Co, and Ni, 

are not amenable to this technique, since their L-edges lie below 1 keV. The 4f-elements, 

however, are ideally suitable for XRES experiments, since their L-edges lie between 5 

and 11 keV, an energy regime very convenient for x-ray scattering experiments. 

Traditionally, XRES has been used to measure the antiferromagnetic modulation 

wave vector, q [Gib88], the variation of its position, and intensity with temperature 

[Gib88]. In isolated cases, polarization analysis of the scattered beam has been used to 

clarify details of the scattering process [Gibgl]. Attempts to separate the contributions 

of spin- and orbital magnetic moment [Luo93] to the L2,3 resonant scattering, are still 

under way. In most earlier experiments, however, the emphasis was to develop a better 

understanding of the technique, and therefore the authors chose to study well known 

model systems. Few ab-initio magnetic structure determinations have been attempted. 

In this thesis, we present XRES studies of several rare-earth nickel borocarbides, 

RNi2B2C. We show that XRES, similar to the neutron techniques, allows the deter- 

mination of the orientation of the magnetic moment [Det96, Det971 by measuring the 

Q-dependence of the scattered intensity of magnetic Bragg reflections. 

As samples in this study, we chose the recently discovered [Nag94, Cav94a, Sie94a, 

Cav94b, Eis941 family of rare-earth nickel borocarbides, RNi2B2C, which display a 

wide variety of magnetic structures. Furthermore, in several of these materials, long 

range magnetic order coexists with superconductivity over some temperature range. 

The RNi2B2C family crystallize in a body-centered tetragonal structure (space group 

I4/mmm), similar to the ThCr2Si2 structure, but with an additional carbon atom in 

the center of the basal plane [Sie94a], as shown in Fig. 1.1. A high temperature Ni2B 

flux growth [Can94, Cho95bl or a float zone method [Tak96] can be used to grow sizable 
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Figure 1.1 The crystal structure of the rare-earth nickel borocarbides, 
RNi2B2C. The structure is body-centered tetragonal (space 
group DiL = I4/mmm) and consists of RC layers and Ni2B2 
sheets stacked along the (0, 0, 1) direction, similar to the cuprate 
high-Tc superconductors. The atomic positions are: (0, 0, 0), 
1 1 1  

( 2 ,  27 z)+ 
R 2a (0, 0, 0) 

c 2b ( f ,  f ,  0) 

Ni 4d ( f ,  0, i), (0, f ,  a) 
B 4e (0, 0, x), (0, 0, 2) ;  x M 0.36 

Typical lattice constants are (for LuNi2B2C): a = 3.464 A, 
c = 10.631 A, and z = 0.3621 [Sie94a]. 
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Table 1.1 Lattice parameters for the RNi2B2C series at  room temperature. 
In the rightmost column we list the boundary of the first Brillouin 
zone along the a* direction in units of the reciprocal lattice. 

R a (A) c (8) Ref. Zone boundary (a*) 
Y 3.52 10.54 [SieNa] 0.5558 
La 
Ce 
Pr 
Nd 
Pm 
Sm 
Eu 
Gd 
Tb  
DY 
Ho 
Er 
Tm 
Yb 
Lu 

3.79 
3.6378 
3.7066 
3.6780 

3.62 

3.588 
3.5536 
3.5342 
3.5177 
3.5019 
3.4866 
3.4782 
3.4639 

9.86 
10.227 
9.999 

10.081 

10.24 

10.392 
10.435 
10.488 
10.528 
10.558 
10.586 
10.607 
10.631 

0.354 
0.352 
0.353 

0.357 
0.357 
0.358 
0.359 
0.360 
0.360 
0.359 
0.362 

0.5739 
0.5633 
0.5687 
0.5666 

0.5625 

0.5590 
0.5580 
0.5568 
0.5558 
0.5550 
0.5540 
0.5538 
0.5531 

single crystals, mostly in the form of thin platelets (typically 4 x 3 x 0.5 mm3 large) 

with the c-axis perpendicular to their flat face [Can94, Cho95bl. 

Systematic structure parameter refinements, based on neutron and x-ray powder 

diffraction data, reveal that the volume of the unit cell increases smoothly with the 

lanthanide radius, as does the a-axis lattice parameter [Sie94a, Sie94b, Lyn971 (see Ta- 

ble 1.1). The c-axis lattice parameter, on the other hand, shows an anomalous decrease 

with increasing R-radius'. This anomaly seems to  be driven by strong B-C and B-Ni 

bonds with bond lengths that are essentially independent of the rare earth constituent 

of the crystal. A substitution of a smaller rare earth in the basal plane decreases the 

a-axis lattice parameter accordingly. In order to keep the aforementioned B-C and B-Ni 

lThe only apparent exception to this smooth variation appears to be for Ce, which did not fall on 
the curve unless we adjusted the radius by admixing Ce4+, suggesting that this is mixed valent. Indeed, 
mixed valent behavior for Ce has already been suggested [Gup95, Mas951. 
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distances constant, the unit cell expands along the c-direction [Lyn97]. A similar trend 

is found for the lattice parameter as a function of temperature [Lyn97] 

Superconductivity is observed [Cav94a, Cho95a, Cho95b, Rat96, Cho95c, Lin95, 

Tom951 not only for non-magnetic compounds, like R = Lu (Tc = 16.6 K) and Y (Tc = 

15.6 K), but also for some of the heavy rare earths with non-vanishing magnetic moment, 

for example R = Tm (Tc = 10.8 K), Er (Tc = 10.5 K), Ho (Tc = 8.5 K), and Dy (Tc = 

6.2 K). At low temperatures, these compounds display both superconductivity and long 

range magnetic order, while for the lighter rare earths no superconductivity above 2 K 

is observed. The relatively high superconducting and magnetic transition temperatures 

make these compounds more readily accessible to experimental studies than the previ- 

ously examined RRh4B4, R M o ~ S ~  and RMO6Ses families of magnetic superconductors 

([Fis75, She76, Fer771, for more recent overviews see [She81, Map82, Sin82, Sin841). 

Electronic band structure calculations [Pic94, Mat94b, Coe941 indicate that these 

materials are conventional superconductors with a relatively high density of states at 

the Fermi level. Mattheiss et al. suggested [Mat94c] that superconductivity in these 

systems can be attributed to a conventional electron-phonon mechanism that couples 

the sp-like conduction electrons to a high-frequency AI, phonon mode in which the boron 

atoms move along the c-axis relative to the other atoms2. 

Throughout the series, the N6el temperatures, TN, scale well with the de Gennes 

factor, (g - 1)2J(J + 1) (see Fig. 1.2), where g is the Land6 factor and J is the total 

angular momentum of the Hund’s rule ground state of the rare earth ion, R3+. This is 

consistent with long range order of localized magnetic moments coupled via a RKKY- 

type interaction. Calculations of the generalized electronic susceptibility, x(q) (without 

matrix elements), based on the normal-state electric band structure of LuNi2B2C, show 

2The position of the B atoms is not completely determined by the symmetry of the structure. Their 
z-coordinate is a free parameter and may vary from compound to compound. All other atoms are 
occupying sites of higher local symmetry with no free parameters. 
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Figure 1.2 

Lu 
0 

I I 

/"" 

I I I I 

0 6 12 18 
deGennes factor, (g- 1)2J(Jt 1) 

The magnetic and superconducting transition temperatures for 
the RNizBzC series as a function of the de Gennes factor. The 
solid lines are intended as a guide to the eve. " 
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a pronounced peak near q = (0.6, 0, 0) which is due to Fermi surface nesting [Rhe95]. 

Indeed, inelastic neutron scattering experiments observed softening of the two lowest A4- 

phonon branches close to this wave vector [Der95a, Sta971. The fact that these effects 

were observed in the Lu-based compound indicates that the aforementioned nesting 

feature is not correlated to the 4f electrons and that therefore it can be expected in all 

members of the RNi2B2C family. It should also be pointed out that this wave vector is 

remarkably close the the boundary of the first Brillouin zone at q = (i(1 + $), 0, 0). 

The room temperature position of the zone boundary is also listed in Table 1.1. 

The strong anisotropic magnetic behavior found in some members of the family indi- 

cate that crystalline electric field energies (CEF) play an important role in the formation 

of the magnetically ordered state [Can94, Cho95b, Rat96, Cho95dl. 

The superconducting and magnetic properties of most members of the family3 have 

been studied by a large variety of techniques, including macroscopic anisotropic mag- 

netization, resistivity, thermal conductivity, nuclear magnetic resonance (NMR), muon 

spin rotation (pSR), magnetic neutron scattering and magnetic x-ray scattering mea- 

surements, the latter within the framework of this thesis. A detailed discussion of the 

results of all these experiments is beyond the scope of this work (for an overview see 

refs. [Cho95d, CanOOa, StaOO, LynOOa]). However, we would like to summarize the main 

features of the antiferromagnetic structures that were observed in these experiments: 

0 LuNi2B2C: This compound has the highest superconducting transition tempera- 

ture within the series4, Tc = 16.6 K [Nag94, Cav94a, Cav94b, Eis941. No magnetic 

ordering above 2 K was observed. 

3Exceptions are PmNi2B2C and EuNi2B2C. Pm is radioactive which makes both the growth and 
the characterization of the samples troublesome. Efforts to obtain single crystals of the Eu compound 
are complicated by the oxygen sensitivity, the high vapor pressure and the possible divalency of Eu 
[Can97b, Cav97, Gup971. To the best of our knowledge, neither powder or single crystal samples of this 
material are available to date. 

4Recently, a superconducting transition temperature as high as Tc = 23 K was observed [Fuj94, 
Zan941 in YPd2B2C. 
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0 YbNi2B2C: Above 0.34 K, neither superconductivity nor long range magnetic order 

have been found in this compound. However, it displays moderate heavy fermion 

behavior with a Sommerfeld coefficient of y = 530 mJ/mol K2 indicative of a 

Kondo temperature, TK, around 10 K [Yat96, Dha961. De Gennes scaling predicts 

a magnetic ordering temperature of T N  NN 0.4 K and superconducting transition 

temperature of Tc M 10 K. Neither magnetic order nor superconductivity has been 

observed above 0.34 E<. 

0 TmNi2B2C: The critical temperature for superconductivity in this compound was 

found to be Tc = 11 K [Cav94a, Eis94, Cho95al. Long range antiferromagnetic 

order develops below the N6el temperature, T N  = 1.5 K [Mov94, Cho95a, Lyn971, 

coexisting with superconductivity. An incommensurate magnetic structure with 

modulation wave vector q = (0.093, 0.093, 0) was determined by neutron diffrac- 

tion [Cha96, Lyn97, Ste97]. These experiments indicate that the magnetic moment 

direction, Zn, is parallel to the (0, 0, 1)-axis of the sample. There are also indica- 

tions for weak ferromagnetism below T N .  

0 ErNi2B2C: Superconductivity is observed below Tc = 10.5 K [Cav94a, Eis94, 

Cho95bl. The onset of antiferromagnetic order below T N  = 6.0 K lowers the upper 

critical field, Hc2, especially if the field is applied perpendicular to the (0, 0, 1)- 

axis [Cho95b]. Again, the antiferromagnetic structure was investigated by neu- 

tron scattering [Sin95, Zar951. The modulation wave vector was determined to be 

q = (0.55, 0, 0), and appears to be independent of temperature [Sin95]. The mag- 

netic moments are aligned parallel to the (0, 1, 0)-axis of the crystal, perpendicular 

to the modulation wave vector5. There are indications for magnetostriction below 

TN and weak ferromagnetism at very low temperatures [Can96, Yar961, T < 2.3 K. 

5Note that the tetragonal symmetry of the system implies the existence of domains with modulation 
wave vectors q = (f0.55, 0, 0) and q = (0, f0.55, 0). 
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0 HoNi2B2C: In the absence of external magnetic fields, two distinct magnetic phases, 

with transitions temperatures T N  = 6 K and T1c-c = 5.1 K, are observed in co- 

existence with superconductivity (Tc = 8.7 K) [Cav94a, Eis94, Can94, Rat961. 

Neutron [Go194, Gri94, Vog95b, Vog95bl and, as part of this thesis (see chapter 5), 

XRES experiments [Hi196a] revealed an incommensurate structure characterized 

by two modulation wave vectors, q, = (0.585, 0, 0) and q, = (0, 0, 0.915), between 

6.1 K and 5.1 K. This magnetic structure strongly suppresses superconductivity 

( H c ~  5 200 G!). Below 5.1 K, the magnetic moments order in a simple antifer- 

romagnetic structure with modulation wave vector q = (0, 0, 1). This transition 

from the incommensurate into the commensurate magnetic phase is accompanied 

by an recovery of the superconducting properties ( H c ~  > 1000 G). 

Anisotropic magnetization measurements strongly indicate that in all phases the 

magnetic moments are aligned along one of the four crystallographic (1, 1, 0) 

directions [Can97a]. 

0 DyNi2B2C: In this material, the onset of superconductivity (Tc = 6.2 K) [Cho95c, 

Lin95, Tom951 is observed below the antiferromagnetic ordering temperature (TN = 

10.3 K) [Eis94]. Neutron scattering experiments [Der95b, Lyn96, Lyn971 observed 

the same magnetic structure as in HoNizBzC at the lowest temperatures: The 

magnetic moments are aligned within the basal plane, and the modulation wave 

vector is q = (0, 0, 1). Again, anisotropic magnetization measurements indicate 

an alignment of the magnetic moment parallel to the (1,1,0) direction [CanOOb]. 

0 TbNi2B2C: Anisotropic magnetization measurements [Tom96, Cho96al down to 

2 K revealed no superconductivity in this compound. It does, however, order anti- 

ferromagnetically below TN = 14.9 K. In neutron scattering experiments [Der961 

the magnetic modulation wave vector was found to increase from q = (0.51,0,0) at 
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T = 14.9 K to (0.545, 0, 0) at T = 2.3 K, the lowest temperature reached in these 

experiments. Contrary to other members of this series, the magnetic moments are 

aligned parallel to the modulation wave vector, forming a longitudinal spin wave. 

0 GdNi2B2C: While powder magnetization measurements [ElM94, Bud951 observed 

only the onset of antiferromagnetic order at TN = 19.8 K6, a second phase tran- 

sition at 13.6 K was revealed in magnetization experiments on single crystals 

[Can95], suggesting that a continuous spin reorientation takes place at this tem- 

perature. No superconductivity has been observed down to 2 K. 

As natural Gd strongly absorbs neutrons, XRES was used to study the microscopic 

magnetic structure of this compound [Det96]. These measurements were also car- 

ried out within the framework of this thesis. Experimental procedure and results 

are therefore described in detail in chapter 5. In summary, below the antiferromag- 

netic ordering temperature, T N  = 19.8 K, GdNi2B2C forms an incommensurate 

structure with modulation wave vector q M (0.55, 0, 0) and magnetic moments 

aligned parallel to the crystallographic (0, 1, 0) axis, similar to the Er compound. 

With decreasing temperature, the modulation wave vector varies from (0.551, 0, 0) 

at T = 19.8 K to (0.549, 0, 0) at T = 13.6 K, where the trend is reversed and 

the modulation wave vectors increases continuously with decreasing temperature 

up to (0.553, 0, 0) at 3.7 K, the lowest temperature reached in the experiments. 

Below 13.6 K, an additional component of the ordered magnetic moment along the 

crystallographic (0, 0, 1) direction was observed. 

0 EuNi2B2C: To the best of our knowledge, this compound has not been studied 

yet [Can97b, Cav97, Gup971. This is very unfortunate, since we expect interesting 

properties, due to the small magnetic moment of the Eu3+ ion. 

6These experiments also observed a phase transition around 45 K. However, this is the onset of 
magnetic order in GdBzCZ, which was apparently contaminating the samples. 
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0 SmNi2B2C: pSR [Pra95] and magnetization measurements [CanOOc] observed the 

onset of antiferromagnetic order below TN = 9.9 K. As in the Gd compound, the 

large absorption cross section of natural Sm makes neutron experiments difficult. 

Instead, XRES measurements were applied [Det97], as detailed in chapter 5. The 

magnetic structure was found to be commensurate, with modulation wave vector 

q = (f, 0, f) and magnetic moment direction parallel to (0, 0, 1). 

0 PmNi2B2C: Since natural Pm is radioactive, no samples of this compound are 

available. Although 145Pm has a relatively long half-life time of Tl12 = 17.7y, it is 

extremely expensive to obtain and uncomfortable to handle. All other Pm isotopes 

have shorter half-life times. 

0 NdNi2B2C: Magnetization measurements determined the the N6el temperature as 

TN = 4.8 K. Both neutron [Go197, Lyn971 and XRES techniques [Det97] were 

used to study the magnetic structure of this compound. Details of the XRES 

experiments can be found in chapter 5. While the modulation wave vector is the 

same as in SmNi2B2C, q = ( f ,  0, i), the magnetic moments are aligned in a 

different direction, parallel to the (1, 1, 0)-axis of the crystal. 

0 PrNi2B2C: Below T~=4 .0 ,  the same magnetic structure as in HoNi2B2C (at the 

lowest temperatures) and DyNi2B2C develops [Lyn97]. The modulation wave vec- 

tor is q = (0, 0, l), and the magnetic moments are aligned within the basal plane. 

0 CeNi2B2C: Neither superconductivity, nor long range magnetic order have been 

observed. 

0 LaNi2B2C: Neither superconductivity, nor long range magnetic order have been 

observed. 
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0 YNi2B2C: This compound does not exhibit any long range magnetic order. How- 

ever, it is superconducting with a relatively high transition temperature, Tc = 

15.6 K. 

In summary, three families of magnetic structures are observed in the RNi2B2C com- 

pounds: 1) Simple antiferromagnets with q = (0, 0, l), as in DyNi2B2C, the low tem- 

perature phase of HoNi2B2C and PrNi2B2C. 2) Commensurate antiferromagnets with 

q = (1 2 ’  0 ’ 2 ’  ’) as in NdNi2B2C and SmNi2B2C. 3) Incommensurate antiferromagnets 

with q !z (0.55, 0, 0), as in GdNi2B2C, TbNi2B&, ErNi2B2C, and with some modifi- 

cations, in the intermediate temperature range of HoNi2B2C. In addition to these three 

groups, there are the non-magnetic compounds, and a few “black sheep” (YbNi2B2C 

and TmNi2B2C) that refuse to fit into any of the above categories. 

From this overview, we see that in the compounds with larger rare-earth deGennes 

factor, superconductivity is destroyed by magnetic scattering. The onset of long range 

magnetic order in DyNi2B2C with q = (0, 0, 1) significantly reduces this cross section 

[Cho96c], while the even larger deGennes factors suppress superconductivity completely 

in the T b  and Gd members of the family. Apparently, the commensurate magnetic struc- 

ture with q = (0, 0, 1) observed in the Dy and Ho compounds does not interfere with 

superconductivity, while the incommensurate magnetic structures with q M (0.55, 0, 0) 

seem to weaken the superconducting order parameter in ErNi2B2C and HoNi2B2C, as 

evidenced by a decrease of Hc2 at the magnetic ordering temperature in these com- 

pounds. This suggests that the origins of superconductivity in these compounds are 

indeed strongly related to the nesting feature found in band structure calculations and 

seen as phonon softening in LuNi2B2C. 

No superconductivity is observed in the light rare earth compounds. While the 

deGennes factors for these materials are small, and the N6el temperatures are comparable 

to the heavy rare earth members, they differ from them in their ratio of the lattice 
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parameters, a/c,  which is much larger for the light rare earths (La: 0.385, Gd: 0.345, 

La: 0.326). Along with the variation of the Boron x position (La: 0.349, Gd: 0.357, 

Lu: 0.362 [Sie94b]), this leads to a strong deviation of the B-Ni-B bonding angle from 

the ideal tetrahedral angle, 109.47”, in the lighter rare earth compounds (Lu: 108.7”, 

Gd: 106.1’, La: 102.1’). These structural changes are believed to influence the density 

of states, especially the large contribution from the Ni 3d electrons close to  the Fermi 

energy and thus suppress superconductivity in the light rare earth compounds [Sie94b]. 
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2 MAGNETIC INTERACTIONS IN THE RARE-EARTH 

NICKEL BOROCARBIDES 

The magnetic structures of the rare-earth nickel borocarbides are determined by sev- 

eral competing interactions: The intra-atomic coulomb and spin-orbit interactions, the 

inter-atomic coulomb (crystalline electric fields, CEF) and magnetic interactions (direct 

and indirect exchange interactions, magnetic dipole-dipole interaction) with neighboring 

atoms, and the Zeeman interaction with externally applied magnetic fields: 

In the case of rare earths, the intra-atomic coulomb and the spin-orbit interactions 

are the dominant terms in the Hamiltonian. Therefore the other terms can be treated 

as a perturbation to the Hund’s rule ground statel of the rare-earth ion, usually2 R3+. 

Furthermore, only the Zeeman interaction of the rare earth 4f electrons has to be taken 

into account. In the following sections, we will briefly discuss the magnetic and CEF 

interactions, their competition, and the effects on the magnetic structure upon the rare- 

earth nickel borocarbides. 
lIn the case of Eu and Sm, low lying states of the j-multiplet can cause complications. 
2Ce, Sm, Eu, and Yb may also occur in other ionization states: Ce4+, Sm2+, Eu2+, Yb2+. 
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Magnetic interactions 

Most important for the formation of a magnetically ordered state is, of course, the 

nature of the magnetic interaction between unpaired electrons. Possible mechanisms 

that may induce long range magnetic order are direct exchange, indirect exchange and 

the magnetic dipole-dipole interaction. 

Direct exchange interaction occurs if the orbits of unpaired “magnetic” electrons 

overlap between neighboring atoms. It requires that the magnetic electrons are - at 

least partially - delocalized. This situation occurs frequently in 3d transition metals. 

In order to minimize their electrostatic coulomb energy, the electrons arrange themselves 

in a certain symmetry that dictates the orientation of the magnetic moments and may 

lead to an ordered magnetic structure, similar to the magnetic alignment in partially 

filled shells given by Hund’s rules. 

Ruderman-Kit tel-Kasuya-Yosida-Interact ion 

The 4f electrons in rare-earth compounds, on the other hand, are strongly localized. 

Therefore there is essentially no overlap between the 4f electrons of two neighboring 

atoms. In this case the exchange interaction may be transmitted indirectly through spin 

polarization of the conduction band. The resulting net exchange between two separated, 

localized magnetic atoms is called RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction 

[Rud54, Kas56, Yos57, Ded931. 

RKKY energy of modulated magnetic systems 

To first order, the RKKY interaction energy between two localized magnetic mo- 

ments, pj and pk at the positions rj and rk, respectively, is given by [Ded93]: 
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In this approximation the interaction energy depends only on the magnitude of the 

moments and their relative orientation. No conclusions about the orientation with re- 

spect to crystallographic directions may be drawn3. 

(2.3) 
Xo(r, r I ) = -2 7 d E  f ( E ) S  [Go(r, r’, E)Go(r’, r, E)] 

7r 
-03 

is the linear susceptibility of the electronic system. According to this definition 

[Ded93], it is symmetric and real. Typically, it depends only on the relative position, 

rj - rk, of the interacting points. f ( E )  is the Fermi function, and Go(r,r’,E) is the 

Greens function of the unperturbed system (without magnetic interaction), such that 

(E-Ho)Go(r, r’, E) = S(r -r’), where HO = H c ~ ~ ~ ~ ~ ~ + H s ~ ~ ~ - o ~ I , ~ ~  is the Hamiltonian of 

the unperturbed system. Ij (r) is the exchange interaction between the localized moments 

and the conduction electrons. We assume these interactions to be contact interactions, 

i.e. Ij(r) = IS(rj - r). The interaction energy, equation (2.2), then reduces to 

We now try to estimate the average RKKY interaction energy per atom for a period- 

ically modulated magnetic structure with wave vector q. Let the local magnetic moment 

at the position rj be given by pj = $2 [p eirj.q]. We first calculate the total interaction 

energy for an atom at position rj. 

3However, higher orders of the RKKY interaction energy may well include terms that do show 
explicit dependence upon the moment’s orientation relative to  crystallographic directions. 
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Here we replaced the susceptibility by its Fourier transform, zo(q), and used zo(q) = 

go(-q), since xo is real and symmetric. The average RKKY energy per atom is then 

(assuming q # 0): 

(2.12) 

We see that only the Fourier component of the magnetic modulation wave vector, q, 

appears in the total RKKY energy. Reversing our argument, we can therefore conclude 

that, for a given susceptibility, the system will order with a modulation wave vector 

where, or at least close to where, the Fourier component of this susceptibility reaches 

its maximum. 

In a band structure picture of the indirect exchange between the localized 4f electrons 

and the conduction band, such a peak in the Fourier spectrum of the susceptibility may 

be related to a nesting of the Fermi surface. This causes a singularity in the susceptibility 

with a wave vector equal to the “distance” in reciprocal space between the parallel 

segments of Fermi surface. The resulting instability may be resolved by a spontaneous 

modulation of the crystal, either in the form of a charge density wave, spin wave, a 

helical magnetic modulation or similar effects. Such a nesting feature, however, is not 

the only requirement for long range magnetic order. 

Indeed, band structure calculations for LuNi2B2C show a maximum in the suscep- 

tibility at a wave vector of q = (0.6,0,0) [Rhe95], while inelastic neutron scattering 

measurements of the phonon spectrum in the same compound revealed a low temper- 
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ature softening of the two lowest A4 branches at approximately the same wave vector 

[Der95a]. The fact that these features were observed in the non-magnetic Lu-based com- 

pound indicates that this nesting feature is not correlated to the 4f electrons and that 

therefore it can be expected in all members of the RNi2B2C family. 

To first order, the RKKY interaction dictates only the modulation wave vector, but 

not the orientation of the moments. In rare earth systems, these are usually determined 

by the crystalline electric fields (CEF), a local phenomenon that reflects the symmetry 

of the electrostatic fields in the crystal [Bet29, Wig311. In cases where a specific high- 

symmetry direction is strongly preferred due to its low CEF energy, the competition 

between CEF and RKKY energies may lead to distortions of helical spin modulations 

(lock-in transitions), as, for example, in Ho metal [Gib88, GibSl]. 

Magnetic dipole-dipole interaction 

The magnetic dipole-dipole interaction is typically the weakest of the magnetic inter- 

actions and is therefore usually neglected. However, it has the longest range among the 

aforementioned interactions and can cause macroscopic effects, such as the formation of 

domains in ferromagnets. It is also important in cases where the stronger interactions 

leave degeneracies, e.g. in the case of an a-modulated tetragonal structure, where the 

CEF energies for longitudinal and transverse spin waves are identical. 

Anisotropy induced by crystalline electric fields 

The pronounced anisotropy in the macroscopic magnetic behavior of the rare-earth 

borocarbides indicates that crystalline electric fields (CEF) play an important role in 

the formation of the magnetically ordered state. In this section, we will briefly review 

the physical principles of CEF-splittings in tetragonal systems and then describe the 

specific case of the RNi2B2C family. 
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Table 2.1 Character table for the point group 0 4  = 422, after Altmann and 
Herzig [Alt94]. The first 5 irreducible representations, the singlets 
A1,2 and &,2, and the doublet E describe states with integer an- 
gular momentum (boson states), j, while the “extra” represen- 
tations, the doublets E1/2,3/2, describe states with half-integer 
angular momentum (fermion states). 

ri E 2C4 C2 =Cz 2C; 2C: 
rl 1 1 1 1 1 
r2 A2 1 1 1 -1 -1 

1 1 -1 r3 B~ 1 -1 
r4 B~ 1 -1 1 -1 1 
r 5 E 2 0  -2 0 0  

CEF levels in tetragonal systems 

For a free ion, all Zeeman levels of an unfilled shell are degenerate. If the ion is 

placed into a crystalline environment, this is generally not the case: The presence of 

electrostatic fields, due to neighboring ions, induces a splitting (CEF splitting). These 

splittings can be interpreted geometrically, since the orbitals of partially filled shells are 

not spherical, and their shape depends on their angular momentum quantum numbers, 1 ,  

s, j and mj. Obviously, the symmetries and degeneracies of the CEF-split eigenfunctions 

depends on the symmetry of the crystalline electric fields, i.e. the point symmetry of 

the lattice site the ion occupies. The most convenient mathematical treatment of these 

effects is through the application of group theoretical methods [Bet29, Wig31, Tin641. A 

direct result of a group theoretical analysis is that all eigenfunctions of the Hamiltonian 

belong to representations of the symmetry group, where the degeneracy of the state is 

given by the dimension of this representation [Bet29]. The irreducible representations 

for tetragonal symmetry and their characters are listed in Table 2.1. 
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The CEF energy of a magnetic ion located at a lattice site with tetragonal point 

symmetry can be written as [Whi83]: 

(2.13) 

where the B,” are the CEF parameters determining the scale of the splittings. They 

have been studied extensively for cubic symmetry (B; = 0, Bj = 5Bi, and B: = 21B:), 

[Hut64, Lea621. A rigorous discussion for tetragonal symmetry is difficult because of the 

large number of independent parameters. The Stevens’ operator equivalents, O r ,  are 

given by [Ste52, Ble531: 

0; = 3J: - j ( j+ l )  

0: 1 355,” - [30j ( j  + 1) - 25]J: - 6 j ( j  + 1) + 3j2(j + 1)2 
1 
2 04“ = - ( J f : + J ! )  

0: = 231 J,” - 105[3j(j + 1) - 715,” 

+[105j2(j + 1)2 - 525j(j + 1) + 294]Jz 

-5j3(j + 1)3 + 4 0 j 2 ( j  + 1)2 - 60j( j  + 1) 
1 
-[11Jz - j ( j  + 1) - 3 8 ] ( J t  + J!) 4 
+ - ( J t  + J!)[llJ: - j ( j  + 1) - 381. 

0: = 
1 
4 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

Due to its electrostatic nature, eq. (2.13) is invariant under time reversal, there- 

fore the angular momentum expectation value, ($ IJI $), of all non-degenerate (singlet) 

eigenstates I$), has to  vanish. This leads to the aforementioned competition between 

CEF and magnetic interactions, as demonstrated below. It also means that all CEF lev- 

els of an ion with half-integer total angular momentum are two- or fourfold degenerate 

(Kramers theorem, [Kra30]). 



21 

Table 2.2 Decomposition of the free ion (O(3)) ground state of the rare 
earth ions, R3+. Notice that for the ions with half integer total 
angular momentum, j ,  all levels are twofold degenerate (Kramers 
theorem, [KraSO]). 

~ ~ ~ ~ ~ ~~ 

R3+ 2s+1 Li D4 irreducible representations Parity 

Eu3+ 7H0 Al U 

Gd3+ 'S7/2 2E112 @ 23312 9 

Table 2.3 CEF parameters, A,,, for some rare-earth nickel borocarbides 
after Gasser et al. [Gas96]. 

Compound A20 [meV] A40 [mev] A44 [mev] A60 [mev] A64 [mev] 
HoNi2B2C -14.5f6.0 2.3 f 0 . 8  -71.4f3.1 -0.42f0.1 11.7f1.4 
ErNi2B2C - 6.3f1.3 3.3 f 0 . 3  -73.9f1.3 -0.61f0.12 10 . l f3 .1  

TmNi2B2C -13.0f0.3 2.16f0.14 -63 . l f l .2  -1.32f0.05 15 .6f l .  1 
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For the case of rare earth elements, the “magnetic” 4f electrons are shielded by 

the 5s25p6 shells so that the CEF energies are smaller than the spin orbit interaction. 

Therefore the CEF Hamiltonian, eq. (2.13), can be treated as a perturbation. Usually 

it is sufficient to consider the splitting of the free ion’s ground state. The number and 

degeneracies of the split levels can again be determined by group theory (see Table 

2.2). To determine the energy eigenvalues, the symmetry of the ground state, and the 

magnitude of the splittings however one needs to know the CEF parameters, Bz.  

CEF measurements of borocarbides 

For several of the borocarbides, the CEF parameter Bi was estimated from the 

difference in the Weiss-temperatures, and Oz [Cho95b, Cho96a, Cho96b1, using the 

leading term in an expansion in 1/57 of the Curie-Weiss susceptibility, x [Bou73]. A 

complete set of CEF parameters for Ho3+ in Lu0.97,jH00.024Ni2B2C was obtained from a 

fit to the static susceptibility in external fields of 0.1 T applied parallel and perpendicular 

to the c-axis at low temperatures[Cho96b]. 

For the Ho, Er and Tm members of the RNi2B2C family, the CEF parameters have 

been determined by inelastic neutron scattering of powder samples [Gas96]. The values 

obtained by Gasser et al. are listed in Table 2.3. The CEF parameters, A,,, used by 

these authors are related to the one used in the current work by B,” = (rn)anAnm, 

where (T” )  is the quantum mechanical expectation value of rn for the “magnetic” (4f) 

electrons. The values of the proportionality factors, a,, have been tabulated by Judd 

[Jud57] and Elliott et al. [E1157]. 

Competition between CEF and magnetism 

We will now study the structure of the CEF levels in the presence of an external 

magnetic field, B. In the high-temperature paramagnetic phase, B is a macroscopic, 
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externally applied field, while in the antiferromagnetically ordered phase, B is an “ex- 

change field” used to approximate the RKKY- and other magnetic interactions. 

In the presence of an magnetic field, B, the eigenvalues, Ei, and corresponding 

eigenfunctions, $i, are determined by diagonalizing the sum of the CEF and Zeeman 

Hamiltonian4: 

(2.19) 

is the where J is the total angular momentum operator, gj = 1 + j(j+l)+s(s+l)-’(’+l) 

Land6 factor, and the eigenfunctions of the combined Hamiltonian are a linear combi- 

nation of the degenerate spin-orbit eigenfunctions, $i = bi,mj lj,mj). Due to the 

anisotropy in the CEF Hamiltonian, HCEF (eq. (2.13)), the quantization direction and 

2j  ( j+  1) 

j 

3 -  j m 

the direction of the applied external field may not be chosen in an arbitrary fashion, 

therefore the Zeeman energy has to be included in vector form. Because of the afore- 

mentioned competition between CEF and magnetic interactions, the energy eigenvalues, 

Ei, and the coefficients, bi,mj, will vary as a function of strength and direction of the 

magnetic field, B. 

The system’s magnetization is given by thermodynamic average of the angular mo- 

mentum operator, J 

(2.20) 
i 

where p = & is the inverse temperature in units of meV. 

To demonstrate the magnetic anisotropy caused by the CEF splitting, we now con- 

sider the simplest non-trivial example, an ion with j = 1 = 1 and s = 0 in a crystal 

where CEF parameters vanish, except B; (Unfortunately, no rare earth ion has these 

4As mentioned above, both CEF and Zeeman Hamiltonian are treated as a small perturbation to 
the (degenerate) ground state, (j, 1 ,  s, mj), of the free ion Hamiltonian. 
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Figure 2.1 Variation of the energy eigenvalues of the Hamiltonian, eq. 
(2.19), for positive, (a), and negative, (b), values of Bi,  and 
the magnetization, eq. (2.20), at constant temperature (c, d) 
and constant external field (e, f )  for this model. 
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properties in its Hund’s rule ground state). The eigenvalues and eigenvectors for this 

system can be calculated analytically, but the expressions are lengthy. Figure 2.1 plots 

the energy eigenvalues for this model as a function of the external field. Also displayed 

are the result of a numerical simulation of the magnetization, eq. (2.20). Our little toy 

model beautifully reveals the anisotropy induced by the CEF interaction. 

Fig. 2.l(a) shows that, in the absence of external fields, for Bi > 0 the ground state 

is the singlet. For an external field along the z-axis, the energy of this state remains 

constant, indicating that it has a vanishing magnetic moment. At low temperatures this 

state dominates the thermodynamic average, and the resulting magnetization is low, 

as seen in Fig. 2.l(c) and (e). As the field is increased, the Zeeman splitting becomes 

larger than the CEF splitting, leading to the level crossing shown in Fig. 2.1(a) and the 

resulting the change in the “easy” magnetization direction (Fig. 2.1 (c)). In a simple 

mean field model, a mechanism like this may lead to magnetic-magnetic phase transitions 

or changes of the moment direction as the effective exchange field, B,E, increases with 

decreasing temperature. When the field is applied perpendicular to the z-axis, however, 

the singlet hybridizes with one of the doublet states, so that the ground state has a finite 

magnetic moment. At low temperatures, again, this level is preferentially populated and 

therefore the magnetization is mainly determined by the degree of hybridization. 

For a negative CEF-coefficient, Bi < 0, the situation is reversed (Fig. 2.1(b),(d), and 

(f)). For an external field along the z-axis, the high-lying non-magnetic singlet can be 

neglected and the magnetization resembles that of a free ion with j = f. When the 

field is applied perpendicular to the z-axis, the magnetization is lowered by the close 

proximity of the hybridized-magnetic and non-magnetic partners of the doublet, which 

cannot be neglected in the thermodynamic average. 

The ground state of the free Ho3+ ion is 5 1 8 ,  i.e. it is 17-fold degenerate. In the 

presence of an electrostatic field with tetragonal symmetry, the ground state splits into 
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9 singlets (3A1, 2A2, 2B1 and 2B2) and 4 doublets (4E, see Table 2.2). These doublets 

split in the presence of a magnetic field, so that all 17 eigenstates are non-degenerate. 

The changes of the magnetic behavior upon variation of the CEF parameters and/or the 

magnetic field are too complex to be discussed here. 
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3 THEORY OF X-RAY RESONANT EXCHANGE 

SCATTERING 

Resonant effects in the hard x-ray energy range (M 5 - 20 keV) appear when the 

energy of the incident photon, hiwk, is close to the binding energy of a core level elec- 

tron. The dominant effect is resonant absorption (see Fig. 3.1), where the core level 

electron is promoted into an unoccupied state above the Fermi level. This process is 

exploited in x-ray absorption near edge spectroscopy (XANES) , extended x-ray absorp- 

tion fine structure (EXAFS), circular magnetic x-ray dichroism (CMXD) and related 

spectroscopic techniques (see ref. [Mat94a] for a recent overview). 

Resonant x-ray scattering [Nam85, Gib88, Isa89, Pla70, Blu85, Han88, Car95, Hi196bl 

occurs when the core level hole and the excited electron recombine under emission of 

a coherent photon (see Fig. 3.2). Although several inelastic processes involving the 

recombination of the core hole with other electrons are also possible (Raman scattering)', 

we will consider only elastic scattering. 

Due to the localized nature of the core level electron excited in the process, x-ray 

resonant scattering and absorption techniques probe the local structure of the unoccu- 

pied electronic bands above the Fermi level. The discrete binding energies of these low 

lying electronic states, usually ls1/2 (K-edge), 2s1/2 (L1-edge), or 2&/2,3/2 (L2,3 edges) 

allow element selective measurements of compounds and alloys. 

Whether these processes are coherent or not is currently subject of intense theoretical and experi- 
mental studies [Ham91, Car941 
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Resonant absorption at  the L3 edge of an rare earth element. 
In the absorption process, an incoming photon with wave vector 
k and polarization E is annihilated and a electron-hole pair is 
created. 

L3-resonant scattering 

conduction band (5d) 

\ 
e-(virtual) 

_ _ _ _ _ _ _ _  _ - _ _ - -  _ - - _  
incoming outgoing 
photon, photon, 

k',E' 

Resonant scattering at the L3 edge of an rare earth element. 
In the scattering process, an incoming photon with wave vector 
k and polarization e is annihilated and creates a virtual elec- 
tron-hole pair, which decays under emission of a photon with 
wave vector k' and polarization E'. 



29 

Fundamentals of magnetic x-ray scattering 

The purpose of this section is to explore the x-ray resonant exchange scattering 

(XRES) cross section and its relation to the magnetic structure of the sample. Our 

main focus will be directed towards two aspects that have the largest impact on current 

experiments: The “branching ratio” in rare-earths, i.e. the relative strength of the L2 

and L3 resonant enhancement in these elements, and the dependence of the intensity 

and polarization of the scattered beam upon the polarization of the incoming beam and 

the orientation of the sample. 

The bulk of this work is not new. However, we show the intermediate steps in more 

detail that the original papers [Blu85, Han88, Luo93, Car941, so that the reader might 

~ find it easier to follow. 

The cross section for scattering from an initial state, (a, k,tz), into a final state, 

Ib, k’, E ’ ) ,  is given by eq. (13) of Blume’s classic paper [Blu85]: 

Here, k and E (k’ and E’)  describe the wave vector and polarization of the incoming 

(outgoing) photon. Q = k‘ - k is the scattering vector, and the initial, final and 

intermediate electronic states of the sample are described by a, b, and c, respectively. 

The four terms are interpreted as Thompson scattering, spin scattering, and resonant 
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scattering with emission of the outgoing photon after and before the absorption of the 

incident photon, respectively. In eq. (3.1) we used the following abbreviation for the 

resonant interaction operator: 

€.P, 
n (- f i  - 

M(k, E )  := 

The position, momentum and spin of the n-th electron are respectively given by rn, P, 

and s,. The summation, n, is taken over all electrons of the solid. 

Anomalous dispersion effects occur when the incident photon energy is close to the 

difference in energy between the initial and the intermediate states, tiw NN E, - Ec. In 

this case, the third term in eq. (3.1) dominates over the second and fourth term, although 

it is still considerably smaller than the first term. However, Thompson scattering is only 

observed at discrete scattering vectors. For antiferromagnets, the charge and magnetic 

Bragg reflections are well separated, so that the third term dominates the magnetic 

scattering and we need not consider interference effects2. Furthermore, we will assume 

that the scattering process is elastic, wk G wk!, and that the initial and final electronic 

states are identical, la) = ( b ) .  The summation over all electrons, n, is then limited to the 

“resonating” core level electrons with small energy denominator, typically the different 

Zeeman levels of the states mentioned above. 

2 (&) xREs =: IFXRESI =: 

To calculate the total scattering cross section, we calculate the matrix elements appearing 

in the second order perturbation term in the “local” coordinate system of atom N at the 
21nterference between charge and magnetic scattering becomes important in the study of ferromag- 

netism with circularly polarized radiation. 
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position R N ,  with the z-axis parallel to the atom's magnetic moment. The summation 

n is now taken over the "resonating" core level electrons of atom N .  The index N will 

be omitted for these local calculations. 

The exponential, eik'r, is expanded to first order to include electric dipole ( E l ) ,  

magnetic dipole (Ml)  and electric quadrupole ( E 2 )  interactions: 

To begin with, we will only consider the first order term, the electric dipole ( E l )  inter- 

action3 : 

(3 .5)  

Note that the electric dipole interaction preserves the spin of the electron, i.e. the spin 

of the initial and intermediate states are identical. 

Using this simplified operator, we may write the resonant scattering amplitude as: 

since the core hole in the intermediate state identifies the excited electron (quantum 

numbers n and N ) ,  and the initial and final states are assumed to  be identical (compare 

Fig. 3.2). 

3Typically, these dominate the x-ray resonances at L2,3 absorption edges. However, quadrupolar 
(E2) terms have been observed, for example at the L3 edges of Ho [Gib88, Gib911 and Sm in SmNizBzC 
[Det97], and also at the K edge of Ni in NiO [Hi197], where the dipolar resonances are negligible. 
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It is more instructive to  calculate the scattering of one isolated atom, N ,  and then 

perform a summation over all scattering atoms. 

so that 

N 

We have now reduced the expression for the resonant scattering amplitude to a form 

where we can apply the single electron approximation mentioned above. To further 

clarify this, we will now take a closer look at the electronic wave functions involved. 

Initial/final States 

For simplicity we will employ a single electron approximation that neglects many 

body effects such as exciton binding energies. The many-body ground state wave func- 

tion, la), is then replaced by the single-particle wave function of the n-th electron. The 

spin, orbital and linear momentum operators now act on this single particle wave func- 

tion only, so that all indices of the operators are dropped. 

For resonant scattering in the (hard) x-ray regime, the initial/final electronic states 

are well-localized core level states. The spin and angular momentum of the electron are 

then LSJ-coupled and the wave function is best described by atomic quantum numbers: 

la) = (n,j , l ,  ( i ) ,mj ) .  It is not possible to resolve the different mj-sublevels, since the 

Zeeman spitting is much smaller than the intrinsic broadening due to  the core hole life 

time, r (usually several eV). Therefore, the scattering amplitude is a sum of the partial 

amplitudes for this group of initial/final states. 
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In our single electron approximation, the wave function of these states may be written 

as: 

(3.10) 

To calculate the transition matrix elements, we then expand the angular wave functions 

into spherical harmonics, x,m, and eigenfunctions of the spin, xm,: 

The Clebsch-Gordan coefficients are given by: 

Intermediate St at es 

(3.11) 

(3.12) 

For the intermediate state, we will assume that the spin, m,, is a good quantum 

number. This is a good approximation if the states are delocalized, i.e. the spin-orbit 

splitting is small. We will characterize the intermediate state by a generalized quantum 

number, A (for a band state, A might be written as n, k,, k,, k z ) ,  and the spin, m,. 

Since we neglect any spin-orbit interaction4 in the intermediate states, the wave 

function may be written as a product of a spatial wave function, QA(r), and a spin 

function, xm,. The spatial wave function is also expanded into spherical harmonics. 

(3.13) 

4Spin-orbit coupling in the intermediate state can be included in a more general formalism, see for 
example Refs. [Cargo, Tho92, Car93, Luo93, Lu0941. The result, however, remains the same when 
the relative orientation between the spin, s, and the orbital momentum, I, as given by the spin-orbit 
coupling is taken into account in the final result. 
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with 

Matrix elements 

(3.14) 

Using this characterization of initial/final and intermediate states in the scatter- 

ing process, we obtain a more specific expression for the resonant magnetic scattering 

amplitude in electric dipole approximation: 

(3.15) 

(3.16) 

The second factor under the summation is identified as the scattering amplitude of 

a single resonating atom, N 

FXRES ,E 1 ,N = 

In e.g. a spiral antiferromagnet, there is no clearly defined quantization axis, therefore 

we will use a local coordinate system with the &axis parallel to the magnetic moment of 

that particular atom, N [Hi196b]. All calculations are done in vector form as a function 

of the photon polarization vectors, E: and E’, so there is no loss in generality and the 
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scattering terms of different atoms can be combined to find the total scattering cross 

section. 

Using the symbols introduced above, we write the el. dipole matrix element as: 

03 1' 

(3.18) 

The dipole selection rules allow only transitions with 1' = 1 f 1 and mi = ml - 

1, ml, ml + 1. We will now assume that only the term with 1' = 1 + 1 contributes, due to 

the much smaller radial matrix elements of the 1' = 1 - 1-term (e.g. at the L-absorption 

edges of rare earths, the 2p + 5d contributions dominate over the 2p + 6s transitions). 

Furthermore, we write the position vector as a linear combination of spherical harmonics. 

Using the definitions €1 := Z ( c Z  + kg), €0 := cz,  and c-1 := - 52( cz - i c g ) ,  we find: 1 

1 
e - r  = - E M Y ~ M ( ~ )  ti"," M=-1 

(3.19) 

The radial contributions to the matrix element are combined into a single symbol: 

0 

Using the dipole selection rules, the matrix element is now written as: 

(3.20) 

(3.21) 

(3.22) 
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noticing that the Clebsch-Gordan coefficients vanish unless mj = ml + m, and mi = 

ml+ M .  

After summation over all initial and final states, we obtain the following expres- 

sion for the scattering amplitude in the electric dipole approximation of second order 

perturbation theory: 

with 
mj-m,+M 

Eln,j,l,mj) - Elh,m,) + fiuk - i r / 2  
mi - Amj-ms+M .- 451- IUm, 

A 
EIA,ms )>' 

Am, - m, .- - .  

and, to make the connection to Hannon's notation [Han88], 

(3.24) 

(3.25) 

(3.26) 

We now turn our attention towards the polarization dependence. Notice that, in the 

"global" coordinate system, the quantization direction, 2, can be a unit vector in any 

direction. 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

(3.31) 

(3.32) 
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Using this vector notation, equation (3.24) is now rewritten as: 

We have reintroduced the index N to remind ourselves that the unit vector f~ describes 

the local moment direction at the N-th atom. The coefficients F ( O p 1 j 2 )  describe the 

scattering amplitude proportional to 1, i~ and i$, respectively [Hi196b]. 

All that is left to do now is to  perform the summation over all scattering atoms, 

eq. (3.9): 

FXRES,EI = e - i Q . R ~  FXRES,E~, N (3.35) 
N 

= Ce-iQ.RN ((E’’ * e)F(O) - Z(dt x E )  - 2 ~ 8 ” ’ )  + (8 * S N ) ( E :  ~ N ) F ( ~ ) )  . (3.36) 
N 

Having completed the math to derive this well-known expression for the resonant 

scattering amplitude, it is now time to interpret our results. Three points are of major 

importance: The relation between the amplitude factors, F(Oj1j2), and the magnetic 

properties of the scattering atom, N. The dependence of the scattering amplitude on 

the local moment directions, i.e. the proportionality of the three terms to 1, f ~ ,  and 2$, 

and their dependence on the scattering geometry, i.e. the polarization vectors, E and E’. 

Interpretation of the amplitude terms 

Even for the electric dipole scattering amplitude, a complete evaluation of the am- 

plitude terms and their relation to the local magnetic properties is exceedingly complex, 



38 

and thus beyond the scope of this work. We refer the interested reader to the work of 

Luo [Luo93, L U O ~ ~ ] .  

It is possible, however, to illustrate the underlying physical concepts. For this we 

have to make some approximations that are generally not applicable in real, physical 

situations. 

0 To simulate a magnetically polarized conduction band, we assume that orbital mo- 

mentum is a good quantum number (A = Z', mi). The spin and orbital momentum 

of the conduction band are then given by the sum of the ml, and mi quantum 

numbers over all occupied states in the conduction band: 

(3.37) 

(3.38) 

(3.39) 

(3.40) 

Notice that in the case dipolar XRES of rare earth elements, only the moment of 

the 5d band is probed, while the bulk of the magnetic moment resides in the 4f 

electrons, i.e. the summation over the quantum number I' is omitted. However, the 

magnetic polarization of the 5d band is usually caused through direct exchange 

with the 4f electrons. Furthermore, XRES probes the unoccupied states of the 

conduction band, so that the negative magnetic momenta are measured5. 

5The sum of magnetic momenta of the occupied and unoccupied states vanishes, since the spin and 
angular momentum of any filled shell is zero. 
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0 We will assume that the band width of intermediate states is much smaller that 

the intrinsic broadening. This allows us to factor the scattering amplitude into a 

common resonant energy denominator and a sum of matrix elements. 

0 The radial matrix elements, w$, are taken to be identical for all transitions. 

With these three approximations, the amplitude factors, AZi, become simple pref- 

actors, multiplied by the number of unoccupied states with quantum numbers mi = 

mj - m, + M and ml, = m,, which is either 0 or 1. We can now further simplify 

equation (3.26). 

(3.41) 

where j = 1 f 8 .  In this approximation, the amplitude factor for the first order term, 

F(I) = F11 - F1-1 is given by: 

Fl1 - Fl-1 (3.42) 

e2wi  (1  + mi)(Z + I +mi)  (21 + 1) f 4ml,(m{ + ml, - I) 
2(21+ 1) T A g ;  2(1+ 1)(21+ 1) 

(3.43) 

(3.44) 

where m{ = mi - m, + 1. 

This expression is - apart from some constant prefactors - identical to the ab- 

sorption cross section for circular magnetic x-ray dichroism (CMXD), as developed by 

Carra et aZ. [Cargo, Tho%, Car93, Kon96b], so that the CMXD-sum rules also apply 

for XRES. Unfortunately, the inversion of the sum rules is generally not possible in the 



40 

antiferromagnetic scattering geometry, since only the magnitude of the scattering am- 

plitude is measured, while it is not possible to determine the sign. However, we may use 

them to explain the general trend in the magnetic scattering intensities observed at the 

L2,3 absorption edges of rare-earth compounds [Wat96b]: 

For I = 0 and j = f ,  eq. 3.44 reduces to: 

(3.45) 

(3.46) 

The electronic transitions at K-absorption edges couple to highly delocalized states in 

the p-symmetry conduction band. The resonance is sensitive to the orbital momentum 

- which is typically quenched - but not to  the spin polarization, therefore dipolar 

resonances at K-edges are usually very weak. 

At L3-absorption edges, spin and orbital momentum contribute ‘‘in phase”, so that 

the largest resonances are observed when the components couple parallelly, j = I + s, 

while at L2-absorption edges, spin and orbital momentum contribute “out of phase”, 

so that the largest resonances are observed when the components couple antiparallelly, 

j = l - s .  

Consequently, in light rare-earths ( j  = I - s), the resonant enhancement at L2 ab- 

sorption edges is generally much stronger than at L3 edges. For the heavy rare-earths 

( j  = 1 + s), the situation is reversed, while for Gd and Eu2+ (I = 0) the enhancements 

at the L2 and L3 edges are comparable [Det96, IslOOa]. This trend is also observed in 

CMXD [Fis93]. 
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Formation of satellite peaks 

We will now calculate an example to  demonstrate the formation of satellites peaks. 

To do this, we have to perform the summation of the single-atom scattering amplitudes 

over the whole crystal lattice as given in eq. (3.36). 

Let us assume that the antiferromagnetic structure of some material can be char- 

acterized by two vectors, a modulation wave vector, q, and a vector that specifies the 

orientation of the magnetic moments, eo. Notice that cyclic structures may require 

a complex orientation vector. The magnetic moment, 2 ~ ,  for the N-th atom at the 

position R N  is then given by6 

The total El-resonant scattering amplitude for this case is then given by: 

(3.47) 

(3.48) 

(3.49) 

(3.50) 

6For a collinear structure, this formula gives an amplitude modulation of the “unit” vector, 2 ~ .  The 
proper treatment would be to  assume a modulation of the amplitude terms, F$) cc p N  and F$) 0: pc, 
at a constant 2 ~ .  For our treatment here we absorb the amplitude modulation into 2~ and implicitly 
take F(1) and F(2)  as their maximum values. 
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(3.51) 

Looking at the exponential factors summed over all atoms in the crystal, we can 

now see the emergence of satellite peaks. The scattering amplitude vanishes, unless a 

generalized Bragg condition is fulfilled: Q = G - 2q; G - q, G, G + q, or G + 2q, 

where G is a reciprocal lattice vector. Thus, the electric dipole contributions to the 

resonant scattering amplitude give rise to satellites up to second harmonic order, even 

if the magnetic structure is perfectly sinusoidal. The amplitude factor F(I)  contributes 

only to the fundamental satellites, while the second order factor, F(2), contributes to 

both the second harmonic satellites and the scattering at the charge peak's position - 

even for incommensurate systems. 

We also point out, but do not show, that the quadrupolar (E2) XRES cross section 

[Hi196b] contains terms of up to fourth order in 2,. Thus interference between the first 

order (Fg i )  and third order ( F f i )  terms, with a relative weight7 of 4 : 3, will be observed 

at the position of the fundamental satellite, G f q [Det97]. Similarly, second (Fg i )  and 

fourth (F'i) order terms (relative weight 1:l) contribute to the second harmonic satellite 

peak at G f 2q. 



Figure 3.3 The coordinate system used for our calculations of the reso- 
nant scattering amplitude. k and k’ are the incident and scat- 
tered wave vectors and 28 is the scattering angle. E ,  and E ,  
are the components of the polarization perpendicular and par- 
allel to the diffraction plane (spanned by k and k’). The co- 
ordinate system, e1,2,3,  is defined by the incident and scattered 
wave vectors: el := (k + 1;’)/2cos8, e2 := k x k’lsin28, and 
e3 = (k - 2 ) / 2  sin 8. 
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Scattering geometry 

We now choose an appropriate coordinate system, according to the convention of 

Blume and Gibbs [Blu88, Hi196b1, as displayed in Fig. 3.3. The unit vectors 61 and 

63 define the scattering plane, with Q := k' - k 1 1  6 3 .  In this coordinate system, the 

relevant vectors can be written as: 

k k *  

- sin 0 1 
c:el sin 19 

- sin 0 

- cos e 

(3.52) 

(3.53) 

(3.54) 

(3.55) €' = E ,  ' [  j+€:[ - si:e] cos e 

E ,  and E ,  describe the components perpendicular and parallel to the scattering plane, 

with 1 ~ ~ 1 ~  + 1e,l2 = 1. Note that, in the case of circular or elliptical polarization, these 

parameters assume complex values. 

Any bilinear function of the two polarization vectors may be written in matrix form: 

7The relative weight of 4:3 is only valid if the local moment direction is defined as in eq. (3.47). If 
in eq. (3.48) is absorbed into ZO, the relative weight becomes 1:3 for the fundamental the prefactor 

satellite, and 1:4 for the second harmonic satellite. 
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In this geometry, we find the following geometry matrices: 

0 

-xl cos 8 + x3 sin 8 

M [(elt * e) (€  * i)] = 

21 cos 0 + z3 sin 0 

-x2 sin 20 

(3.56) 

(3.57) 

(3.58) 

(3.59) 

(3.60) 

(3.61) 
4 

x2 (zl sin e + 23  COS e) Z; (cos2 e - I) + 
z2 ( -zl sin 0 + 23  cos e) 

cos2 e 
Note that these geometry terms depend on the orientation and polarization of the 

incoming and outgoing beams with respect to the sample. This is a manifestation of 

the more complicated interaction giving rise to resonant scattering. Charge scattering 

is only sensitive to the charge density in the sample. The interaction is scalar, so that 

the scattering amplitude depends on the scattering vector, Q = k' - k, only8. Electric 

dipole resonant scattering, on the other hand, arises from a combination of two vector 

'Explicit dependence on the azimuthal angle, $, appears when multiple scattering effects are taken 
into account (dynamical theory, see refs. [Ewal7, Ewa37, Bat64, Ewa651). 
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densities, P,. It therefore contains scalar, pseudo-vector and second-rank tensor terms. 

These are observed at the position of charge reflections, fundamental and second order 

harmonic satellites, respectively. Electric quadrupole resonant scattering originates in 

a combination of two second rank tensors that combine to  tensors of rank up to four. 

Accordingly, magnetic satellites up to fourth harmonic order are observed. 

Time reversal symmetry 

Upon time reversal, the incident and scattered wave vectors and polarizations are 

switched, k' H k, E' H E ,  and the local moment direction is reversed, 2 + -2. The 

o + o and 7r + 7r elements of the geometry matrices have to  be invariant, while the 

transformation switches the o -+ 7r and 7r + o elements. Eq. (3.36) evidently satisfies 

time reversal symmetry, as can be verified using the vector notation of the geometry 

matrices. 

Non-resonant magnetic x-ray scattering 

Compared to the non-resonant x-ray scattering regime [deB72, Gib86, Blu881, the 

resonant enhancement yields higher scattered beam intensities and better signal to noise 

ratios. However, large resonant enhancements can be utilized only at L2,3 and M2,3,4,5 

absorption edges. While the rare-earth elements are ideally suitable for this technique - 

their L2,s-edges lie between 5 and 11 keV - it cannot be applied to the technologically 

important 3d transition metals, e.g. V, Mn, Fe, Co, Ni and Cu, for which the L absorp- 

tion edges lie below 1.2 keV. Materials of current interest based on these elements are, 

for example, the CMR (Collosal magneto-resistance) manganites, magnetic multilayers 

for data storage devices, and the cuprate high-Tc superconductors. A fufther disadvan- 

tage of resonant x-ray techniques is that, since the resonances occur at absorption edges, 
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the penetration depth of the x-rays is very small. Therefore resonant scattering probes 

only the magnetic structure near the surface, while most of the incident x-ray inten- 

sity is absorbed in the same volume. In samples with very small thermal conductivity, 

like superconductors, this may lead to local heating problems, as we experienced in our 

studies of HoNi2B2C [Hi196a]. Finally, El-XRES measurements of rare-earth materials 

are sensitive only to the magnetization of the 5d electrons, not to  the 4f states where 

the bulk of the magnetic moment originates. 

These drawbacks can be avoided by a different choice of the photon energy, i.e. 

using non-resonant magnetic x-ray scattering [deB72, deB81 b, Gib85, Blu88, Brii961. In 

particular, the penetration depth can be greatly increased by using hard x-rays with 

photon energies in the range from 40 to 80 keV [Str96]. 

The scattering cross section for non-resonant scattering have been calculated in detail 

by Blume and Gibbs [Blu88]. The magnetic scattering amplitude is given by [Blu88]: 

L a g  = -2-. . hw (5) - F e - a Q - R ,  [ i L ( Q ) - A + S ( Q ) . B ] ,  
mc2 mc2 (3.62) 

where RN is the position of the N-th unit cell. S(Q) and L(Q) are the Fourier trans- 

forms [Tra53] of the spin and orbital magnetization densities in the unit cell, respectively. 

They may be approximated by: 

(3.63) 

(3.64) 

where rn is the position of the n-th magnetic atom in a unit cell, fn,S(L)(Q) are the 

magnetic spin (angular) momentum form factors, and S n  (Ln) is the total spin (orbital) 

angular momentum of the n-th atom. The vectors A and B describe the scattering 

geometry: 



48 

A = 2(1 - k * k ’ ) ( ~ ‘ +  x E )  - (i ~’‘)(i x E )  + (k‘ x E’’)(I? 

B = E’’ x E + (k’ x E ” ) ( I $ ’ .  E )  - ( k  - E’’) (& x E )  - (k  x E‘ 

4 (3.65) 

) x ( k  x E ) ,  (3.66) 

As for the case of resonant scattering (eq. 3.56)) the bilinear dependence on the 

incident and scattered polarizations may be expressed in matrix form [deB8la, deB8lbl: 

- ( k  + k‘) 
M[A] = 2sin2(8) (3.67) 

(3.68) 

and [Blu88] 

1 
2 

M [ - L . A + S * B ]  = 

(3.70) 

Since the angular dependencies for spin and orbital momentum are different, it is 

possible to experimentally determine their ratio, LIS ,  and, for example, draw conclusions 

about the ionization state of the magnetic species. 

The signal to noise ratio for non-resonant magnetic x-ray scattering can be estimated 

by comparing the magnetic and charge scattering amplitudes, e.g. for the (7 -+ (7 channel. 

For simplicity we assume only one atom per unit cell. 
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(3.71) 

(3.72) 

where we have used sin(20) = $ cos(0). p(Q) is the Fourier transform of the charge 

density in the unit cell, 2 is the number of electrons per unit cell, f(Q) is the charge 

form factor, and f(h,k,Z) (fmag(h,k,Z)) is the (magnetic) structure factor for a Bragg 

reflection. We see that the signal to noise ratio of a given Bragg reflection, (h,k,Z), 

is increased at higher photon energies, due to the factor cos(0), since the Bragg an- 

gle, 0, decreases with increasing photon energy. This enhancement is most notable for 

reflections with large scattering vectors, Q,  and large Bragg angles for low energy x-rays. 
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4 PRACTICAL CONSIDERATIONS ON MAGNETIC 

X-RAY SCATTERING 

Description of the synchrotron beamline 

The synchrotron experiments were carried out at the bending magnet beamline X22C 

of the National Synchrotron Light Source. A Ni-coated toroidal focusing mirror up- 

stream of the monochromator was used to  eliminate higher harmonics in the incident 

beam. While this greatly improved the signal to noise ratio, especially for strong, ,al- 

lowed Bragg peaks where several layers of aluminum foil had to be used to attenuate 

the beam, it caused problems when photon energies above the Ni-K edge (8.333 keV) 

were required, due to strong absorption in the mirror itself. The beam was then passed 

through a G e ( l , l ,  1) double crystal monochromator. The orientation of the second 

monochromator crystal could be fine-adjusted with computer controlled piezo actua- 

tors. No active feedback was used, instead the automated adjustment procedure had 

to repeated approximately once per hour’. A set of computer controlled horizontal and 

vertical slits, called “upstream slits”, after the monochromator was used as scatter shield 

and, if a beam spot smaller than achieved by the focusing mirror was desired, to define 

the beam size. In order to monitor the incident x-ray intensity, a NaI counter detected 

radiation that was scattered of a thin Kapton foil positioned after these slits. An addi- 

tional set of manually adjustable slits just upstream of the sample position was used to 

lIt  is advisable to run the adjustment macro several times consecutively after the synchrotron beam 
was dumped, until the temperature of the first monochromator crystal has reached equilibrium. 
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further reduce the background radiation. 

The samples were mounted on the cold finger of a Heliplex closed cycle refrigerator 

(base temperature 3.5 K) and oriented so that the (h0l)-zone was coincident with the 

vertical scattering plane of the diffractometer. Typically, two samples were mounted 

approximately 4mm apart. This separation was larger that the size of the beam at the 

sample position (M 1.5mm). This arrangement allowed us to switch samples by a simple 

translation of the cryostat along its axis, without the need to warm up the cryostat, 

change samples and then cool down again2. 

For studies with high Q-resolution, an asymmetrically cut Ge (1,1,1) analyzer was 

used. The crystal was misscut by approximately 7” and aligned in the magnifying 

geometry to improve the acceptance angle. A set of computer controlled slits, called 

“detector slits”, was used as scatter shield and to define the beam size. A NaI detector 

was then used as photon counting device. 

Measurement of integrated intensities 

For any experimental verification of the theoretical scattering cross section, it is nec- 

essary to measure the reflectivity of the sample at different (magnetic) Bragg reflections. 

It is difficult to  perform absolute reflectivity measurements, because one would have to 

determine the x-ray flux incident on the sample, as well as the absolute value of the 

absorption coeficient, p. It is usually possible to estimate the variation of the incident 

flux with changes of the sample orientation (geometric cross section correction). In the 

case of strong absorption - which is generally the case for resonant x-ray scattering - 

the absorption coefficient enters the reflectivity calculations only as a common prefactor. 

It is therefore much easier to  perform relative reflectivity measurements, and to allow 

for a constant amplitude factor when comparing the experimental data to theoretical 

2The typical turnaround time for this warming and cooling cycle was approximately 12 hours. 
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models. 

The measured reflectivity depends on a multitude of experimental details, e.g. the 

divergence of the incident beam, the mosaic structure of the sample, and the instru- 

mental resolution. Since it is virtually impossible the model all these dependencies, the 

common approach is to eliminate them experimentally by “integrating” the reflectivity 

over these variables - this procedure is called measuring the integrated intensity of a 

Bragg reflection. 

In a reciprocal space picture, the reflectivity of the sample is a function of all three 

reciprocal space coordinates. The integrated intensity is the integral over all three of 

these coordinates. The hardware angles of a typical four-circle diffractometer with an 

Eulerian cradle may be interpreted as follows: The magnitude of the scattering vector 

is determined by the scattering angle, 28. A scan of the 28-circle is therefore, to first 

approximation, a longitudinal scan through reciprocal space. x- and &scans, on the other 

hand, do not vary the scattering angle, therefore they are, to first order, transverse scans 

along orthogonal axes (since the 8- and X-circles are perpendicular) through reciprocal 

space. We conclude that the integrated intensity can be measured by integrating over 

the three hardware parameters 28, x and 0. 

The experimental procedure for this type of measurement was to remove the analyzer 

crystal, and to open the detector slits until 28- and X-scans showed flat tops, indicating 

the slits are not cutting the diffracted beam. For the first experiments of this type, a NaI 

detector was used [Det96]. However, since the incident photon energy is very close to 

an absorption edge of the sample, the background is dominated by fluorescence which, 

due to the coarse energy resolution of NaI detectors, cannot be filtered out. Therefore 

later experiments [Det97] employed an liquid Nz cooled intrinsic Ge detector. Here, 

the energy resolution was high enough to allow discrimination between the elastically 

scattered signal and several fluorescence lines. In particular, it was possible to use 
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several single channel analyzers3 to simultaneously record the elastically scattered and 

the Lp fluorescence signal. Since for constant sample orientation the fluorescence yield 

is proportional to the incident x-ray flux on the sample, it could also be used as a 

normalization signal, e.g. during the measurements of order parameters. However, one 

has to remember that the absorption coefficients for elastically scattered radiation and 

the lower energy fluorescence are different so that, e.g. in an asymmetric geometry or for 

rough sample surfaces, the proportionality factor may vary with the sample orientation. 

The integrated intensity of a Bragg reflection was then calculated by numerical in- 

tegration over a mosaic scan, i.e. measurement of the reflected beam intensity as a 

function of the 0 hardware angle of the diffractometer. Typically, a set of at least two 

&scans with different ranges and density of data points was combined to  obtain a both 

good estimate of the background level off the Bragg condition and good resolution of 

the mosaic structure around the peak position. The mosaic structures of the measured 

reflections were then compared to verify that the reflectivity of the same grain had been 

measured. 

Bragg scattering in asymmetric geometry 

For many systems, only very small single crystals are available, so that it is not 

always possible to  prepare a polished surface perpendicular to  the magnetic modulation 

wave vector, q. However, it is usually possible to select a scattering plane that contains 

both the surface normal vector and the magnetic modulation wave vector. 

The rare earth nickel borocarbides, for example, grow in the form of very thin 

platelets. Their flat face is perpendicular to the crystallographic (0, 0, 1) direction 

while the as-grown edges typically are parallel to the crystallographic (1, 0, 0) direc- 

tions. For most of these systems the modulation wave vector of the magnetic structures 

3No multi-channel analyzer was available during these experiments. 
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Figure 4.1 Scattering in the asymmetric geometry. The sample surface is 
perpendicular to the c-axis, while the scattering vector, Q, is in 
the a-c plane. 

is not perpendicular to  the flat face of the sample. 

In these cases an asymmetric scattering geometry has to used to measure magnetic 

and charge reflections at a general position (h, 0, 1 )  in reciprocal space while scattering of 

a polished (0, 0, 1) surface of a crystal, as illustrated in figure 4.1. Several complications 

arise in this geometry, namely: 

0 Not all positions in reciprocal space are accessible with this technique, since both 

the incoming and the scattered beam must form a positive angle with the crystal 

surface. 

0 An absorption correction has to  be made due to the different lengths in the beam 

paths of the incoming and scattered beam within the sample. 

0 In all cases, the size of our samples was smaller than the beam size, so that a 

correction for the geometric cross section as a function of the scattering angle 

and the asymmetry angle has to  be applied. This complication also arises in the 

symmetric scattering geometry. However, the asymmetry angle has to be taken 

into account. 
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Accessibility criterium for asymmetric reflections 

As illustrated in figure 4.1, we consider an asymmetric reflection with Q = QII + QI 

with components parallel, &[I, and perpendicular, &I, to the surface normal of a single 

crystal. Let a be the “asymmetry angle”, i.e. the angle between the crystal surface 

normal and the scattering vector. 

QI 

IQI 
s i n a  = - 

The scattering angle, 28, is given by Bragg’s law, 

(4.2) 
4T -sin6 = \&I ,  x 

where X is the wavelength of the scattered radiation. 

Both the incoming and the scattered beam have to from a positive angle with the 

crystal surface, so that 8 + a > 0 and 0 - a > 0. Since both angles have to be between 

0” and go”, these conditions may be written as cos(@) < cos(a), so that the accessibility 

criterium may be phrased as: 

Reflections within a circle of radius F around the point (F, 0) in the Q1-&11 plane 

of reciprocal space cannot be observed in this geometry. 

For our specific geometry, an asymmetric (h, 0, 1 )  reflection with the surface normal 

to the (0, 0, 1) axis, we find QII = IC* and &I = ha*, so that only reflections are 

accessible that satisfy 
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Charge ( 0 )  and magnetic (0) reflections of SmNi2B2C in the 
a-c plane of reciprocal space that are geometrically accessible 
by asymmetric scattering of a sample polished perpendicular 
to the c-axis. Observable reflections must lie within a circle of 
radius 4.- around (0, 0), so that 28 5 180", and outside a circle of 
radius around (F, 0) so that Q < 8. The solid (dashed) lines 
indicate the limits for the Sm L2 (L3) resonant wavelengths. 
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Figure 4.2 displays the area in reciprocal space that is accessible by this technique 

for the case of SmNi2B2C at the Sm L2,3 resonant x-ray wavelengths. 

Absorption in the asymmetric geometry 

The absorption factor in the case of a symmetric reflection is treated in detail by 

Cullity [Cu178]. The generalization for the asymmetric case is straightforward. 

We consider a large single crystal illuminated by an incoming beam of cross section 

A and intensity Io. The intensity of a beam scattered by a volume element at a depth z 

is proportional to the number of illuminated scatterers, -dz, where n is the density 

of scatterers. At a depth z ,  the incoming beam is attenuated by a factor of e-pz/Sin(e+a), 

while the outgoing beam is attenuated by e-~Z/Sin(e-a). The total scattered intensity is 

obtained by integration of the product of these factors over all depths: 

An sin(8 - a)  
2p sin(@) cos(a) * c c -  

For a symmetric reflection, Q = 0, this obviously reduces to Cullity's [Cu178] result, 
An q e , a  = 01 cc $. 

Surface sensitivity 

Equation (4.6) may be interpreted as 

I (8 ,  a)  0; (density of scatterers) x (scattering volume) (4.7) 

0: (density of scatterers) x (surface area) x (penetration depth), (4.8) 
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. It is particularly small for 

grazing incident beam (8 + a M 0) and grazing scattered beam (8 - a x 0) geometries, 

so that these measurements are very sensitive to  surface variations of magnetic struc- 

ture. In resonant scattering experiments, this effect is enhanced by the large absorption 

coefficient, p, at the resonant photon energies slightly above absorption edges. 

1 . sin B+a sin 0-a) where the penetration depth is given by z;l (sin(B))cos~a) 

Geometric cross section correction 

In the limit of a small flat sample illuminated by a large beam, the number of photons 

incident on the sample surface is proportional to the projection of the sample surface 

along the incident beam direction, and the whole sample surface is illuminated. 

In the limit of a large flat illuminated by a small beam, as considered above, the 
“footprint” of the beam on the sample is proportional to -. 1 

Lorentz factor 

Finally, the Lorentz factor, 1/ sin(28) has to be included, so that, after dropping the 

constant factor An, the final expression for the integrated intensity is given by: 

1 sin(8 - a)  sin(8 + a)  1 .- 
sin (8) cos (a )  sin( 28) e 

v, a> r*. * 

In the symmetric case, this reduces to  [Det96]: 

1 sin(8) 
2p sin(28)’ 

I ( e ,  a = 0) cx - . - 

(4-9) 

(4.10) 

For a charge reflection with a scalar interaction, F ( Q )  cx p(r), the intensity does not 

depend on the sign of the asymmetry angle, i.e. the reflections (h,  0, 1) and (-h, 0, 1) 

will have the same intensities. 
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In the case of XRES, the interaction is not of a simple scalar form [Blu85, Han88, 

Luo93, Hi196bl and therefore depends on the relative orientation of the sample and the 

incoming and outgoing beams [Hi196b]. As mentioned above, in the electric dipole ap- 

proximation with the incoming beam polarized perpendicular to the scattering plane 

(a-polarization), the magnetic structure factor of the fundamental satellite may be writ- 

ten as F ( Q )  K -k' .?, where k' is a unit vector in the direction of the outgoing beam 

and 2 is a unit vector in the magnetic moment direction of the scattering atom. 



5 EXPERIMENTAL PROCEDURES AND RESULTS 

Sample preparation and characterization 

Single crystals of the RNizBzC compounds were grown at Ames Laboratory using a 

high-temperature flux growth technique [Can94, Cho95bl. Boron enriched in the isotope 

llB was used to reduce the neutron absorption cross section. Platelets extracted from the 

flux were examined with x-rays and were found to be single crystals of high quality with 

the c-axis perpendicular to their flat surface as well as facets perpendicular to the a- and 

b-axes. Magnetization measurements as a function of temperature and magnetic field 

were performed using a Quantum Design superconducting quantum interference device 

(SQUID) magnetometer on single crystals from the same batches as those used in the 

x-ray experiments. The details of these measurements have been reported elsewhere 

[Can94, Cho95a, Cho95b, Cho95c, Can95, Cho96a, Rat96, CanOOc]. One flat face and 

one edge (perpendicular to one of the in-plane axes) of each sample - except for the 

Sm and Nd compounds, where the crystals were too thin to scatter of the edges - was 

mechanically polished to remove any residual flux from the surface and to  obtain a flat 

surface for x-ray diffraction. After polishing, the crystals were annealed, typically at 

900°C in a vacuum of torr for 36 hours. 
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In this section we focus on the magnetic phase behavior of one member of the 

RNi2B2C series, HoNi2B2C (Tc = 8.5 K, TN M 6.1 K) [Rat96]. This compound is 

particularly interesting because it exhibits a large reduction, or extinction, of the su- 

perconducting order parameter [Eis94, Can94, Rat961 in the incommensurate antiferro- 

magnetic phase. The low-temperature commensurate spin structure is well understood 

and consists of moments aligned ferromagnetically within the a-c planes. These ferro- 

magnetic sheets are stacked in alternating direction along the c-axis [Go194, Gri941. The 

ordered moment, as determined by powder neutron diffraction, is 8.7 pB [Gri94] while 

the macroscopic magnetization data indicate a moment of ~ 9 . 9 p B  [Can97a]. In terms 

of the competition with the superconductivity, the incommensurate phase is more in- 

teresting, though determining the spin structure has proven problematic [Go194, Gri941. 

Here, we present a detailed study of the incommensurate modulations. Our data allow a 

simplification of the phenomenology of these structures and we discuss the implications 

for the competition with the superconducting phase. 

We have chosen to investigate the antiferromagnetic order using the technique of 

x-ray magnetic scattering, complemented by high-resolution magnetic neutron diffrac- 

tion. This approach has a number of advantages. First, the reciprocal space resolution 

achievable with x-rays is an order of magnitude better than commonly obtained with 

neutron diffraction, greatly facilitating the investigation of large length scale magnetic 

phenomena. The polarization dependences of the x-ray and neutron scattering cross 

sections are different and therefore the techniques provide a useful complement to one 

another in determining spin structures. Resonant x-ray magnetic scattering is element 

specific and therefore can separate (in this case) the Ho ordered moment from that of 

the Ni. Each of these advantages plays a role in this study, revealing an incommensurate 

antiferromagnetic state that is considerably more complex than was previously realized. 
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On cooling through the transition at Tc = 8.5 K the superconducting order param- 

eter is seen to  increase, as measured by the upper critical field ( H c ~ )  [Eis94, Can94, 

Go194, Rat961, until TN M 6.1 K. when it decreases, coincident with the appearance 

of the IC satellites. In earlier studies, two ordering wave vectors were reported, q, = 

0.915 c" [Go194, Gri941 and q, = 0.585 a* [Go194]. A third harmonic of the c-axis 

modulation indicates that it is not perfectly sinusoidal [Go194]. At T1c-c = 5.2 K, a 

first-order transition into the commensurate phase is observed. 

The x-ray experiments were performed at beamline X22C of the National Syn- 

chrotron Light Source, as described above. The sample was wrapped in aluminum 

foil to eliminate local heating effects'. A sample from the same batch was used for the 

neutron work, and mounted similarly. The mosaic spread of this sample was resolu- 

tion limited, as determined by neutron diffraction, that is less than 0.2" (FWHM). The 

neutron-scattering data reported here were taken on the H9 spectrometer at the High 

Flux Beam Reactor operating at an incident energy Ei = 3.5 meV. The collimation was 

set to 60-40-15-S-5-10, resulting in a longitudinal resolution of 0.008 A (FWHM). A 

pyrolytic graphite (0, 0,2) monochromator and analyzer determined the initial and final 

energies, respectively. For both the x-ray and neutron work reciprocal-lattice vectors of 

the form (h ,  0 , l )  were accessible. 

The central results of these experiments are summarized in Fig. 5.1, in which x-ray 

scattering scans taken along the (O,O,Z) axis in the vicinity of the (0,0,3) antiferro- 

magnetic Bragg peak are shown. At low temperatures (top panel) a single, sharp peak 

is observed at the (0, 0,3) position, corresponding to a well ordered antiferromagnetic 

structure. Data analysis, outlined below, show a c-axis correlation length of ~ 5 3 0 0  A. 
The bottom panel shows data taken in the IC phase at T = 5.4 K. The high resolution 

IWithout such precautions, beam heating was sufficient to drive the sample from the commensurate 
phase into the incommensurate phase, a temperature rise of M 2 K. The aluminum foil improved the 
thermal contact between the copper sample holder and the sample surface where the x-ray beam locally 
heated the sample. X-ray absorption in the foil was negligible. 
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Figure 5.1 Longitudinal x-ray scans in the vicinity of the (O ,O,  3) antifer- 
romagnetic reciprocal-lattice point. These data were taken with 
the incident photon energy tuned to the Ho L3 edge. (Top) T = 
4.3 K. Only the commensurate peak is present. Inset. Schematic 
of reciprocal space. Closed (open) circles represent charge (an- 
tiferromagnetic) Bragg peaks. The crosses correspond to the 
incommensurate satellites present for temperatures above T = 
5.2 K. Higher-order incommensurate peaks are not shown. (Bot- 
tom) Data taken at T = 5.39 K, in the incommensurate phase. 
The IC peak is comprised of two satellites at (0, 0 , 2  + 41) and 
(O ,O,  2 + q 2 ) .  The (O,O, 3) commensurate peak is still present 
but significantly reduced and broadened. Inset. High-resolution 
neutron-scattering data taken at an equivalent temperature con- 
firming that the splitting of the IC satellite is a bulk effect. 
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of x-ray scattering reveals that the IC c-axis satellite around Q = 2.915 c* consists of 

two peaks, one at ql = 0.906 c* and the other at q 2  = 0.919 c*. In addition, an a-axis 

satellite with q, = 0.585 a* (not shown here) is also observed at these temperatures, in 

agreement with the neutron scattering results of ref. [Go194]. A schematic of reciprocal 

space is shown in the inset of the top panel of Fig. 5.1. Here 61 = 1-41, etc. To discount 

the possibility that the splitting is in some way due to the sensitivity of x-rays to the 

near-surface region of the sample, high-resolution neutron diffraction was also performed. 

These data are shown in the inset to the bottom panel of Fig. 5.1. The incommensurate 

satellite is again seen to be split, confirming that this behavior is representative of the 

bulk. The difference in the relative intensities of the commensurate and incommensurate 

peaks in the neutron and x-ray data may be due to small discrepancies in the thermo- 

metry, or the differences in the angular dependences of the scattering cross sections. In 

the x-ray data, the satellite peak at (2 + q1,0,0) is extremely sharp, implying that this 

ordering extends over regions well in excess of 5000 8, in size. To extract estimates of 

correlation lengths, the (2 + q1,0,0) peak was taken to be resolution limited and fitted 

to a Lorentzian squared line shape. To analyze other c-axis data we then convolved this 

line shape with a Lorentzian signal function in a one-dimensional integral. In the IC 

phase, the (0, 0,3)  peak and the (2 + 42,0,0) satellite are both broadened, indicating the 

presence of disorder in these structures. 

The temperature dependence of the (0,0,3) magnetic peak intensity is shown in 

Fig. 5.2(a). At low temperatures the intensity is approximately constant, suggestive of a 

saturated order parameter. At T = 5.2 K, the intensity abruptly falls, indicating a tran- 

sition temperature of T1c-c = 5.2 f 0.2 K, consistent with the transition temperatures 

observed in thermodynamic and transport measurements [Can94, Rat961. This coincides 

with the appearance of incommensurate satellite peaks, and marks the first-order C-IC 

transition. The (0, 0,3)  intensity decays more slowly as the temperature is increased 
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Figure 5.2 Temperature dependence of the (0, 0,3)  commensurate antifer- 
romagnetic Bragg peak. (a) The peak intensity. (b) The decon- 
volved width (see text), K ,  of a Lorentzian line shape. The solid 
line is a guide to the eye. 
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further. The deconvolved width of the Lorentzian fit is plotted in Fig. 5.2(b). Below the 

transition it is almost resolution limited. Above T = 5.2 K the peak broadens, reaching 

a correlation length of ec = 500 A at T = 5.44 K. Our inelastic neutron-scattering data 

suggest that the broadening is not due to  dynamic fluctuations, but to  static or quasi- 

static disorder. Interestingly, the size of these commensurate regions is approximately 

the same as the incommensurate domains discussed below. 

The peak intensities of the three incommensurate satellites are plotted in Fig. 5.3(a). 

No incommensurate scattering is observed below T = 5.2 K. Above this temperature 

the incommensurate satellites abruptly appear with relatively large intensities. As the 

temperature is raised, all three satellites exhibit similar behaviors, peaking at, or near, 

T = 5.3 K before decreasing slowly, so that, in the absence of any suitable model func- 

tion, it is difficult to determine an ordering temperature from these data. Considering 

the variation of width and intensity, we estimate the Nkel temperature to be T N  M 

6.1 f 0.4 K. Above 5.5 K only one c-axis satellite, in addition to the a-axis satellite, 

can be resolved. Consequently a single Lorentzian signal function is used and these data 

are plotted as shaded symbols. We emphasize that these data were taken at the Ho L3 

edge and therefore the observation of both the a- and c-axis satellites is evidence that 

the Ho moments participate in both modulations. 

The widths of the IC satellites are plotted in Fig. 5.3(b). The c-axis peak widths were 

obtained using the deconvolution procedure outlined above. However, the a-axis satellite 

width is dominated by sample mosaic and these data were not deconvolved. There is 

no observable change in this width, to  within errors. The temperature dependence of 

the ql and 9 2  satellite widths, yil and yi2, is intriguing. yi1 remains resolution limited at 

all temperatures for which it may be resolved, indicative of an extremely well-ordered 

structure. Indeed there is some evidence that it is more highly ordered than the low- 

temperature commensurate structure (perhaps reflecting a coupling of the commensurate 
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Figure 5.3 
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Temperature dependence of the incommensurate satellites. 
(Top) Peak intensities. The open (closed) circles represent the 
ql ( q 2 )  satellites. The shaded circles represent data for which 
the two could not be resolved and were consequently fit to a sin- 
gle peak. The open squares represent the peak intensity of the 
a-axis satellite as measured at (qa, 0,7). (Bottom) The widths, 
K ,  of Lorentzian fits to the c-axis satellites. The a-axis satellite 
widths are the result of Lorentzian-squared fits. 
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order parameter in HoNizB2C to random strains in the sample, as has been observed for 

the spiral order parameter in pure Ho [He194]). The q2-modulation is disordered with a 

correlation length similar to the (0, 0,3)  domains at similar temperatures, e.g. &(q2) = 

600 A at T = 5.44 K. 

In Fig. 5.4, the modulation wave vectors, ql, q 2 ,  and q,, are plotted as a function 

of temperature. The c-axis modulations were calculated with respect to the (0,0,4) 

Bragg peak position, which remains fixed over this temperature range; the thermal 

expansion of the c-axis lattice constant is minimal and was ignored in this analysis. The 

a-axis modulation, q,, is plotted in units of a* and again thermal expansion is assumed 

negligible. We find all three modulations to be temperature dependent (Interestingly, in 

the temperature region in which both ql and q 2  are resolved, there is a linear relationship 

between the two; the change in q 2  is five times that of ql, a result also seen in our high- 

resolution neutron data. The significance of this correlation is not clear.). At high 

temperature the c-axis modulation wave vector appears to lock-in to a value close to 

0.09. 

We now turn to  a discussion of the spin structure in the incommensurate phase. This 

is seemingly complex, with four independent wave vectors to  account for. However, our 

data allow some simplification. 

First, the scattering that is the apparent remnant of the (0, 0,3)  commensurate peak 

is in fact no longer commensurate with the average bulk lattice, but shifts to  progressively 

smaller 1 as the temperature is raised (see Fig. 5.1). In addition, the peak becomes weaker 

and broader. Similar behavior was observed in the x-ray magnetic scattering near the 

first-order antiferromagnetic transition of U02 [Wat96a]. In this case, the effect of near- 

surface strains nucleating finite-sized ordered domains was considered to explain the shift 

and broadening observed above T N ,  the so-called “two-length scale problem” [Alt95]. 

A similar explanation may apply here. A surface bias to the location of such strains 
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Figure 5.4 Temperature dependence of the incommensurate wave vectors. 
The c-axis satellite wave vectors, ql and 9 2  (open and closed 
circles, respectively), are referred to  the left-hand scale. The 
open squares represent the a-axis satellite position and have not 
been corrected for any expansion of the lattice. They are referred 
to  the right-hand scale. Note the y-axis scale size is identical for 
the left- and right-hand axes. 
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would explain the relatively weak (0, 0,3) intensity in the neutron data. In this picture, 

the remnant commensurate scattering arises from domains of the low-temperature phase 

and does not coexist microscopically with th  IC modulations, that is the IC domains do 

not simultaneously support the commensurate remnants. 

The next question to  address is whether the c- and a-axis modulations correspond to 

distinct domains, of if they form a double-q structure. An extensive search was carried 

out for third order satellites of the form 2q, + q, or qC+2q,, using neutron diffraction. 

These can only be present if the modulations arise from a single spin structure. No such 

peaks were observed, leading to an upper bound on their intensity of 2 ~ l O - ~  of the 

fundamental. In contrast, the intensity of the 3q, peak is 3x10e2 of the fundamental. 

We also find that the phase behaviors of the two modulations are different in a b-axis 

applied field. Therefore we tentatively conclude that the a- and c-axis modulations 

correspond to separate domains. 

One is now left with two distinct IC spin structures to describe. Taking the a-axis 

modulation first, we note that modulations of similar wave vector have been observed in 

the Er (9, = 0.553 a* [Sin95, Zar95]), T b  (9, = 0.555 a* [Lyn97, Der961) and Gd (4, = 

0.55 a*, [Det96]) members of the series. Both compounds form transversely polarized 

sinusoidal modulations. The similarity of the wave vectors in the four materials, to- 

gether with band-structure calculations [Rhe95] which show a peak in the susceptibility 

new q = 0.6 a* in LuNi2B2C, due to a nesting of the Fermi surface, suggest a common 

origin to this modulation. In HoNi2B2C, the apparent coexistence of the a- and c-axis 

modulations implies that the two structures have closely similar free energies. In such 

a situation, regions of each phase may be stabilized by, e.g., strain, lattice defects, or 

impurities. Given the large correlation length observed in the x-ray experiments, these 

regions must be relatively large in agreement with previous single-cryst a1 neutron scat- 

tering measurements. The influence of strain may help explain some of the discrepancies 
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between the single crystal and powder neutron work [Go194, Gri941. 

The complementarity of the x-ray and neutron scattering data provide constraints 

on the structure of the a-axis modulation. The neutron cross section is sensitive to  the 

components of the moment perpendicular to the momentum transfer, hence the presence 

of the (4@, 0,O) satellite requires a transverse ordered moment. At the same time, the 

resonant cross section [Hi196b] requires an ordered moment in the a-c-plane to produce 

the observed (1 - 4a, 0,7) satellite. These observations, together with magnetization 

measurements which imply that the moments lie in the basal plane [Can94], suggest the 

existence of a longitudinal component (Le. along a*) as well as the transverse component 

( 1 1  b*) seen in the Er and Gd compounds. Depending on the relative phase of the two 

components, the resulting structure is either an in-plane spiral, or a linear modulation 

with the moments at a fixed angle to  the b-axis. More recent studies of the dependence of 

the magnetization upon the strength and direction of an external magnetic field indicate 

that the moments are locked into one of the 4 [l, 1,0] directions [Can97a], consistent 

with a linear modulation as mentioned above. 

The c-axis structure consists of a well ordered incommensurate structure together 

with a disordered structure of slightly different wavelength. Both neutron (see also 

[Go194, Gri941) and x-ray polarization dependences are consistent with a basal plane 

spiral, with a temperature-dependent turn angle of M 163" per layer. Even though these 

structures from at slightly higher temperatures, it is likely that the CEF fields still lock 

the magnetic moments into the [l, 1,0] directions, so that the modulation is either of 

a spin-slip type as observed in pure Ho[Gib88, Gib911, or a linear transverse wave. In 

the latter case, the presences of domains with moments orientations along different, but 

symmetry equivalent directions leads to polarization- and Q dependences very similar 

to spiral magnetic structures. 

As mentioned in the introduction, the incommensurate phase coincides with a deep 
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suppression of Hc2. Such a suppression, although not common, has been seen before 

near antiferromagnetic transitions of some RMoGS8 compounds. [FisSO] and cannot be 

explained in terms of the multiple pair-breaking theory of Fulde and Maki [Fu166]. An ad- 

ditional pair-breaking mechanism has been postulated [FisSO] which appears to scale like 

the antiferromagnetic order parameter. Such a mechanism may be in effect here, perhaps 

associated with the incommensurate order parameter [Rat96, Go194, Can94, Cho95bl. 

Alternatively, it is possible that the origin of the dip lies in the incommensurate mod- 

ulations. Previously, IC structures have been associated with the competition between 

superconductivity and ferromagnetism. However, this is not the case in RNi2B2C, as 

the presence of such modulations in non-superconducting members of the series demon- 

strates. If this state is responsible for the reduction in H c ~ ,  then it may be connected 

with the Fermi-surface nesting mentioned above. Indeed, pair-breaking mechanisms 

based on nesting properties do exist [Ram81, Mac801. A caveat to such speculations, 

however, is the richness of the temperature and magnetic field phase diagram [Rat961 

which suggests that the energy balance between the numerous competing ground states 

is quite delicate. Subtle details in the Fermi surface, or even lattice defects, may then 

be important and may result in changes in the electronic structure. This would preclude 

qualitative arguments and detailed calculations specific to HoNi2B2C may be required. 

The N6el temperature, T N  = 6.1 f 0.4 K, and the IC-C transition temperature, 

T1c-c = 5.2 f 0.2 K agree well with the transition temperatures observed in thermody- 

namic measurements [Can94, Rat961 and single crystal neutron scattering experiments 

[Go194], although there is considerable uncertainty in the N6el temperature determined 

from the present single crystal diffraction experiments. Powder neutron diffraction ex- 

periments, on the other hand, observed the onset of antiferromagnetic order at a higher 

temperature, TN x 8 K [Gri94]. In powder samples, however, the transition tempera- 

tures may be influenced by strain and surface defects. The thermodynamic data indicates 
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another transition at T = 5.5 K [Can94, Rat961. This temperature is close to where the 

two c-axis satellites become indistinguishable, but neither the x-ray nor the neutron 

data indicate a phase transition at this temperature. 

In summary, we have performed high-resolution x-ray and neutron-scattering studies 

of the antiferromagnetism of HoNi2B2C. We find that the incommensurate state consists 

of a number of coexisting phases. They include an in-plane modulation with propagation 

vector along the a-axis, which shares some common features with the low-temperature 

structures of ErNi2B2C and GdNi2BzC; a c-axis basal plane spiral-like structure, which 

is highly ordered; and some residual short-range ordered, static, commensurate regions, 

perhaps resulting from strain. The close interplay between the C and IC antiferromag- 

netic states and the superconductivity remain to be understood, even qualitatively, and 

should provide an interesting test case for theories of antiferromagnetic superconductors. 

GdNizBzC 

Here, we report the results of x-ray resonant exchange scattering (XRES) [Gib88, 

Han881 and non-resonant [deB8lb, Blu85, Blu881 x-ray magnetic diffraction measure- 

ments on GdNi2B2C. While this compound is not superconducting above T = 2 E(, it 

presents interesting behavior below its magnetic ordering temperature [Can95]. Specifi- 

cally, magnetization measurements on powder samples exhibit a single phase transition 

at about 20 K to a magnetic state, while the measurements on oriented single crystals 

show two distinct transitions, the first at TN M 20 K and the second at TR M 14 K, 

as shown in Fig. 5.5. The polycrystalline average, xpoly = ixHllc + fxHlC, of the single 

crystal data is in good agreement with the powder measurements, suggesting that the 

transition at about 14 K arises from a spin-reorientation that preserves the sublattice 

magnetization [Can95]. Based on the data shown in Fig. 5.5, it was hypothesized that 

between 14 K and 20 K the Gd moments are aligned in the basal plane. An overall 
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Fig ;ure 5.5 (a) The magnetization data taken on powdered single crystal 
samples are in good agreement with the polycrystalline average 
over the two single crystal measurements with H 1 1  c and H I c ,  
respectively. The antiferromagnetic ordering at the Nkel temper- 
ature T N  = .20 K is clearly visible. (b) The single crystal mag- 
netization data reveals a second phase transition at TR = 14 K. 
The constant susceptibility for H 1 1  c between the two transitions 
suggests that, in this temperature range, the magnetic moments 
are perpendicular to the c-axis. The dashed lines indicate the 
two transit ion temperatures. 
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Figure 5.6 The scattering geometry used in the present measurements with 
respect to the a-, b- and c-axes of the sample, using the conven- 
tion of Blume and Gibbs [Blu88]. The incident x-ray polarization 
is directed out of the scattering plane (a polarization), along the 
b-axis. 

decrease of the magnetic ordering temperatures was observed when Co was substituted 

for Ni [Bud95]. 

Our experiments show that below TN = 19.4 K, GdNizBzC undergoes a transition 

to an incommensurate magnetic state characterized by a wave vector q, = 0.55 a* (b*), 

similar to the in-plane incommensurate ordering found in the Ho- and Er-based com- 

pounds [Go194, Gri94, Sin95, Zar951. Between 19.4 K and 13.6 K, the direction of the 

ordered magnetic moment is along the b- (a-) axis. As the temperature is lowered, the 

magnetic wave vector decreases continuously from 0.551 reciprocal lattice units (rlu) 

to 0.550 rlu until, at approximately 13.6 K, it starts to increase. At 3.5 K, the lowest 

temperature reached in this experiment, the wave vector of the modulation was deter- 

mined to be 0.553 rlu. This rather dramatic reversal in direction of the temperature 

dependence of the wave vector is coincident with the appearance of a component of the 

ordered moment along the c-axis. 
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The resonant scattering technique [Gib88, Han881 utilizes atomic absorption edges to 

obtain large enhancements in the magnetic scattering cross section. For the sample ori- 

entation shown in Fig. 5.6, and the incident x-ray beam linearly polarized perpendicular 

to the scattering plane, the XRES cross section for dipole transitions (i. e. 2p -# 5d) may 

be related to  the components of the magnetic moment in the scattering plane [Hi196b] 

by: 

( M ~  sin 8 - Mc cos sin 8 
I N  

sin 28 7 

where Mu and Mc represent the components of the magnetic moment along the a- 

and c-axes, respectively, and 28 is the scattering angle. The Lorentz factor, 1/sin28, 

as well as an angular factor required to correct for the fraction of the incident beam 

intercepted by the edge of the sample, sin 8, are included to  allow a comparison between 

the calculated cross section and the measured integrated intensity, I .  Note that in the 

present geometry and in the absence of an in-plane ( T )  polarized component of the 

incident beam, the resonant scattering measurements are insensitive to  the component 

of the ordered moment along the b-axis, perpendicular to  the scattering plane. 

For the scattering arrangement described above, the non-resonant intensity may be 

written as [deB8lb, Blu85, Blu88]: 

sin 8 
sin 28 oc - e (s; sin2 28 

+4 sin4 e (.sa sin e + (L ,  + s,) cos q2) 

and denote the components of the spin and orbital angular momentum 

along the corresponding axes, respectively. We assume here that the Ni moments, even 

if present, make a negligible contribution to the magnetic scattering [Sin95, Bud951. 

Therefore, the non-resonant magnetic form factor, fmag(Q), should be determined by 
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Figure 5.7 The (h01) reciprocal space plane showing the points associated 
with charge scattering (filled circles), and the points associated 
with the wave vector of the magnetic modulation q, M 0.55 a* 
(shaded circles). 

the 4f-electrons of Gd, for which the orbital momentum L,,b,c can be neglected. For 

our analysis, we have used calculations of the Gd-4f magnetic form factor based on a 

relativistic Dirac-Fock model [Fre72]. 

The important point here is that, in contrast to the XRES cross section, non-resonant 

scattering primarily probes the b-component of the moment at low-Q satellites (small 20) 

and all three components at high-Q satellites (large 20). Thus, with a judicious choice 

of satellites, all components of the moment may be studied with a single orientation of 

the crystal by combining resonant and non-resonant scattering data. 

Above the Nkel temperature, as determined from the magnetization measurements, 

only charge reflections (h, I C ,  1) with h+k+Z = 2n were observed. As the temperature was 

lowered below 19.4 K, additional scattering developed as satellites of the charge peaks at 

(h  f q,, I C ,  I) (Fig. 5.7) with q, ranging from 0.550 to 0.553 over the temperature range 

studied. The equivalence of the a*- and b*-directions in the tetragonal system also 

implies the existence of magnetic satellites at (h, k f qb, 1 )  with qb = 4,. However, the 

alignment of the crystal in the (h0Z)-zone did not allow us to investigate these peaks. 

Careful scans along the in-plane and out-of-plane directions did not reveal any additional 

scattering below 19.4 K that is not associated with the satellite reflections mentioned 
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Figure 5.8 Energy scans of the (2,0,0) charge (a,b) and the (2 - q a , O , O )  
magnetic reflections (c,d) across the Gd L3 and Gd L2 absorption 
edges. In both cases, the maximum resonant enhancement lies 
slightly above the corresponding absorption edge observed in the 
charge reflections. This indicates the electric dipole character of 
the associated electronic transitions. 

above. 

Fig. 5.8 shows energy scans of the (2,0,0) charge reflection and the (2 - q a , O , O )  

magnetic satellite across the Gd L2,3 absorption edges at T = 4 E(. In both cases, the 

maximum resonant enhancement is observed slightly above the corresponding absorption 

edge (defined by the maximum slope in the charge reflection data), indicating the electric 

dipole character of the electronic transitions involved. In the case of electric quadrupole 

transitions ( 2 p  t) 4f) the maximum resonant enhancement is generally observed several 
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eV below the absorption edge [Gib88, Han881 due to  the stronger coulomb interaction 

between the 4f-electrons and the 2p core hole. No resonant enhancement was observed 

at the Gd L1 edge. All the resonant data presented in this paper were taken at the Gd 

L2 resonance where the maximum count rate in the magnetic reflection was achieved. 

For the “non-resonant” scans we chose an incident energy of 7.0 keV, which lies below all 

three Gd L-absorption edges, to minimize absorption and the fluorescence background. 

It is worth noting that although this energy is approximately 200 eV below the L3 

edge, there may still be resonant contributions to the scattering. We estimate that these 

interference effects are < 4 % of the signal, based upon simple numerical models [Gib88]. 

Figures 5.9, 5.10 and 5.11 summarize the results of our study of the temperature 

dependence of the magnetic scattering from GdNi2B2C. Figs. 5.9 and 5.10 show selected 

scans of the non-resonant and resonant scattering at the (2 - qa, 0,O) satellite, respec- 

tively, while Fig. 5.11 summarizes the full data set by plotting the position, qa, peak 

intensity, P ,  and longitudinal width, 20, of the satellite as a function of temperature 

from fits to the data. Before describing the details of these data and the fits, we point 

out some of the essential features of the magnetic structure of GdNi2B2C as determined 

by these measurements. 

As shown in figs. 5.8, 5.10 and 5.11, the low temperature (T 5 13.6 K) scans of 

the (2 - qa, 0,O) peak taken at the Gd L2 energy exhibit a strong resonant scattering 

contribution. Above approximately 13.6 E(, however, the resonant enhancement of the 

magnetic scattering is essentially absent (see Fig. 5.11e) so that the intensity and line 

shape of the magnetic scattering observed at the Gd L2 edge is comparable to the 

non-resonant data set taken at 7.0 keV. Energy scans showed only a slight resonant 

enhancement above 13.6 K which we attribute to  a small 7r-polarized component in 

the incident x-ray beam [San94]. The non-resonant magnetic scattering persists up to 

19.4 K, the N6el temperature determined from magnetization measurements. 
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Figure 5.11 The results of fits to the complete data set obtained from 
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Figure 5.12 The Q-dependence of the integrated intensity of magnetic 
satellites along the [h,O,O] direction at 3.6 K, obtained 
off-resonance (a) and on-resonance (b). The lines show the 
Q-dependence of the integrated intensity expected from eqs. 5.1 
and 5.2 for ordered components of the Gd 5d magnetic moment 
M and the Gd 4f spin S along the a- (-), b- (- . - -) and 
c-axis (- - -), respectively. 

&om eqs. 5.1 and 5.2, the absence of significant resonant scattering at the magnetic 

wave vector between 13.6 K and 19.4 K, and the presence of non-resonant scattering im- 

plies that, in this temperature region, the ordered moment is oriented in the basal plane 

and transverse to the modulation wave vector (e. g. M 1 1  b for the a-axis modulation), 

as was hypothesized based on the magnetization data [Can951 and as was found for 

ErNi2B2C by neutron diffraction [Sin95, Zar951. Below 13.6 K, however, the observation 

of resonant enhancement implies that an ordered component of the moment exists in 

the scattering (a,c)-plane. 
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In order to  determine, more precisely, the direction of the moment below 13.6 K, 

we have carefully measured the integrated intensity of a series of satellites along the 

a*-axis both on and off the resonance condition at the lowest temperature accessible 

(3.5 K). To ensure that we actually recorded the full integrated intensity, the analyzer 

crystal was removed and all slits downstream of the sample were opened until 20 and 

x scans displayed a plateau for all diffraction peaks that were studied. The integrated 

intensities, I ,  measured by rocking the crystal at a fixed scattering angle, are shown in 

Fig. 5.12. With the exception of the lowest angle satellite2, the Q-dependence of the 

resonant scattering (Fig. 5.12b) is well described by a component of the ordered moment 

along the c-axis. The Q-dependence of the non-resonant scattering (Fig. 5.12a) is well 

described by a component of the moment along the b-axis. 

From these measurements, we deduce that below 13.6 K the moment remains trans- 

verse to  the propagation direction and acquires a component out of the basal plane. We 

cannot, however, determine the relative phase shift A$ between the two components of 

the moment at low temperature from the present measurements. The magnetic structure 

may be described in one of two ways, as sketched in Fig. 5.13: 

(a) If the components are out of phase (A$ # 0), a modified spiral-like structure 

results. Different magnitudes of the b- and c-components of the spin would lead to an 

elliptical projection onto the (b,c)-plane (see Fig. 5.13a). With the disappearance of 

the c-component at 13.6 K this structure is degenerate with the planar spin modulation 

described above. The low symmetry (2mm) of the [loo]-direction is likely to induce 

fanning or bunching of the spiral which, in turn, would result in a rich spectrum of 

higher harmonic sat ellit es. 

=We point out that for both the resonant and non-resonant measurements the lowest Q satellite is 
subject to the greatest systematic uncertainty since the angle between the incident beam and the sample 
surface is only about seven degrees. If the surface of the sample was misscut with respect to the diffract- 
ing planes by a small amount (1-2"), or if the polished surface was rounded, the measured integrated 
intensity of this peak would strongly decrease. In Fig. 5.12, the error bars have been approximated by 
assuming a 2.5" misscut of the sample surface and 5% other systematic errors. 
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Figure 5.13 The two components of the ordered magnetic moment along 
the b- and c-axes feature the same modulation wave vector 
q, x 0.55 a*. However, our measurements did not yield any 
information on the relative phase shift A$ between the two 
oscillations. Two possible structures with A$ = 0 (transverse 
wave, (a)) and A$ = 7r (spiral-like, (b)) are displayed here. 
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(b) If the two components are in phase (A4 = 0), the structure is a transverse spin 

modulation as described above for 13.6 K < T < 19.4 K, but with the moment rotated 

away from the b-axis in the (b,c)-plane (for the modulation along the a-axis), as shown 

ip Fig. 5.13b. In this case, the stronger decrease of the c-component of the moment with 

increasing temperature corresponds to a decrease in the angle between the moment and 

the b-axis until, at 13.6 K, the moments lock-in along the b-axis. 

However, the determination of the relative phase A$ will have to await further mea- 

surements of higher harmonic satellites by neutron or XRES experiments. 

Having described the basic elements of the magnetic structures observed in GdNi2B2C 

below T ~ = 1 9 . 4  K, we briefly discuss some other features found in the XRES and non- 

resonant scattering data of figs. 5.9, 5.10 and 5.11. 

The non-resonant data are adequately fit using a Lorentzian-squared line shape. This 

line shape was chosen simply as an empirical description of the data. The resolution 

function was not deconvolved from the data. The results of these fits to the nonresonant 

scattering data are shown in Fig. 5.11, where we plot the position, qa (5.11a), peak 

intensity, P (5.11b), and longitudinal width, w (5.11c), of the peak. 

The fits had to be modified to achieve reasonable agreement with the XRES data. 

The appearance of two clearly distinguishable peaks between 14 K and 15 K (see inset in 

Fig. 5.10) motivated us to include two peaks in all fits below 15 K, where a single peak was 

not sufficient to approximate the data. Below 13.6 K, all scans show strongly asymmetric 

line shapes. The physical reasons for this asymmetry are not fully understood, especially 

since neither the non-resonant magnetic scattering nor the charge reflections exhibit 

significant asymmetry. Most likely it is due to strain in the near surface layers. We 

point out that the resonant scattering measurements are more sensitive to the near 

surface region as a result of the strong absorption effects at the L2 edge. Nevertheless, 

reasonable fits to  the resonant data were achieved by including asymmetry in both peaks. 
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To minimize the number of free parameters, the asymmetry and the background were 

fixed for all temperatures. The results of these fits are presented in Fig. 5.11 (d), (e) and 

(f) .  The filled circles indicate the position, qal ,  peak intensity, PI and longitudinal width, 

w1, of the first peak, while the shaded circles indicate the corresponding parameters of 

the second peak. Above 15 K, the intensity of the second peak was constrained to be 

P2 = 0. 

Figs. 5.11(a) and (d) show the magnitude of the modulation wave vector, q,, mea- 

sured at the (2 - qa, 0,O) satellite, as a function of temperature. It decreases with de- 

creasing temperature until, at approximately 13.6 K, this movement reverses direction. 

Below this temperature, a second reflection with lower, but finite intensity (solid circles 

in Fig. 5.9) indicates that a small fraction of the sample does not undergo the second 

transition at 13.6 K. Instead, the modulation wave vector of these domains continues 

to decrease with decreasing temperature. The reversal in the motion of the magnetic 

satellite is reminiscent of what is observed at the transition in pure Er from a c-axis 

modulated (CAM) structure (with the ordered moment along the c-axis) above 52 K to 

a cycloidal structure between 52 K and 18 K, upon the development of a component of 

the ordered moment in the basal plane [San94, Gib86, Cow%, Jen931. 

Finally, we turn our attention to the transition at 13.6 K. In a narrow range around 

this temperature, the data taken at the Gd L2 edge is best characterized by two peaks, 

one broad and the other sharp as shown in figs. 5.10 and 5.11. The presence of two 

peaks in the resonant scattering measurements is reminiscent of earlier measurements 

[Hi196a] of the XRES from HoNi2B2C. These experiments and theoretical arguments 

[Alt95] suggest that the origin of a second peak of lower intensity and broader width 

might be related to structural defects or strain in the “near surface” region of the sample. 

In summary, resonant and non-resonant magnetic x-ray scattering techniques have 

been applied to determine the magnetic structure of GdNi2B2C. We find that below 
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the Ndel temperature, TN = 19.4 K, the magnetic moments order in a transverse spin 

modulation with a wave vector q, FZ 0.55 a* (b*). A second phase transition occurs 

at about 13.6 K. Between 19.4 K and 13.6 K, the ordered magnetic moment lies in the 

basal plane of the tetragonal structure, along the b- (a-) axis. In this temperature range, 

the modulation wave vector decreases with decreasing temperature. Below 13.6 K, an 

additional component along the c-direction develops while the modulation wave vector 

increases with decreasing temperature. Our findings are in good agreement with the 

magnetization measurements on single crystals described in the introduction [Can951 and 

provide further information about the systematics of magnetic ordering in the RNi2B2C 

family. In particular, there is evidence of the nesting vector close to 0.6 rlu in the 

non-magnetic Lu compound, in GdNi2B&, where CEF effects can be neglected, and in 

presence of both magnetism and CEF-effects (Ho, Er and Tb compounds). Therefore, 

it appears to be a general feature of this class of compounds, as predicted by theory 

[Rhe95]. 

In ErNi2B2C, superconductivity is observed below Tc = 10.5 K[Cav94a, Eis94, 

Cho95bl. The onset of long range antiferromagnetic order below TN = 6.0 K low- 

ers the upper critical field, Hc2, especially if the field is applied perpendicular to the 

(0, 0, 1)-axis. Previous neutron diffraction experiments, carried out on powder[Sin95] 

and single crystal[Zar95] samples, show that ErNizBzC orders in a transverse spin den- 

sity wave with modulation wave vector q, = (0.55,0,0) and with alignment of the 

magnetic moments parallel to the (0, 1, 0)-axis of the crystal. The tetragonal symme- 

try of the crystal also implies the existence of domains with modulation wave vector 

q b  = (0,0.55,0) and alignment of the moments along (1,0,0). As the temperature is 

lowered, higher harmonic satellites were observed to develop[Sin95, Zar951, which shows 
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that the spin density wave “squares up”; the modulation wave vector is approximately 

independent of temperature[Sin95, Zar951. A similar magnetic structure was observed 

in the Gd compound[Det96], while TbNi2B2C forms a longitudinal spin density wave 

with approximately the same wave vector[Der96]. 

More recently, small angle neutron scattering has been used to study the vortex 

structure of ErNi2B2C[Yar96, Esk971. At high fields, these experiments observed a square 

flux-line lattice, while at low fields the flux lines order in the hexagonal lattice more 

typically found in type-I1 superconductors[Esk97, Kog971. In addition, a significant 

coupling between the magnetic ordering and the flux lines was observed, as evidenced 

by rotation of the vortex lines away from the direction of the applied field below the 

N6el transition, coincident with disordering of the flux-line lattice[Yar96]. These data 

demonstrate how, in a magnetic superconductor, the vortex lattice structure may be 

coupled to the magnetic-order parameter. 

In this paper, we report the results of x-ray diffraction measurements on ErNi2B2C 

and demonstrate the existence of an interaction between the crystal structure and the 

magnetic-order parameter by means of conventional crystalline electric field (CEF) cou- 

pling. 

Single crystals of ErNi2BZC were grown at the Ames Laboratory using a high- 

temperature flux growth technique[Can94, Cho95bl. Platelets extracted from the flux 

were examined by x-ray diffraction and were found to be high quality single crystals with 

the (0, 0, 1)-axis perpendicular to their flat surface. Magnetization measurements were 

performed as a function of temperature and magnetic field, using a Quantum Design 

superconducting quantum interference device (SQUID) magnetometer on single crys- 

tals from a similar batch as those used in the x-ray experiments. The details of these 

measurements have been reported elsewhere[Cho95b, Can961. The sample was cut per- 

pendicular to the (1,0,0) direction and the resulting face was mechanically polished 
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to obtain a flat, oriented surface for x-ray diffraction. After polishing, the crystal was 

annealed at 900°C in a vacuum of torr for 36 hours. The sample dimensions after 

polishing were approximately 3 x 1.5 x 0.5 mm3. 

The synchrotron experiments were carried out at the bending magnet beamline X22C 

of the National Synchrotron Light Source, using a Ge(1, 1,l) double bounce monochro- 

mator and an asymmetric cut Ge( l , l ,  1) analyzer. A Ni-coated toroidal focusing mirror 

upstream of the monochromator was used to eliminate higher harmonics in the incident 

beam. The sample was mounted on the cold finger of a Heliplex closed cycle refriger- 

ator (base temperature 3.5 K) so that its (h, 0, Z)-zone was coincident with the vertical 

scattering plane of the diffractometer. The mosaic spread of the (h, 0,O) reflections was 

characterized by a full width at half maximum (FWHM) of 0.04". For the measure- 

ments of the crystal lattice distortion, the incident photon energy was tuned to 8 keV, 

well below the Er L1,2,3 and the Ni K absorption edges. 

Above TN = 6 K, clearly defined Bragg peaks (h, I C ,  I )  with a characteristic width 

(FWHM) of 0.003 A-' were observed at h + IC + Z = 2n,  where n is an integer. The only 

structure present in these peaks is a slight asymmetry that is also seen in scans through 

the incident beam. We therefore have taken these peaks to be resolution limited. 

Fig. 5.14 shows longitudinal scans across the (2,0,0) Bragg peak for selected tem- 

peratures. As the sample is cooled below TN, the peak first broadens and then splits, 

consistent with a tetragonal to orthorhombic phase transition. The high- and low-Q 

peaks then correspond to the (0 ,2 ,0 )  and (2 ,0 ,0 )  Bragg peaks of separate domains that 

are rotated by 90" relative to each other around their (O,O,  1) axes. No hysteresis was 

observed when these measurements were repeated on warming. 

Fig. 5.14 shows longitudinal scans through the (2,0,0) Bragg peak for selected tem- 

peratures. As the sample is cooled below m6.3 K, the peak first broadens and then 

splits, consistent with a tetragonal to orthorhombic phase transition. The high- and 
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Figure 5.14 Representative longitudinal scans of the (2,0,0) Bragg peak 
at selected temperatures. The solid lines represent the results 
of least-squares fits as described in the text. The scan taken at 
8.40 K was assumed to be resolution limited and was used as a 
reference scan for the fitting procedure. 
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Figure 5.15 (a) The a and b lattice parameters extracted from a set 
of longitudinal scans of the (2,0,0) Bragg peak. (b) The 
distortion-order parameter, a/b - 1. The line represents a 
least-squares fit to a power law, A( l  - T / T N ) ~ ~ ,  as discussed 
in the text. (c) Intensity of a magnetic Bragg reflection, 
from Ref. [Sin95]. The line represents a least-squares fit to 
a power law. (d) Specific heat, Cp, in zero applied field, from 
Ref. [Cho95b]. 
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low-Q peaks then correspond to  the (0,2,0) and (2,0,0) Bragg peaks of separate do- 

mains that are rotated by 90" relative to  each other around their (O,O,  l) axes. No 

hysteresis was observed when these measurements were repeated on warming. Despite 

the relative ease encountered in other rare-earth borocarbides[Det96, Hi196a, Det971, we 

were unable to  observe x-ray magnetic scattering at the Er L3 resonance (8.358 keV) in 

this material. We believe this is a result of the strong absorption arising from the com- 

bination of Ni in the sample and in the mirror, and the presence of the nearby Ni-K edge 

(8.333 keV). 

Fig. 5.15 summarizes the temperature dependence of the (2,0,0) Bragg peak as 

measured on cooling. The lattice parameters, a and b, were extracted by fitting each 

scan to  the convolution of a resolution limited reference scan (8.40 K) with two Gaussian 

lineshapes with a fixed width. The results of this procedure are displayed in Fig. 5.15(a). 

In the temperature range between 5.9 and 6.3 K, the raw data shows a slight broadening 

of the (2,0,0) Bragg peak and, within the resolution of this experiment, it is not possible 

to distinguish two separate peaks. This broadening is therefore represented by the error 

bars shown in Fig. 5.15(a) and (b). The line in Fig. 5.15(b) shows the result of fitting 

the splitting, a /b  - 1, to  a power law in the reduced temperature. For the fit shown in 

the figure, TN = 5.9 f 0.2 K. In Fig. 5.15(c), we show the intensity of a magnetic Bragg 

reflection as measured by neutron powder diffraction [Sin95]. A least-squares fit to a 

power law, represented by the line, indicates a ordering temperature TN M 5.9 f 0.5 K. 

While this ordering temperature agrees with the values obtained from the splitting and 

from magnetization measurements (Fig. 5.15(d)), it is lower than those reported by 

Sinha et al. (TN = 6.8 K, Ref. [Sin95]), obtained from a fit to  a Brillouin function, 

and by Zarestky et al. (TN M 7 K, Ref. [Zar95]). We attribute the differences in TN 

to critical scattering observed above the ordering temperature. Finally, in Fig. 5.15(d), 

we present the specific heat of ErNi2B2C as measured by Cho et al. (Ref. [Cho95b]) 
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in zero applied field. These authors observed a large, lambda shaped anomaly with a 

peak at 5.9 & 0.2 K, which they associated with the transition of the Er sublattice from 

paramagnetism to antiferromagnetic order. 

To verify that the symmetry at low temperatures is indeed orthorhombic, we studied 

a sample prepared from crushed single crystals at the high-resolution powder diffrac- 

tometer H1A of the High Flux Beam Reactor at Brookhaven National Laboratory. A 

full profile analysis, using the FULLPROF-code[Rod93], was performed on the data 

taken at T = 3.4 K. The results are consistent with an orthorhombic distortion as men- 

tioned above. Due to low counting statistics and some strain broadening, however, it was 

not possible to determine from the refinement if the magnetic modulation wave vector 

is oriented along the long (a )  or the short ( b )  basal plane axis. 

This type of magneto-elastic distortion is common in rare-earth compounds (see for 

example Ref. [Mor901 and references therein). Quantitative calculations of the shape 

of the magnetic orbitals and the resulting magneto-elastic distortion require precise 

evaluation of the competing CEF, elastic and magnetic terms in the Hamiltonian[Mor90], 

and have not been performed. Nonetheless, we may draw some qualitative conclusions 

about the other materials in the series. 

For the Gd member of the RNi2B2C family, which orders with an antiferromagnetic 

structure very similar to  that of the Er compound, we do not expect a magneto-elastic 

distortion, since the Gd3+ ion in its ground state, 'S7/2, has spherical symmetry. Indeed, 

no magneto-elastic effects were observed in an earlier high-resolution x-ray study[Det96] 

of this material. In addition, no magneto-elastic effects were observed in high resolution 

x-ray experiments on the Sm and Nd compounds[Hil96a, Det971. In the Sm compound, 

the moments are aligned parallel to (0, 0, l), so that magneto-strictive effects would 

change the a / c  ratio without breaking the crystal symmetry. In HoNi2B2C a small mag- 

netostriction was observed as an increase in the mosaic width of nuclear reflections in  
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earlier neutron experiments[Go194]. For TbNi2B2C7 which orders into a longitudinal spin 

density wave state with modulation wave vector (0.55,0,0), we expect a magneto-elastic 

tetragonal to orthorhombic distortion similar to that of the Er compound. High resolu- 

tion x-ray diffraction experiments to probe the structure of this material are planned. 

NdNi2B2C and SmNi2B2C 

In this section, we present determinations of the magnetic structures of NdNi2B2C 

and SmNi2B2C by means of x-ray resonant exchange scattering (XRES) . The integrated 

intensity of a number of magnetic reflections was measured as a function of the Bragg 

angle and compared to model calculations for various magnetic structures. The two 

compounds were found to  have the same magnetic modulation wave-vector but different 

moment directions. A resonant feature observed below the Sm Ls-absorption edge, 

similar to  unexplained effects found in other light rare earth compounds, is identified as 

quadrupolar XRES and is used to  refine the details of the moment direction. 

Here, we demonstrate that it is possible to determine moment directions using res- 

onant x-ray magnetic scattering. We have chosen to study two related compounds, 

NdNi2B2C and SmNi2B2C, both of which order in a commensurate antiferromagnetic 

structure with propagation vector ( f ,  0, f). As detailed in the introduction, these ma- 

terials are interesting as members of the recently discovered [Nag94, Cav94a, Cav94b, 

Eis94, Sie94al rare-earth nickel boron carbide family, which includes some antiferromag- 

netic superconductors. 

The experiments were carried out at beamline X22C of the National Synchrotron 

Light Source. The samples were mounted in a closed cycle refrigerator such that the 

(h0l)-zone was coincident with the diffraction plane (Fig. 5.16). The mosaic spreads of 

the (001) reflections were approximately 0.09" and 0.14" full width at half maximum for 

the Nd- and Sm- compounds, respectively. 
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Figure 5.16 The scattering geometry used in the present measurements 
with respect to the a-, b-, and c-axes of the sample. The inci- 
dent x-ray polarization is directed out of the scattering plane 
(a polarization), along the b-axis. The alignment of the crystal 
was such that reflections (h ,  0,Z) with positive index h > 0 have 
positive asymmetry angles, a > 0. 

For the sample orientation shown in Fig. 5.16, the x-ray resonant scattering cross- 

section (the nonresonant scattering contribution was observed to be negligible) may be 

written as 

(5.3) 
sin(@ + a)  sin(@ - a)  

2p sin(@) cos(a) sin(20) * 
I O( lx eiQ’rnFXRES(k, 2,  k‘, Ê’ n 

n 

Here k,i  and k’,? are the wave vector and polarization of the incident and scattered 

x-ray beams, respectively, and i n  is the moment direction at n-th site. a represents 

the “asymmetry” angle between the scattering vector, Q = k‘ - k, and the surface 

normal, c* (Fig. 5.16). p is the linear absorption coefficient and 28 is the scattering 

angle. The Lorentz factor, 1/sin(2@), as well as an angular factor required to correct 

for the fraction of the incident beam intercepted by the sample, sin(8 + a) ,  are included 

to allow a comparison between the calculated cross section and the measured integrated 

intensity, I .  The resonant scattering amplitude, FzREs, contains both dipole (El) and 

quadrupole (E2) resonances, with the former typically dominant. At the RE La,s-edges, 
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these correspond to 2p u 5d and 2p u 4f transitions, respectively. The E2 transition 

is generally observed a few eV below the absorption edge, due to the stronger core-hole 

- excited electron interaction in the intermediate state. The two processes contribute 

distinct angular factors and it is these which we will exploit to determine the moment 

directions. 

The El-resonances produce first and second order harmonic satellites of the charge 

peaks, while E2-resonances give rise to satellites of up to fourth order [Gib88, Gib91, 

Han881. For a commensurate antiferromagnet the odd orders contribute to the magnetic 

scattering and we need only consider terms of 1st and 3rd order in in. For the present 

experiment, with a a-polarized incident beam (i.e perpendicular to  the scattering plane), 

these are [Hi196b], 

(5.4) 

where we have adopted a column vector notation, such that the top element describes 

the 0 + a scattering and the bottom element the (T -+ IT scattering. C := (k‘ x k )  . in, 
D := k - in, and D‘ := k‘ . in. The amplitude factors, F ! ) ,  FA;), and FE2, (3) are a 

combination of Clebsch-Gordan coefficients, the resonant energy denominator and radial 

dipole or quadrupole matrix elements, respectively [Hi196b]. They are independent of 

the scattering geometry. 

A few points regarding the present scattering geometry are in order. First, in the 

absence of an in-plane (IT) polarized component of the incident beam, the E l  terms are 
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not sensitive to  the component of the ordered moment perpendicular to the scattering 

plane (i.e. along the b-axis). Second, the magnetic scattering intensity is not symmetric 

in a, in contrast to charge scattering for which the intensities are identical for reflections 

at a and -a ((fhOZ) Bragg peaks). 

We first investigated NdNi2B2C, for which the modulation wave-vector is known to be 

(f , 0, f )  with the moment direction along the (100) direction [Lyn97]. The measurements 

were made at the maximum of the Nd L2 resonance. Above the N6el-temperature, 

TN = 4.5 K [CanOOc], only charge reflections (h ,  k, 1 )  with h + k + I = 2n were observed. 

The resonant scattering at the Nd L3 energy was too weak to be observed in these 

measurements. Below T N ,  satellites of the charge peaks appeared at (h, IC, 1 )  f q with 

q=(L 0 1). Peak intensities were -50 counts s-'. The integrated intensities of pairs of 

equivalent satellites, (f f , 0, l ) ,  corresponding to opposite asymmetry angles, fa, were 

measured at T = 3.7 K by performing rocking scans with the analyzer crystal removed 

and the detector slits set to  accept the full scattered beam. These data were then 

numerically integrated [Det96]. The results of such a procedure are plotted as open 

circles in Fig. 5.17, together with the calculated dipole integrated intensity (dashed 

line) from eqns (5.3) and (5.4) for Zn 1 )  (1,0,0). The data are well described by such a 

structure and we conclude that our results are consistent with the neutron work [Lyn97], 

with the caveat that, for dipolar transitions, the x-ray measurement is not sensitive to 

any b-axis component of the magnetic moment. 

2 '  ' 2  

With this reassurance, we next turn to  SmNi2B2C, for which there is no previous 

microscopic information. In scans taken along the high symmetry directions below the 

N6el temperature, T N  = 9.8 K [CanOOc], magnetic satellites were again observed at 

(h, k, 1 )  f q, with q = ( f ,  0, f). The integrated intensities of the magnetic reflections 

were recorded at the L2 resonance and are plotted in Fig. 5.17 (closed circles), along 

with the calculated dipole scattering from a moment parallel to  (0, 0 , l )  (solid line). 
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Figure 5.17 The integrated intensity of magnetic reflections of SmNi2B2C 
( 0 )  and NdNi2B2C (0) along with model calculations for a mag- 
netic moment parallel to the c (-) and a (- - -) axes of the 
samples. The symbol x is used to remind the reader that these 
measurements are not sensitive to components of the magnetic 
moment along the b-axes. 
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While both compounds have the same modulation wave vector, their integrated inten- 

sities exhibit strikingly different behaviors as a function of the scattering angle. These 

differences result entirely from the different moment orientations in the two compounds 

and demonstrate the sensitivity of this technique to the moment direction. Both sets of 

data are well described by eqns. (5.3) and (5.4), assuming a magnetic moment direction 

along (1, x, 0) for NdNi2B2C and along (0, x, 1) for SmNi2B2C, with only one adjustable 

parameter (the overall amplitude) for each sample. Due to the multipole expansion in 

the single-atom matrix elements, the XRES scattering amplitude is a discrete sum rather 

than a continuous Fourier transform of the moment density, so that no magnetic form 

factor is required to fit the data [Han88]. 

A second, independent data set was then obtained for SmNi2B2C at the Sm L3- 

absorption edge. As for pure Sm [Wat95], the resonant signal at the Sm L3-edge was 

roughly one order of magnitude weaker than at the L2-edge. Further, as observed in 

other light rare-earth compounds [Wat95, Zhe96, Hi1951, energy scans across the Sm 

L3-edge showed two separate peaks. These scans are shown in Fig. 5.18, uncorrected 

for absorption effects. The double peak structure is present at all satellites, (-f ,  0, Z), 

though the relative intensity of the low energy peak decreases with increasing Bragg 

angle. 

The angular dependence of this lower energy resonance is a clear indication that is 

does not originate from E l  transitions (compare with Fig. 5.17) and we therefore ascribe 

it to E2 processes [Gib88, Gib911. The intensity ratio of the two L3 features was extracted 

for each magnetic Bragg reflection by fitting the data to a sum of two Lorentzian-squared 

functions and is plotted in Fig. 5.19. We may compare this to the theoretical quadrupole 

to dipole ratio, which is proportional to I(FgT.:. + F $ 2 ~ 3 / F 2 ~ ~ ~ ~ l  , remembering that 

for q = ( f ,  0,;) the first and the third harmonic satellites coincide. 

2 

The E2 amplitude factors, FA:) and F ! ) ,  may be approximated by their free-ion val- 
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Figure 5.18 Energy scans of the (-i,O,Z) magnetic reflection across the 
Sm L2,3 absorption edges. The fluorescence yield is plotted as 
an energy reference. Note that an absorption correction (not 
performed) would strongly increase the E l  features above the 
edge. The solid lines represent fits to the Sm L3 (Sm Lz) data 
using two (one) Lorentxian-squared line shapes, respectively. 
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magnetic moments. 
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ues, since they describe intra-atomic transitions ( 2 p  H 4f). We have used F&)/Fg) = 2 

[Ham94, KOn96al. The only adjustable parameter is then an overall amplitude propor- 
tional to FE2 (1) /FE1 (1) . Note that an absorption correction, which has not been performed, 

would affect only this factor. The solid line in Fig. 5.19 is the result of such a calcula- 

tion for an ordered moment along the (0, 0 , l )  direction. The dot-dashed line represents 

the result of the same calculation for a moment along the ( O , l , l )  direction. Clearly 

the latter does not fit the data satisfactorily. A least-squares fit to  the data reveals 

that the magnetic moments lie within about 20" of the c-axis. Thus, by measuring the 

quadrupolar scattering, which is sensitive to a b-axis spin component, we can conclude 

that - within the accuracy of our measurement - the moments are along the (0,0,1) 

direction in SmNi2B2C. 

We note that there are no indications of quadrupolar contributions to the Sm L2 reso- 

nance. This is consistent with calculations which indicate that the absolute quadrupolar 

contributions to  the L2 resonant signal is -4 times weaker than at the L3-edge [KOn96a]. 

In summary, x-ray resonant exchange scattering was observed at  the Nd La-absorp- 

tion edge in NdNi2B2C and both the Sm L2- and L3-absorption edges in SmNi2B2C. 

Below their respective Nkel temperatures, T N  = 4.5 K and 9.8 K, the compounds order 

antiferromagnetically with a modulation wave vector of q = (i, 0, i) (or the tetragonally 

equivalent q = (0, i, i)). The angular dependence of the resonant scattering intensity 

was used to determine the direction of the magnetic moments. A second resonant peak 

observed below the Sm L3-absorption edge in energy scans of the magnetic reflections 

was attributed to  quadrupolar transitions. This leads us to  believe that similar L3 

features observed in pure Sm [Wat95] and several Nd compounds [Zhe96, Hi1951 are also 

quadrupolar in origin. 

Finally, the significance of this work lies in the demonstration of the ability of x-ray 

resonant exchange scattering to  determine moment directions with no a priori informa- 
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tion. It is hoped that these results will extend the utility of the technique in future 

works. 



105 

6 SUMMARY 

In summary, we have studied the magnetic structure of several rare-earth nickel boro- 

carbides, RNi2B2C, using x-ray resonant exchange scattering (XRES). A large variety 

of magnetic structures exists in these materials, ranging in complexity from the simple 

antiferromagnet with modulation wave vector q = (0, 0 , l )  observed at low temperatures 

in HoNi2B2C, through the commensurate structure with q = ( f ,  0, f )  of the Nd and Sm 

compounds, to the incommensurate intermediate temperature phase of HoNi2B2C with 

its multiple modulation wave vectors. 

XRES utilizes atomic absorption edges to obtain large enhancements in the magnetic 

scattering cross section [Gib@, Han881. This technique can offer distinct advantages 

over the more conventional neutron techniques, for example for materials that contain 

neutron opaque elements (Cd, Sm, Eu, Gd, etc.), or very small samples. Its element 

specifity makes it particularly interesting for mixed spin systems, since, in principle, 

it is possible to determine the temperature dependence and direction of the ordered 

moment of each sublattice with a model-independent procedure [Det96, Det97, IslOOb], 

in contrast to neutron-scattering methods. In addition, x-ray magnetic scattering offers 

the ability to study surface magnetism [Wat96a], and the potential to resolve orbital and 

spin contributions through the use of XRES sum rules [Car94, Lu0931 or the non-resonant 

x-ray scattering cross section [GruOO]. Finally, the order-of-magnitude increase in Q- 

resolution afforded by x-ray measurements at synchrotron sources allows a more detailed 

investigation of the behavior of the magnetic structure over large (several micrometer) 
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length scales [Hi196a]. 

In the present work, we illustrated the main elements of the theory underlying XRES, 

with special attention to the dependence of the scattering amplitude upon the experi- 

mental geometry, the orientation of the magnetic moments, and the mechanism leading 

to the formation of magnetic satellite peaks. Also, we briefly described the interactions 

determining the magnetic order in the rare-earth borocarbides, and demonstrated how 

magnetic and crystalline electric field (CEF) interactions compete and induce magnetic 

anisotropy. 

Next, we reported the results of the XRES experiments we performed on HoNi2B2C, 

GdNi2B2C, ErNi2B2C, NdNi2B2C and SmNi2B2C. For temperatures below 5 K, the Ho 

compound orders in a simple antiferromagnetic state with modulation wave vector q = 

(0, 0, l), while between 5 K and 6.1 K an incommensurate antiferromagnetic phase with 

two modulation wave vectors, q, = (0.59, 0, 0) and q, = (0, 0, 0.92) is observed. Fur- 

thermore, our high resolution x-ray studies showed that the c-axis modulation consists 

of two separate wave vectors [Hi196a]. GdNi2B2C orders antiferromagnetically below 

TN = 19.4 K with q = (0.55, 0, 0). Between 19.4 K and 13.6 K, the magnetic moments 

are aligned along the b-axis of the crystal and the modulation wave vector decreases 

with decreasing temperatures. Below 13.6 K an additional component along the c-axis 

develops, and the modulation wave vector increases upon lowering of the temperature 

[Det96]. In ErNi2B2C, the paramagnetic-to-antiferromagnetic phase transition at T N  x 

6 K is accompanied by spontaneous magnetostriction which lowers the lattice symmetry 

from tetragonal to orthorhombic [DetOO]. The antiferromagnetic structures of the Nd 

and Sm compounds are characterized by a modulation wave vector q = (i, 0, i), while 

the moment directions were determined as (1, 0, 0) and (0, 0, l), respectively [Det97]. 

In SmNi2B2C, we observed a quadrupolar resonance below the Sm L3 absorption edge 

in addition to the usual dipole resonance above the absorption edge, 
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Our measurements of these materials have not only demonstrated that high resolu- 

tion synchrotron x-ray measurements can confirm and refine magnetic neutron diffrac- 

tion experiments, but that furthermore XRES is a tool capable of ab initio structure 

determinations. In particular, we have shown that by measuring the integrated intensity 

of selected magnetic Bragg reflections and comparing them with model calculation of 

the Q-dependence, it is possible to determine the orientation of magnetic moments in 

antiferromagnetically ordered phases. 
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