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Dipole interaction and magnetic anisotropy in gadolinium compounds
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The influence of the dipole interaction on the magnetic anisotropy of Gd compounds is investigated. Avail-
able data on ferromagnets and antiferromagnets with different crystal structures are discussed and comple-
mented by new neutron scattering experiments on GdCu2In, GdAu2Si2 , GdAu2, and GdAg2. If the propaga-
tion vector of the magnetic structure is known, the orientation of the magnetic moments as caused by the dipole
interaction can be predicted by a straightforward numerical method for compounds with a single Gd atom in
the primitive unit cell. The moment directions found by magnetic diffraction on GdAu2Si2 , GdAu2 , GdAg2 ,
GdCu2Si2 , GdNi2B2C, GdNi2Si2 , GdBa2Cu3O7 , GdNi5, GdCuSn, GdCu2In, GdCu4In, and GdX (X5Ag,
Cu, S, Se, Sb, As, Bi, P! are compared to the predicted directions resulting in an almost complete accordance.
Therefore, the dipole interaction is identified as the dominating source of anisotropy for most Gd compounds.
The numerical method can be applied to a large number of other compounds with zero angular momentum.

DOI: 10.1103/PhysRevB.68.144418 PACS number~s!: 75.30.Gw, 75.50.Ee, 75.25.1z
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I. INTRODUCTION

The sources of magnetic anisotropy of rare earth co
pounds are single ion, dipolar, and exchange anisotropy.
largest contribution usually comes from single ion anis
ropy, unless the angular momentum is zero (L50) such as in
the case of Gd31. The exchange anisotropy may be large
LÞ0 due to the spin-orbit interaction.1 The small but finite
magnetic anisotropy ofL50 rare earth compounds is top
of various speculations about its origin: An important con
bution can come from the dipole interaction.2 Also crystal
field and exchange effects coming from higher multipl
have been discussed as the source.3,4 Recently, the role of
biquadratic exchange for the magnetic properties of th
(L50) compounds has been pointed out.5 Different methods
for the study of the anisotropy of the exchange interact
~i.e., the determination of the exchange tensor! have been
suggested.6 This is still an experimental challenge for ne
tron scattering but only few quantitative results have be
reported.7–10

It is well accepted, that the dipole interaction drives t
anisotropy of Gd metal.2,11–14Its influence leads to a modi
fication of the critical dynamics, and the corresponding u
versality class has been identified.15,16 Recent first principles
calculations17 indicate an equally large contribution arisin
from the spin orbit coupling of the conduction bands.

In Gd compounds few investigations of the anisotropy
0163-1829/2003/68~14!/144418~7!/$20.00 68 1444
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magnetic interactions have been performed and no sys
atic study is available, especially on antiferromagnets.
cently the ferromagnet GdNi5 has been analyzed by muo
spin resonance.18 In the past electron paramagnetic res
nance in some Gd systems diluted with La or Y has be
used to determine the exchange anisotropy between
ions.19 GdBa2Cu3O7 has been diluted by Y and electron sp
resonance spectra support the dominance of the dipolar
isotropy in this compound.3

In this paper we present a systematic study of Gd co
pounds with one Gd atom in the primitive unit cell. In the
compounds the direction of the magnetic moments can
predicted from the knowledge of the propagation vector.
will show that it is possible to draw conclusions about t
dominant interaction driving the magnetic anisotropy.

II. DIPOLAR MODEL

If the propagation vectort of a magnetic compound ha
been determined from neutron or magnetic x-ray diffract
data, it is possible to calculate that orientation of the m
netic moments in the ordered state, that is favored by
dipole interaction. For a detailed description of the analyti
method, which is strictly valid near the ordering temperatu
we refer to Ref. 20. Here we outline only the main steps
the calculation:

A general two ion coupling which depends only on t
©2003 The American Physical Society18-1
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dipolar moments of the 4f electrons is

H52
1

2 (
i j

Ji
aJab~ i j !Jj

b . ~1!

In expression~1! the 4f moment of thei th Gd31 ion is
represented by the three components of the angular mom
tum operatorJi

a (a51,2,3).
In order to calculate the orientation of the magnetic m

ments, it is necessary to calculate the Fourier transfo
Jab(t) of the interaction tensorJab( i j ):

Jab~t!5(
j

Jab~ i j !e2 it(Ri2Rj ). ~2!

For the following calculations we used the dipole intera
tion as given by

Jab~ i j !5~gJmB!2
3~Ri

a2Rj
a!~Ri

b2Rj
b!2dabuRi2Rj u2

uRi2Rj u5
.

~3!

Here Ri denotes the lattice vector of thei th Gd ion, gJ the
Landéfactor andmB the Bohr magneton.

The sum in Eq.~2! is evaluated numerically neglectin
the contributions for distances between Gd ions that
larger than a maximum distanceRmax. The next step is to
diagonalize the Fourier transformJab(t). The predicted mo-
ment direction is given by the eigenvector corresponding
the largest eigenvalue.

Note that anyisotropiccontribution to the exchange inte
action ~such as Heisenberg or RKKY type interactions! is
usually much larger and therefore determines the orde
temperature but will not influence theanisotropicbehavior
including the orientation of the magnetic moments. It sho
also be mentioned, that if high accuracy for the compone
of the Fourier transformJab(t) is needed, analytical meth
ods have to be used for the calculation.11 Because of the long
range of the interaction, the numerical procedure may c
verge slowly. This is important in some special cases, w
the propagation vector and the geometry of the lattice ca
a very small anisotropy of the dipole interaction and oth
interactions or surface effects may influence the orienta
of the magnetic moments.21

As an example, Fig. 1 illustrates the issue of converge
of the eigenvalues for the body centered tetragonal lattic
GdAu2Si2. For the calculation the propagation vect
t5~1/2 0 1/2! has been used, which has been determi
from the neutron diffraction experiment described in the f
lowing. D1 andD2 denote differences of eigenvalues, whi
are a measure of the dipolar anisotropy between the t
orthogonal directions shown in Fig. 1. The largest eigenva
of Jab(t) corresponds to the eigenvector@010#. Therefore,
the calculation predicts that the magnetic moments
aligned along the@010# direction.

III. NEUTRON DIFFRACTION

In order to enlarge the available set of scattering data
Gd compounds we have collected data on some cubic
14441
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tetragonal Gd systems using the 7C2—hot source diffra
meter of the Laborutoire Leon Brillouin~LLB !, Saclay with
a neutron wavelength of 0.58 Å. The absorption of t
samples was reduced by using a double wall cylind
sample holder~outer diameter 12 mm, inner diameter 1
mm!. In the following we outline in detail the experimenta
results and show how they correspond to the predictions
the dipolar model.

A. GdAu2Si2

GdAu2Si2 orders antiferromagnetically atTN512 K.22

This system has been chosen because the analysis o
specific heat suggests a noncollinear amplitude modula
magnetic structure.20 Powder diffraction patterns taken at 2
and 3 K are shown in Fig. 2~for each pattern the backgroun
signal has been subtracted!. The pattern at 25 K in the mag
netically disordered state can be indexed according to
tetragonal ThCr2Si2 structure with a50.4245 nm andc
51.0165 nm. At 3 K the magnetic lines~for Q,2 Å21) can
be indexed with the propagation vectort5(1/2 0 1/2).

The propagation vector and the orientation of the m
netic moments have been varied and the calculated diff
tion patterns have been compared to the experimental d
Modules of theMcPhasesoftware23 have been used for thes
computations. The absorption has been calculated for
experimental geometry according to the method given
Ref. 24. It was found to be of minor importance compared
the Lorentz factor in the low angle range, where the m
netic intensities have been refined. For the calculation of
intensity profile a Gaussian lineshape with an angle dep
dent linewidth was applied. Due to the limited resolution t
fit is not very sensitive to small changes of the propagat

FIG. 1. Convergence behavior of the eigenvalues ofJab(t) of
GdAu2Si2 with respect to the maximum distanceRmax of neighbors
considered. The different lines correspond to eigenvalues w
eigenvectors representing moment directions parallel toe0

5@0 1 0#, e15 @20.23 0 0.97#, and e25@ .97 0 0.23# ~mind: in
order to show that these vectors are orthonormal, the compon
are given with respect to euclidian coordinate system, not with
spect to crystallographic lattice. The orientation isxuua, yuub and
zuuc.! D1 and D2 indicate differences of eigenvalues, which are
measure of the dipolar anisotropy.
8-2
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vector. However, the magnetic intensities are very sensi
to the orientation of the magnetic moments.

The best fit of the intensities could be achieved with m
ments of 6.2mB oriented parallel to@0 1 0#, i.e., transversal to
the propagation vectort5(1/2 0 1/2). The magnetic uni
cell is shown in Fig. 3. Due to the tetragonal symmetry th
exist two domains.

Note that the propagationt5(1/2 0 1/2) must lead to an
equal moment structure and is not compatible with the n
collinear amplitude modulated structure indicated by the s
cific heat.20 Consequently either the propagation at tempe
tures nearTN must differ from ~1/2 0 1/2! or critical
fluctuations should be taken into account in more detai
improve the interpretation of the specific heat in this syste

The dipolar model was applied to GdAu2Si2 in order to
investigate the influence of the dipole interaction. The F
rier transformJab(t) was calculated by applying Eqs.~1!–
~3! to the case of GdAu2Si2 as shown in Fig. 1. The larges

FIG. 2. Neutron diffraction patterns of GdAu2Si2 atT525 and 3
K. The lines correspond to the calculated pattern; below each
tern the difference between the calculated and measured inten
is shown. The positions of nuclear peaks and the magnetic sate
with strong intensity are indicated by the vertical bars.

FIG. 3. Magnetic unit cell of GdAu2Si2 ~domain with t
5(1/2 0 1/2) and magnetic moments parallel to@0 1 0#!. For clarity
we show only the Gd sublattice. The full arrows indicate the prim
tive basis of the magnetic structure.
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eigenvalue corresponds to the moment direction@0 1 0#. This
is in agreement with the results of the diffraction experime
and indicates that the dipole interaction is the domin
source of anisotropy in this system. The experimental m
netic diffraction pattern and the pattern calculated from
dipolar model are compared in Fig. 4. For the other co
pounds of this study a similar analysis has been perform

B. GdCu2In

GdCu2In crystallizes in the cubic Heusler structure L21
~Ref. 25! ~lattice constanta50.662 nm at 2 K!. It orders
antiferromagnetically belowTN;10 K with some compli-
cated and up to now unknown magnetic structure.26,27 Ther-
mal expansion was measured27 on polycrystalline samples
using a capacitance dilatometer. The estimated value of
magneto-volume effect at 0 K is small ((DV/V)mag'21
31024).

We investigated the magnetic structure of the Heus
compound GdCu2In by neutron diffraction and found com
plex antiferromagnetism. The propagation vector and the
entation of the magnetic moments have been varied and
calculated magnetic diffraction patterns have been compa
to the experimental data taken atT52 K. Figure 5 shows
the difference pattern of measurements at 20 and 2 K.
best fit could be achieved with a propagation oft
5(1/3 1 0) and a moment direction perpendicular to@001#.

The dipolar model for this propagation predicts a colline
amplitude modulated magnetic structure with moments p
allel to @100#. This moment direction is consistent with th
experimental result. However, the quantitative agreemen
the powder pattern of this calculated magnetic structure w
the experiment is not completely satisfying~see the thin lines
in Fig. 5!. The reason for this discrepancy is a slight mo
fication of the magnetic structure at lower temperatu
which cannot be modeled because the calculation proce
outlined in Sec. II is strictly valid only for temperatures ne
TN .

In order to remove this restriction of the model a lar
effort was undertaken to extend the theoretical analysis

t-
ies
es

-

FIG. 4. Magnetic neutron diffraction pattern~data points! of
GdAu2Si2 as determined from the difference of measurements
T54 and 25 K. The lines correspond to the pattern calculated fr
the dipolar model described in the text.
8-3
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low temperatures by numerical methods.28 In a first stepiso-
tropic short range exchange interaction constants have b
set up such as to give a maximum of the Fourier transform
~1/3 1 0! and to reflect the experimental Ne´el temperature
~for details on this procedure see Ref. 9!. From these condi-
tions equations for the isotropic exchange parameters fo
which can be fulfilled only if more than three neighbors a
considered. Therefore, in the model calculation we used
following four nearest neighbor interaction constants, wh
are associated with the neighbors at~1/2 1/2 0!
(20.0333 meV),~1 0 0! ~0.012 meV!, ~1/2 1/2 1! ~0.004
meV!, and~2 0 0! (20.002 meV). In addition to these sho
range isotropic exchange constants the dipolar interactio
given by equ.~3! was taken into account for distances up
4 nm. The programMcPhase~Refs. 23 and 43! was used to
calculate the temperature dependence of the magnetic s
ture. At low temperature a noncollinear magnetic structur
predicted by the calculation. When increasing the tempe
ture to 0.9TN a spin reorientation associated with a change
the magnetic structure from noncollinear to collinear~with
moments parallel to@010# in agreement with the analytica
approach–II. Dipolar Model! has been computed.

The experimental magnetic diffraction pattern of GdCu2In
at 2 K is in good agreement with the predictions by t
model based on isotropic short range exchange plus clas
dipolar interactions~see Fig. 5, thick line!. Note that a mag-
netic moment of 6.0mB/Gd has been used in the calculatio

C. GdAg2 and GdAu2

GdAg2 and GdAu2 crystallize in the tetragona
MoSi2-type structure.29 The space group isI4/mmmwith Gd
on the 2a sites~point symmetry 4/mmm) and Ag~Au! on the
4e sites. This structure can roughly be viewed as being co
posed of three tetragonally distorted body centered cu
along c-direction (GdAg2 : a50.3716 nm, c50.926 nm;
GdAu2 : a50.3716 nm,c50.8996 nm). Thez atomic posi-

FIG. 5. Magnetic neutron diffraction pattern~data points! of
GdCu2In as determined from the difference of measurements
T52 and 20 K. The lines correspond to the pattern calculated f
the dipolar model described in the text. Extending the tempera
range of the model~the high temperature expansion is shown by
thin line! to low temperatures by numerical methods~thick line!
improves the description of the experimental data~see the text!.
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tion parameter of the 4e sites ~point symmetry 4mm) is
about 1/3. For GdAg2 a value ofzAg50.32760.004 has been
determined from neutron diffraction experiments.30

GdAg2 has first been reported to order magnetically
about 27 K from resistivity measurements.31 Further
studies30,32 including specific heat, resistivity, thermal expa
sion and magnetization measurements as well as first neu
powder diffraction experiments, showed that this compou
orders antiferromagnetically belowTN'23 K with two fur-
ther first-order magnetic transitions atTR1'21 K and TR2
'11 K. The observed first-order magnetic transitions in
ordered range have been attributed to anisotropic terms in
two-ion Gd-Gd exchange interaction. A further peculiarity
that the magnetic ordering temperature of GdAg2 is lower
than in TbAg2 (TN'35 K), violating the de Gennes law
Recently, the role of biquadratic exchange for the magn

at
m
re

FIG. 6. Magnetic neutron diffraction pattern~data points! of
GdAg2 as determined from the difference of measurements
T52 and 35 K. The straight line corresponds to the pattern ca
lated from the dipolar model described in the text. The dotted l
corresponds to Rietveld type fits, which have been used to de
mine the magnetic propagation vector.

FIG. 7. Magnetic neutron diffraction pattern~data points! of
GdAu2 as determined from the difference of measurements
T54 and 70 K. The straight line corresponds to the pattern ca
lated from the dipolar model described in the text. The dotted l
corresponds to Rietveld type fits, which have been used to de
mine the magnetic propagation vector.
8-4
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TABLE I. Magnetic anisotropies of several Gd compounds in comparison with the prediction from the dipole interaction. The
column describes the experimental method~n-neutron diffraction, x-magnetic X-ray scattering, m-Moessbauer spectroscopy,mSR-muon spin
relaxation!. In the third column the ordering temperatures are given. The fourth column contains the propagation vector, and the
experimentally derived moment direction at low temperature~moment direction coordinates@mxmymz# refer to Euclidean coordinate syste
with xuua, yuub andzuuc). In many cases the experimental data are in agreement with the prediction from the dipole interaction g
column six, exceptions are GdAg2 and GdAu2. The last column contains the differencesD1 andD2 of the eigenvalues ofJab(t), which are
a measure of the dipolar anisotropy. The corresponding eigenvectors are given in brackets~compare Fig. 1!.

Experiment Theory

Compound Method Ordering Propagation Experimental Calculated Dipolar
temperature vectort moment moment anisotropy

~K! direction direction D1
[e1] uD2

[e2] (meV)

cubic
GdAg ~bcc! n ~Ref. 34! 134 ~1/2 1/2 0! @0 0 1# @0 0 1# 36[100]u36[010]

GdCu ~bcc! n ~Ref. 35! 150 ~1/2 1/2 0! @0 0 1# @0 0 1# 41[100]u41[010]

GdX(fcc,X5S,P,Se) n~Refs. 36 and 37! 50,28,60 ~3/2 3/2 3/2! '@1 1 1# '@1 1 1# 0u53,50,48[111]

(X5As,Sb,Bi) n~Refs. 36 and 37! 15.2,32,19 ~3/2 3/2 3/2! '@1 1 1# '@1 1 1# 0u47,39,37[111]

GdCu2In n ~this work! 10 ~1/3 1 0! '@0 0 1# @1 0 0# a 2.9[001]u12.3[010]

GdCu4In n ~Ref. 38! 7 ~0 1/2 1! @0 1 0# @0 1 0# 4.9[100]u4.9[001]

hexagonal
GdNi5 mSR ~Ref. 18! 32 ~0 0 0! @0 0 1# @0 0 1# 7.5[100]u7.5[010]

GdCuSnb m ~Ref. 39! 24 ~0 1/2 0! @0 0 1# @0 0 1# 12[100]u50[010]

tetragonal
GdAg2 n ~this work! 22.7 ~1/4 2/3 0! @1 1 0# @0.98 0.20 0# c 4.3[001]u12.3[ 20.20 0.98 0]

GdAu2 n ~this work! 50 ~5/6 1/2 1/2! '@0 1 1# @1 0 0# d 7[0 0.20 0.98]u35[0 0.98 20.20]

GdAu2Si2 n ~this work! 12 ~1/2 0 1/2! @0 1 0# @0 1 0# 11[ 20.22 0 0.97]u32[0.97 0 0.22]

GdCu2Si2 n ~Ref. 40! 12.5 ~1/2 0 1/2! @0 1 0# @0 1 0# 13[ 20.2 0 0.98]u38[0.98 0 0.2]

GdNi2Si2 n ~Ref. 40! 14.5 ~0.207 0 0.903! @0 1 0# @0 1 0# 14[ 20.99 0 0.13]u34[0.13 0 0.99]

GdNi2B2C n,x ~Ref. 41! 20 ~0.55 0 0! @0 1 0# @0 1 0# 21[001]u50[100]

orthorhombic
GdBa2Cu3O7 n ~Ref. 42! 2.2 ~1/2 1/2 1/2! @0 0 1# @0 0 1# 14[010]u15[100]

aNote: extending the theory toT→0 by a McPhasecalculation gives a noncollinear equal moment structure with moments'@0 0 1# in
agreement with the experiment.

bNote: only the Gd sublattice has one Gd atom per unit cell. The full structure has two Gd atoms per primitive unit cell.
cNote: extending the theory toT→0 by aMcPhasecalculation gives a noncollinear equal moment structure with moments'@0 1 0#.
dNote: extending the theory toT→0 by a McPhasecalculation gives a noncollinear equal moment structure with moments'@0,0.98,
20.2#.
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This has been referred to as a change in the conduction
due to the boundary situation of GdAg2 concerning the crys-
tal structure, i.e., only theRAg2 compounds with heavy rar
earth, starting from Gd, show the MoSi2 type of structure.30

In the previous neutron diffraction experiments
Gignoux et al.30 magnetic satellites have been found belo
the ordering temperature. However, the data has to
doubted, because at the position of the~002! nuclear reflec-
tion no intensity has been found at any temperature in c
trast to expectations from the reported crystallographic st
ture. Therefore, the magnetic scattering at low angles
has to be doubted, and we decided to remeasure GdAg2.

Indeed our new data are in excellent agreement with
reported crystallographic structure, including the intensity
the ~002! nuclear reflection. Figure 6 shows the magne
diffraction pattern as determined from the difference of m
14441
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surements at 2 and 35 K. Fitting suggests a propagatio
t5(1/4 2/3 0) ~dotted lines!. The best fit of the 2-K pattern
with this propagation corresponds to an amplitude modula
structure with moments in the@110# direction. The prediction
of classical dipolar exchange~just below the ordering tem
perature! is a moment direction along@0.98,0.20,0#, which is
more or less alonga direction.

In order to make a correct theoretical prediction of t
squaring up at temperatures far belowTN a McPhasecalcu-
lation has been performed similar to the case of GdCu2In. At
2 K a cycloid in the ac plane is predicted. However, t
magnetic pattern calculated in this way is in clear disagr
ment with the experimental pattern~see Fig. 6, straight line!.

GdAu2 orders antiferromagnetically like GdAg2, but at a
much higher ordering temperature ofTN'50 K.33 In con-
trast to GdAg2 there is no measurable spontaneous magn
elastic effect at all. The magnetically induced change ofc/a
8-5



r
h

l

in

e
t

no
in
t-
er
e

at
o-
ds
ct
av
c

lc
.
fo

f

h

s
m-

ails

the
ge

of

ny
the
tion
as

Al-
ally
s, it
in-
py

or-
n-

ful
ed
63

nd
y
-

.J.

.:

-

.

p,

.M.

.

, J.

M. ROTTERet al. PHYSICAL REVIEW B 68, 144418 ~2003!
as well as the volume magnetostriction of GdAu2 is smaller
than 1024.32 The results of our neutron diffraction study fo
determining the magnetic structure are shown in Fig. 7. T
best fit gives a propagation oft5(5/6 1/2 1/2) with an equa
moment cycloid with moments perpendicular to@011#.

However, the classical dipolar interaction predicts coll
ear moments parallel to@100# for this propagation~near the
ordering temperature!. At lower temperatures aMcPhasecal-
culation gives an equal moment cycloid with moments p
pendicular to@0,0.98,20.2#. The predicted intensities do no
correspond to the experimental data.

Provided that the propagation vectors are correct~small
deviations from the assumed propagation vectors will
alter the result! the experimental data indicates, that
GdAg2 and GdAu2 the classical dipolar model for the aniso
ropy of the two ion interactions cannot describe the exp
mental moment direction sufficiently. Note that in both cas
the dipolar anisotropy is rather small~see Table I!, and there-
fore other sources of anisotropy may become important.

IV. DISCUSSION

For generalization we now consider other available d
for compounds with one Gd atom per primitive crystall
graphic unit cell. Table I shows a list of the compoun
which have been investigated and which we have subje
to our model analysis. Most of the experimental data h
been derived from neutron diffraction. The moment dire
tions taken from the experiment are compared to the ca
lation and agree for almost all cases under investigation

In order to give a measure of the dipolar anisotropy
every compound the differencesD1 andD2 of eigenvalues of
Jab(t) ~compare Fig. 1! are given in the last column o
Table I. For orientation the eigenvectorse1 and e2 are also
listed, which correspond to the hard moment directions. T
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