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Anomalous magnetic exchange interactions in SmCu2
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RCu2 compounds (R5rare earth! show magnetic structures with very different propagation vectors. This
behavior can be explained by the anisotropy of the magnetic exchange interaction in combination with the
crystal field. In order to support this model the magnetic phase diagram of a SmCu2 single crystal has been
investigated by magnetization, thermal expansion, magnetostriction, electrical transport, and specific heat
measurements. The magnetic structure in zero field has been determined by neutron diffraction on a powder
sample using154Sm. The magnetic moments were found to be oriented parallel to theb direction in contrast to
otherRCu2 compounds (R5Tb, Dy, Ho! with the same propagation. In order to explain the observed magnetic
structure of SmCu2 we infer that the anisotropic part of the exchange interaction tensor is reversed in com-
parison with the otherRCu2 compounds.
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I. INTRODUCTION

There are two kinds of magnetic anisotropy in rare-ea
compounds: the single-ion anisotropy caused by the cry
field ~CF! and the anisotropy of the two ion interaction
Both types of anisotropy have to be considered to arrive
consistent description of the magnetic properties of
orthorhombic intermetallic compound NdCu2 ~Refs. 1–3!
~space groupImma!.

The exchange parameters determined from inela
neutron-scattering experiments on NdCu2 ~Ref. 1! can be
used to make a prediction for the ordering temperature
the magnetic structure of some other isostructuralRCu2
compounds on the basis of a mean-field theory. These a
well with the available experimental results for the TbCu2 ,
DyCu2, and TmCu2 compounds1: the magnetic ordering vec
tor t is determined by the magnetic exchange interaction
depends on the moment direction, because the exchang
teraction is anisotropic. If the magnetic moments point in
the crystallographicb direction due to the CF, an orderin
wave vector oft;~2/3 0 0! is expected~as observed for
NdCu2 and TmCu2). If the moments are oriented perpe
dicular to b then the ordering wave vector ist5~2/3 1 0!
~e.g., for TbCu2 and DyCu2).

SmCu2 is a compound of this series that has not be
investigated by neutron scattering due to the high absorp
cross section of Sm. The measurement of the susceptib
indicates that in this compound an antiferromagnetic ord
ing occurs below 23 K with a magnetic moment inb direc-
tion similar to the case of NdCu2 and TmCu2.4,5As in NdCu2
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the measurements of the specific heat gave evidence f
second transition at 17 K, which probably is connected w
a change of the ordering vector from a commensurate to
incommensurate value. If the model mentioned above is
rect we would expect to find an antiferromagnetic order
with a wave vector of aboutt5 ~2/3 0 0!.

II. EXPERIMENT

To clarify the magnetic ordering process in SmCu2 we
performed a neutron-diffraction experiment on a polycryst
line sample prepared with the isotope154Sm in order to re-
duce the absorption cross section. The polycrystalline sam
for this neutron-scattering experiment was prepared at
Technical University~Vienna! by arc melting stoichiometric
amounts of154Sm and Cu in protective argon atmosphe
Phase purity was checked by x-ray powder diffraction. T
D1B diffractometer of the Institut Laue Langevin~Grenoble!
was used because of its high resolution at low angles an
high flux of 6.53106 n cm22 s21 at the sample position
~which was essential for the small sample of 3 g with a small
magnetic moment!. To determine the temperature depe
dence of the magnetic structure a profile analysis at temp
turesT52, 20, and 30 K was performed using a waveleng
of 0.25 nm. The data were fitted using theFULLPROF profile
matching program. The diffraction pattern at 2 K was used to
refine the structural parameters and the size of the magn
moment at the same time. The refined unit-cell parameter
2 K are a50.43660.003 nm, b50.68560.006 nm, c
50.73560.006 nm; the atomic position parameters a
©2001 The American Physical Society05-1
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zSm50.54460.004, yCu50.05560.001, and zCu50.170
60.001.

The magnetic and dilatometric measureme
were performed on a single crystal with dimensio
2.232.932.1 mm3. The single crystal of SmCu2 was grown
by the Czochralski pulling method using the tri-arc furna
at Charles University~Prague!. We have used about 10 g o
melt, consisting of pure constituents of Sm~3N5! and Cu
~5N!. The melt was kept in water-cooled copper crucib
under pure argon~6N! protective atmosphere~pressure 1.3
bar!. Due to the high volatility of Sm, 5 at. % of Sm wa
added to the stoichiometric composition. The growing co
ditions were as follows. Pulling speed: 10 mm/hour, rotat
of the seed: 20 min21, rotation of the crucible: 10 min21. We
have succeeded in growing a single-crystalline ingot ab
40 mm long with 4 mm maximum diameter. X- ray diffrac
tion ~using Cu-Ka1-Ka2 radiation! was done afterwards to
check the phase purity and to measure the lattice param
of the single crystal at room temperature. The lattice para
eters were found to be a50.4357760.00003 nm,
b50.6934360.00005 nm, c50.7372060.00006 nm and
the atomic positions arezSm50.54560.001, yCu50.065
60.001, andzCu50.16560.001. All these parameters agre
very well with those reported in the literature.5 No other
phase~even oxides! was observed within the precision of th
x rays. Measurements of the temperature dependence o
electrical resistivity parallel to the main crystallographic ax
~see Fig. 1! have also confirmed the high quality of the sing
crystal, yielding the residual resistivity ratios RRR5155,
175, and 78.5 for the current alonga, b, andc axis, respec-
tively ~see the inset of Fig. 1!.

Thermal expansion and magnetostriction was measu
using a capacitance dilatometer in a 15 T Oxford Instrume
superconducting magnet,6 magnetization measurements we
performed in a vibrating sample magnetometer~Oxford In-
struments! in steady fields up to 14 T and in the 50 T puls
field magnet of the Dresden high field facility.7 Electrical
resistivity and isobaric specific heat of SmCu2 in the zero
magnetic field were measured in the temperature range
300 K using a PPMS facility~Quantum Design!.

FIG. 1. Low-temperature part of the temperature dependenc
the electrical resistivity parallel to the main crystallographic ax
The inset shows the resistivity up to the room temperature.
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III. RESULTS AND DISCUSSION

A. Specific heat

The results of specific heat measurements are show
Figs. 2 and 3. For the analysis of the isobaric specific heacp
we have considered three main contributions:

cp5ce1cph1cmag, ~1!

wherece is the electronic part, expressed asce5gT (g de-
notes the Sommerfeld constant!, cph is the phonon part, in-
cluding the anharmonic effect,8 written in the form

cph5
9Rg

12aDT S 1

xD
D 3E

0

xD x4exp~x!

@exp~x!21#2
dx, ~2!

wherexD5QD /T, QD is the Debye temperature,aD is the
anharmonic correction term, andRg is the gas constant.

The magnetic part of the specific heat is caused by
magnetic exchange field~below TN , for a discussion of the
magnetic phases we refer to the Sec. III B! in addition to the
crystal field. The orthorhombic crystal field splits the 4f 5

ground state of the Sm31 ion (J55/2, L55, S55/2) into 3

of
.

FIG. 2. Analysis of the magnetic part of specific heat toget
with the magnetic entropy. The full line shows the best fit of
Schottky contribution and the dashed lines correspond to the
tropy of doublet and sextet, respectively.

FIG. 3. Low-temperature part of the specific heat of SmCu2 in
the C/T vs T representation indicating the magnetic phase tran
tions atT516.4, 17.7, and 22.3 K, respectively. The inset shows
anomaly corresponding to the lowest phase transition at 3.7 K.
5-2
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Kramer doublets. Thus for temperaturesT.TN the magnetic
specific heatcmag can be expressed as a Schottky contrib
tion of then53 Sm31 crystal-field levels~theD i denote the
crystal-field level energies in Kelvins,D150):

cmag5
Rg

T2 5 (
i 21

n

D i
2exp

2D i

T

(
i 51

n

exp
2D i

T

2S (
i 21

n

D iexp
2D i

T

(
i 51

n

exp
2D i

T
D 2

6 .

~3!

From the analysis we obtaing517.060.3 mJ/mol K2,
QD522062 K and aD5(1.260.2)31024 K21. The best
fit of the Schottky contribution gives the positions of the tw
excited doublets asD2510065 K and D3512065 K, re-
spectively, yielding the high-temperature magnetic entro
Smag5Rgln(6), as expected for the Sm31 ion ~see Fig. 2!.

B. Expansion and magnetization measurements

The magnetic phase diagram of the SmCu2 single crystal
has also been investigated by thermal expansion and ma
tostriction measurements. Figure 4 shows the field dep
dence of the thermal expansion along the crystallograp
a,b, andc directions. Four phase transitions are observe
2.0 K, 16.2 K, 16.8 K, and atTN522.7 K in zero magnetic
field and agree well with the results of specific heat~see Fig.
3!. Comparing these measurements to available litera
data4,5 we find, that the lowest transition and the intermedi
phase above 16 K has not been reported yet. In Ref. 4, h
ever, a transition at 10 K has been reported, which canno
found in our data.

FIG. 4. Thermal expansion of SmCu2 along the crystallographic
a,b, and c directions at zero magnetic field. The relative volum
change as deduced fromDV/V5Da/a1Db/b1Dc/c is shown at
the bottom. For theb direction also the 15 T curve is shown.
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The thermal expansion determined by capacita
dilatometry agrees well with the results of x-ray powder d
fraction aboveTN .5,9 Below TN strong magnetoelastic ef
fects along theb andc axis appear, which have not been se
in x-ray diffraction. Summing upDa/a, Db/b, and Dc/c
leads to a very small volume effect. The thermal expans
measured in a magnetic field shows that there are only v
small changes of the transition temperatures in fields al
theb direction. The transition temperatures change to 1.8
14.7 K, 15.2 K, and 22.3 K at the maximum-available sta
field of 15 T. The forced magnetostriction in fields up to 15
is negligible (D l / l ,331025).

Besides the dilatometric experiments, magnetization m
surements have been performed in magnetic fields parall
the crystallographicb direction ~see Fig. 5!. The magnetiza-
tion measured at constant fields in the temperature range
tween 2 K and 30 K yields anomalies at temperatures that
consistent with the values derived from the thermal exp
sion measurements~e.g., 2.7 K, 15.2 K, 15.6 K, and 21.9 K
at 10 T!. Below 2.7 K a small increase of the magnetizatio
was detected. However, the two transitions around 15 K c
not be separated because of only small magnetization di
ences between the phases. The magnetization curves at
stant temperatures measured in steady fields up to 14 T s
no phase transitions indicating that the transition lines in
magnetic (H,T) phase diagram are nearly vertical in th
field range and it is only possible to induce ferromagneti
in higher fields. Therefore, we performed magnetizat
measurements in pulsed fields at several temperatures.
cause of the small value of the magnetic moment in SmC2
it was necessary to correct the magnetization curve by s
tracting the signal without sample from the measured sign
for each run. Please note, that both signals are of the s

FIG. 5. Magnetization of SmCu2 along the crystallographicb
direction measured at different temperatures in a pulsed magn
field. The inset shows the temperature dependence of the mag
zation measured alongb in a steady field of 10 T~vibrating sample
magnetometer!.
5-3
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order of magnitude. Therefore, the curves shown in Fig
are not as smooth as for measurements in steady fields
the absolute values are correct only within620%. Neverthe-
less, the transition fields between 27 T and 29 T can cle
be identified~compare Ref. 10!. The transition field value
increases with increasing temperature and decreases
near the ordering temperature.

The magnetic saturation moment of SmCu2 along theb
direction is approximately 0.560.1 mB /f.u. ~see Fig. 5!. In
addition to crystal-field effects an almost complete comp
sation of the spin and orbital moment may be the reason
this small value.

The magnetic phase diagram as shown in Fig. 6 is c
structed from the available data. At zero field it is charac
ized by antiferromagnetic order with a low-temperatu
phase AF1 and, between approximately 16.6 K and the N´el
temperatureTN523.0 K, a high temperature phase AF3. B
tween these two phases an intermediate phase AF2 exis
a narrow temperature region 16.0 K,T,16.6 K ~which can
be seen most clearly by the two first-order peaks of the s
cific heat measurement, Fig. 3!. Such an intermediate phas
was also found in NdCu2 ~Ref. 11! and described there as
commensurate phase with an extremely long period
squared up moments. Furthermore, a zero-field phase tr
tion at 2.2 K was found by dilatometric measurements but
origin remains unclear. We propose a low-temperature ph
that should be a modification of AF1. In specific heat me
surements an anomaly can be seen at a slightly higher
perature ofT53.7 K ~see inset of Fig. 3!. The vibrating-
sample magnetometer~VSM! magnetization data also sho
a low-temperature anomaly characterized by a small incre
of the magnetic moment. Measurements using a3He insert
are planned to characterize this low-temperature phase in
tail. In magnetic fields the phases are stable up to 28

FIG. 6. Magnetic phase diagram of SmCu2 for magnetic field
parallel to the crystallographicb-direction as deduced from VSM
magnetization ~open circles!, pulsed field magnetization~full
circles!, magnetostriction~open squares!, thermal expansion~full
squares!, specific heat~stars!, and resistivity~triangles! measure-
ments. For the description of the different phases see text.
13440
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approximately. Above this field value all magnetic momen
are oriented parallel to the external field forming the induc
ferromagnetic phase F.

The proposed phase diagram resembles the situa
of TbCu2 and DyCu2,10 for which a propagation vecto
t5~2/3 1 0! was found for AF1. But, in contrast to SmCu2, in
TbCu2 and DyCu2 the easy axis of magnetization is thea
axis. Note also the unusual increase of the transition fi
AF3—F with temperature, which may be due to
temperature-dependent compensation of the Sm31 spin and
orbital moments.12

C. Neutron diffraction

Powder neutron diffraction was used in order to determ
the magnetic structure of SmCu2. In contradiction to the
model expectation1,3 @predicting t5~2/3 0 0! as outlined in
the Introduction# we find a propagation vector oft5~2/3 1 0!
at T52 K for the phase AF1. In Fig. 7 the calculate
magnetic-intensity pattern is shown in comparison with
experimental data. From these data we infer a magn
structure that is shown in Fig. 8 in a projection onto t
orthorhombicab plane. In the phase AF3 atT520 K the
magnetic propagation vector changes to an incommensu
value. Any intensity on the higher-order satellites of t
propagation vectort5~2/3 1 0! is within the scatter of the
data. In Fig. 9 the magnetic satellites~2/3 1 0!, ~1/3 1 1!, ~4/3
1 0!, and~2/3 1 2! at 2 K are compared to the correspondi
reflections at 20 K. By a careful refinement of the latti
parameters and the magnetic propagation vector at 20 K
find a propagation oft!5(0.67760.006, 0.98960.011,
20.00860.013). Considering the error involved in the
values only a significant shift ofh can be inferred.

FIG. 7. Difference diffraction pattern atT52 K ~top! and
T520 K ~bottom!—the pattern at 30 K has been subtracted. T
line in the top pattern indicates a fit of a squared up structure w
a propagation vector of~2/3 1 0!. The Sm magnetic moment o
mb50.45mB /f.u. is assumed to be aligned parallel tob axis. Cal-
culated patterns with the same propagation vector and Sm mom
however, aligned parallel to thea and c axis are shown for com-
parison~D1B, l50.25 nm!.
5-4
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The antiferromagnetically ordered moment ofmb50.45
60.07mB /f.u. determined from neutron diffraction in zer
magnetic field atT52 K is in accordance with the saturatio
moment measured by magnetization.

These results show that the anisotropy of the magn
exchange interactions in SmCu2 is different in comparison
with other RCu2 compounds. According to the model pro
posed in Ref. 1 the Fourier transform of the exchan
interaction tensor inRCu2 compounds can be written as

J4~q!5S J aa~q! 0 0

0 J bb~q! 0

0 0 J cc~q!
D ~4!

with

J aa~q!5J cc~q!. ~5!

Splitting this interaction tensor into an isotropic and
anisotropic part according to

J4~q!5Jiso~q! 151Jan~q!S 1 0 0

0 21 0

0 0 1
D , ~6!

FIG. 8. Magnetic structure of SmCu2 shown in a projection to
theab plane. The magnetic moments are oriented parallel tob. The
magnetic unit cell consists of three crystallographic unit ce
aligned ina direction.

FIG. 9. Magnetic satellites (0 0 0)1, (1 2 1)2, (2 2 0)2, and
(0 0 2)1 at 2 K ~open symbols! in comparison with the corre
sponding reflections at 20 K~full symbols!. The lines indicate fits of
a Gaussian peaks to the data@with a line width of 0.016 Å21 ~left!
and 0.013 Å21 ~right!#.
13440
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it seems that the sign of anisotropic partJan(q) is opposite
for SmCu2 in comparison with the otherRCu2 compounds.
We believe that such a behavior should have a simple ph
cal reason. However, the microscopic origin of such an
isotropic exchange is still unclear. To show the consiste
of our exchange model for SmCu2 @Eq. ~6! with Jan

SmCu2(q)

52J an
otherRCu2(q)# we calculate several physical quantitie

and compare them to experimental results in the followin
Assuming that the sign of the anisotropy in the exchan

tensor is changed for SmCu2 it is possible to estimate som
magnetic properties by exchanging theJ aa5J cc with the
J bb components of the diagonal-exchange tensor, which
been determined for NdCu2.

Following Ref. 1 the Ne´el temperature can be estimate
from

kBTN5S mb

gJ
SmmB

D 2

J Sm
bb@t5~2/3 1 0!#. ~7!

HeregJ
Sm52/7 denotes the Lande´ factor of the Sm31 ion

andmb50.5 mB the magnetic moment per Sm31 ion as de-
termined from magnetization. Taking for theJ bb component
of the exchange in Sm the de Ge´nnes scaled value of theJ aa

component in Nd„J Nd
aa@t5(2/3 1 0)#579 meV,gJ

Nd58/11…
according to

J Sm
bb@t5~2/3 1 0!#5S gJ

Sm21

gJ
Nd21

D 2

J Nd
aa@t5~2/3 1 0!# ~8!

the expression~7! may be evaluated resulting in a value
20.0 K forTN . This is only 13% lower than the experiment
value.

By applying the mean-field model developed for TbC2
and DyCu2 ~Ref. 13! to SmCu2 ~all these compounds orde
with the same wave vector! the critical fieldHc

AF1→Fib for
the transition to the ferromagnetic phase may be calcula
using again theJ aa component of the exchange determin
in NdCu2.1

Using the notation of Ref. 13 in order to number th
exchange-interaction constants between the different su
tices the magnetic energies for the antiferromagnetic~AF1!
and the ferromagnetic~F! aligned structures~per f.u. and at
zero temperature! are given by

FAF15
mb

2

6 S gJ
Sm21

gJ
SmmB

D 2

~2J2
bb22J1

bb23J3
bb13J4

bb!

FF52
mb

2

2 S gJ
Sm21

gJ
SmmB

D 2

~2J1
bb12J2

bb1J3
bb1J4

bb!2
mb

kB
H.

~9!

The Boltzmann constantkB in the Zeeman term appear
because the exchange parametersJi and the magnetic energ
is calculated in units of K. The critical fieldH5Hc

AF1→F

denotes the point at which these two energies are e
(FAF15FF) and an expression forHc

AF1→F in terms of the
exchange parametersJi

bb may be derived:

s

5-5
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Hc
AF1→F52

1

3
kBmbS gJ

Sm21

gJ
SmmB

D 2

~2J1
bb14J2

bb13J4
bb!.

~10!

Using for Ji
bb again the values ofJi

aa given for NdCu2 in
Ref. 1 ~i.e., J1

bb52.47 K, J2
bb522.79 K, J4

bb523.61 K) a
value of 27.0 T is calculated forHc

AF1→F that agrees well
with the observed transition field of 28 T.

IV. CONCLUSION

The change of the propagation vector in the magne
phases of SmCu2 resembles closely the behavior of DyCu2
~Ref. 14! ~i.e., commensurate at lower temperatures, inco
mensurate at higher temperatures!. However, in contrast to
this compound the moment of Sm is aligned parallel tob, as
found in NdCu2. It should be noted that the Sm31 magnetic
moment is rather small due to a compensation of the spin
orbital contributions.

We have shown that the magnetic propagation vectot,
.

i,

,

13440
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the Néel temperatureTN and the critical fieldHc
AF1→F agree

with the model calculation, if a sign reversal of the exchan
anisotropy in SmCu2 is assumed in comparison to the oth
RCu2 compounds. This anisotropy can be described b
symmetric exchange-interaction tensor with vanishing tra
However, the microscopic origin of such an exchange
not clear and we propose further theoretical studies on
subject.
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