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Anomalous magnetic exchange interactions in SmGu
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RCu, compounds R=rare 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 Ssn@le 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 using®*Sm. The magnetic moments were found to be oriented parallel to divection in contrast to
otherRCu, compounds R=Th, Dy, Ho) with the same propagation. In order to explain the observed magnetic
structure of SmCuwe infer that the anisotropic part of the exchange interaction tensor is reversed in com-
parison with the otheRCu, compounds.
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[. INTRODUCTION the measurements of the specific heat gave evidence for a
second transition at 17 K, which probably is connected with

There are two kinds of magnetic anisotropy in rare-eartta change of the ordering vector from a commensurate to an
compounds: the single-ion anisotropy caused by the Crystélncommensurate value. If the model mentioned above is cor-
field (CF) and the anisotropy of the two ion interactions. rect we would expect to find an antiferromagnetic ordering
Both types of anisotropy have to be considered to arrive at #ith @ wave vector of about= (2/300.
consistent description of the magnetic properties of the
orthorhombic intermetallic compound NdCyRefs. 1-3
(space groupmma).

The exchange parameters determined from inelastic To clarify the magnetic ordering process in SmGue
neutron-scattering experiments on NdCRef. 1) can be performed a neutron-diffraction experiment on a polycrystal-
used to make a prediction for the ordering temperature antine sample prepared with the isotop&'Sm in order to re-
the magnetic structure of some other isostructtR&u,  duce the absorption cross section. The polycrystalline sample
compounds on the basis of a mean-field theory. These agrder this neutron-scattering experiment was prepared at the
well with the available experimental results for the ThCu Technical University(Vienna by arc melting stoichiometric
DyCu,, and TmCy compounds the magnetic ordering vec- amounts of*>*Sm and Cu in protective argon atmosphere.
tor 7is determined by the magnetic exchange interaction an®hase purity was checked by x-ray powder diffraction. The
depends on the moment direction, because the exchange iB1B diffractometer of the Institut Laue LangeviGrenoble
teraction is anisotropic. If the magnetic moments point intowas used because of its high resolution at low angles and its
the crystallographid direction due to the CF, an ordering high flux of 6.5x10° ncm ?s ! at the sample position
wave vector of7~(2/300 is expected(as observed for (which was essential for the small sampfe3ay with a small
NdCu, and TmCy). If the moments are oriented perpen- magnetic moment To determine the temperature depen-
dicular to b then the ordering wave vector is=(2/310 dence of the magnetic structure a profile analysis at tempera-
(e.g., for TbCy and DyCy). turesT=2, 20, and 30 K was performed using a wavelength

SmCy is a compound of this series that has not beerof 0.25 nm. The data were fitted using theLLPROF profile
investigated by neutron scattering due to the high absorptiomatching program. The diffraction patterhzaK was used to
cross section of Sm. The measurement of the susceptibilityefine the structural parameters and the size of the magnetic
indicates that in this compound an antiferromagnetic ordermoment at the same time. The refined unit-cell parameters at
ing occurs below 23 K with a magnetic momenthirdirec- 2 K are a=0.436+0.003 nm, b=0.685*0.006 nm, ¢
tion similar to the case of NdGand TmCy.*°As in NdCuw, =0.735-0.006 nm; the atomic position parameters are
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FIG. 1. Low-temperature part of the temperature dependence of FIG. 2. Analysis of the magnetic part of specific heat together
the electrical resistivity parallel to the main crystallographic axeswith the magnetic entropy. The full line shows the best fit of a
The inset shows the resistivity up to the room temperature. Schottky contribution and the dashed lines correspond to the en-

tropy of doublet and sextet, respectively.

Zgyn=0.544£0.004, yc,=0.055-0.001, and z¢,=0.170 Ill. RESULTS AND DISCUSSION
+0.001.

The magnetic and dilatometric  measurements
were performed on a single crystal with dimensions The results of specific heat measurements are shown in
2.2x2.9x2.1 mnt. The single crystal of SmGuvas grown  Figs. 2 and 3. For the analysis of the isobaric specific bgat
by the Czochralski pulling method using the tri-arc furnacewe have considered three main contributions:
at Charles UniversityPrague. We have used about 10 g of
melt, consisting of pure constituents of SIBN5) and Cu
(5N). The melt was kept in water-cooled copper cruciblewherec, is the electronic part, expressed@s yT (y de-
under pure argori6N) protective atmosphergpressure 1.3 notes the Sommerfeld constgnt,, is the phonon part, in-
ban. Due to the high volatility of Sm, 5 at. % of Sm was cluding the anharmonic effe€twritten in the form
added to the stoichiometric composition. The growing con-
ditions were as follows. Pulling speed: 10 mm/hour, rotation ~ 9R; (1
of the seed: 20 mift, rotation of the crucible: 10 mirt. We P T T apT | X
have succeeded in growing a single-crystalline ingot about ) _
40 mm long with 4 mm maximum diameter. X- ray diffrac- WNerexp=0p/T, Op is the Debye temperature, is the
tion (using Cu-Ku;-Ka, radiation was done afterwards to anharmonic correction term, any, is the gas constant.
check the phase purity and to measure the lattice parameters The magnetic part of the specific heat is caused by the

of the single crystal at room temperature. The lattice param':n"jlgneuc exchange fieltbelow Ty, for a discussion of the

eters were found to bea=0.435770.00003 nm, magnetic phases we refer to the Sec. ljliBaddition to the

crystal field. The orthorhombic crystal field splits thé4

b=0.69343-0.00005 nm, ¢=0.73720-0.00006 nm and : _ _ _ .
the atomic positions areze,=0.545+0.001, yc,=0.065 ground state of the St ion (J=5/2, L=5, S=5/2) into 3
+0.001, andzc,=0.165+0.001. All these parameters agree 14
very well with those reported in the literatuteNo other
phasgeven oxideswas observed within the precision of the 127
X rays. Measurements of the temperature dependence of the
electrical resistivity parallel to the main crystallographic axes
(see Fig. 1 have also confirmed the high quality of the single
crystal, yielding the residual resistivity ratios RRR55,
175, and 78.5 for the current alorg b, andc axis, respec-
tively (see the inset of Fig.)1 0,4+

Thermal expansion and magnetostriction was measured
using a capacitance dilatometer in a 15 T Oxford Instruments .
superconducting magn&magnetization measurements were 005 : - : :
performed in a vibrating sample magnetomg®xford In- 0 5 10 15 2 = 30
strumentg in steady fields up to 14 T and in the 50 T pulsed T
field magnet of the Dresden high field facilityElectrical FIG. 3. Low-temperature part of the specific heat of Smu
resistivity and isobaric specific heat of SmCim the zero  the C/T vs T representation indicating the magnetic phase transi-
magnetic field were measured in the temperature range 0.54ens atT=16.4, 17.7, and 22.3 K, respectively. The inset shows the
300 K using a PPMS facilityQuantum Design anomaly corresponding to the lowest phase transition at 3.7 K.
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direction measured at different temperatures in a pulsed magnetic
field. The inset shows the temperature dependence of the magneti-
zation measured alortyin a steady field of 10 Tvibrating sample
magnetometer

FIG. 4. Thermal expansion of Smgalong the crystallographic
a,b, andc directions at zero magnetic field. The relative volume
change as deduced frofVvV/V=Aa/a+ Ab/b+Ac/c is shown at
the bottom. For thé direction also the 15 T curve is shown.

Kramer doublets. Thus for temperatuf®s Ty the magnetic ~ The thermal expansion determined by capacitance
specific heat,,4 can be expressed as a Schottky contribu-dilatometry agreess\évell with the results of x-ray powder dif-
tion of then=3 Sn*" crystal-field leveldthe A; denote the fraction aboveTy.”” Below Ty strong magnetoelastic ef-

crystal-field level energies in Kelving;=0): fects along thé andc axis appear, which have not been seen
in x-ray diffraction. Summing upAa/a, Ab/b, and Ac/c
n —A n —A\ 2 leads to a very small volume effect. The thermal expansion
E Aizexp?' Z Aiexp?' measured in a magnetic field shows that there are only very
Crmag™ Ry ) 72 N small changes of the transition temperatures in fields along

T2 " A " —A; the b direction. The transition temperatures change to 1.8 K,
Z’l EXp=— 2’1 EXp=— 14.7 K, 15.2 K, and 22.3 K at the maximum-available static
field of 15 T. The forced magnetostriction in fieldsupto 15T
is negligible A1/1<3x 10 %).
From the analysis we obtairy=17.0+0.3 mJ/mol ¥, Besides the dilatometric experiments, magnetization mea-
0p=220+2 K and ap=(1.2+0.2)x10 * K~ 1. The best Surements have been performed in magnetic fields parallel to

fit of the Schottky contribution gives the positions of the two the crystallographi® direction(see Fig. 5. The magnetiza-
excited doublets ad,=100+5 K and A;=120+5 K, re-  tion measured at constant fields in the temperature range be-
spectively, yielding the high-temperature magnetic entropyWee 2 K and 30 K yields anomalies at temperatures that are

Sa= R4IN(6), as expected for the S ion (see Fig. 2 consistent with the values derived from the thermal expan-
g9 sion measurementg.g., 2.7 K, 15.2 K, 15.6 K, and 21.9 K

at 10 7). Below 27 K a small increase of the magnetization
was detected. However, the two transitions around 15 K can-
The magnetic phase diagram of the SmGingle crystal not be separated because of only small magnetization differ-
has also been investigated by thermal expansion and magnences between the phases. The magnetization curves at con
tostriction measurements. Figure 4 shows the field deperstant temperatures measured in steady fields up to 14 T show
dence of the thermal expansion along the crystallographiao phase transitions indicating that the transition lines in the
a,b, andc directions. Four phase transitions are observed atagnetic H,T) phase diagram are nearly vertical in this
2.0 K, 16.2 K, 16.8 K, and afy=22.7 K in zero magnetic field range and it is only possible to induce ferromagnetism
field and agree well with the results of specific heste Fig.  in higher fields. Therefore, we performed magnetization
3). Comparing these measurements to available literaturmeasurements in pulsed fields at several temperatures. Be-
datd we find, that the lowest transition and the intermediatecause of the small value of the magnetic moment in SymnCu
phase above 16 K has not been reported yet. In Ref. 4, howt was necessary to correct the magnetization curve by sub-
ever, a transition at 10 K has been reported, which cannot bigacting the signal without sample from the measured signals
found in our data. for each run. Please note, that both signals are of the same

B. Expansion and magnetization measurements
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FIG. 6. Magnetic phase diagram of SmClor magnetic field ) ) )
parallel to the crystallographib-direction as deduced from VSM FIG. 7. Difference diffraction pattern aT=2 K (top) and

magnetization (open circley pulsed field magnetizationfull ~ T=20 K (bottom—the pattern at 30 K has been subtracted. The
circles, magnetostrictionopen squargs thermal expansiorfull line in the top pattern indicates a fit of a squared up structure with
squarey specific heaf(stars, and resistivity(triangles measure- & propagation vector of2/3 1 0. The Sm magnetic moment of
ments. For the description of the different phases see text. m,=0.45 ug/f.u. is assumed to be aligned parallelt@xis. Cal-

culated patterns with the same propagation vector and Sm moment,

. . . however, aligned parallel to the and c axis are shown for com-
order of magnitude. Therefore, the curves shown in Fig. §y31ison(D1B, \=0.25 nm).

are not as smooth as for measurements in steady fields and

the absolute values are correct only withi20%. Neverthe-  approximately. Above this field value all magnetic moments
less, the transition fields between 27 T and 29 T can clearlgre oriented parallel to the external field forming the induced
be identified(compare Ref. 10 The transition field value ferromagnetic phase F.
increases with increasing temperature and decreases againThe proposed phase diagram resembles the situation
near the ordering temperature. of ThCu, and DyCuy,'° for which a propagation vector
The magnetic saturation moment of SmCalong theb ~ 7=(2/3 1 0 was found for AF1. But, in contrast to Sm&un
direction is approximately 0:50.1 ug/f.u. (see Fig. 5 In  TbCu, and DyCy the easy axis of magnetization is the
addition to crystal-field effects an almost complete CompenaXiS. Note also the unusual increase of the transition field
sation of the spin and orbital moment may be the reason foRF3—F with temperature, which may be due to a
this small value. temperature-dependent compensation of thé 'Sepin and
The magnetic phase diagram as shown in Fig. 6 is con0rbital moments?
structed from the available data. At zero field it is character-
ized by antiferromagnetic order with a low-temperature

phase AF1 and, between approximately 16.6 K and thel Ne  powder neutron diffraction was used in order to determine
temperaturely=23.0 K, a high temperature phase AF3. Be-the magnetic structure of Smguln contradiction to the
tween these two phases an intermediate phase AF2 exists fiflodel expectatiolt [predicting 7=(2/3 0 0 as outlined in

a narrow temperature region 16.6H <16.6 K (which can  the Introduction we find a propagation vector ef=(2/3 1 0

be seen most clearly by the two first-order peaks of the speat T=2 K for the phase AF1. In Fig. 7 the calculated
cific heat measurement, Fig).3uch an intermediate phase magnetic-intensity pattern is shown in comparison with the
was also found in NdGu(Ref. 11 and described there as a experimental data. From these data we infer a magnetic
commensurate phase with an extremely long period andtructure that is shown in Fig. 8 in a projection onto the
squared up moments. Furthermore, a zero-field phase trangirthorhombicab plane. In the phase AF3 &t=20 K the

tion at 2.2 K was found by dilatometric measurements but itsnagnetic propagation vector changes to an incommensurate
origin remains unclear. We propose a low-temperature phaselue. Any intensity on the higher-order satellites of the
that should be a modification of AF1. In specific heat meapropagation vector=(2/3 1 0 is within the scatter of the
surements an anomaly can be seen at a slightly higher tendiata. In Fig. 9 the magnetic satellite¥3 1 0, (1/3 1 1), (4/3
perature ofT=3.7 K (see inset of Fig. B The vibrating- 1 0), and(2/3 1 2 at 2 K are compared to the corresponding
sample magnetomet€¥SM) magnetization data also show reflections at 20 K. By a careful refinement of the lattice
a low-temperature anomaly characterized by a small increaggarameters and the magnetic propagation vector at 20 K we
of the magnetic moment. Measurements usingHe insert  find a propagation of7*=(0.677+0.006, 0.98%0.011,

are planned to characterize this low-temperature phase in de-0.008+0.013). Considering the error involved in these
tail. In magnetic fields the phases are stable up to 28 Tyalues only a significant shift df can be inferred.

C. Neutron diffraction
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N it seems that the sign of anisotropic pafi{q) is opposite

) for SmCy in comparison with the othéRCu, compounds.
We believe that such a behavior should have a simple physi-

! cal reason. However, the microscopic origin of such an an-

P isotropic exchange is still unclear. To show the consistency

D

of our exchange model for SmE{Eq. (6) with jir:”C‘&(q)

=—jg;he'RC”2(q)] we calculate several physical quantities

and compare them to experimental results in the following.
Assuming that the sign of the anisotropy in the exchange
tensor is changed for Smgit is possible to estimate some
magnetic properties by exchanging thé?= 7°¢ with the
J°P components of the diagonal-exchange tensor, which has
been determined for NdGu
Following Ref. 1 the Nel temperature can be estimated
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FIG. 8. Magnetic structure of Smgshown in a projection to
theab plane. The magnetic moments are oriented parallbl ithe
magnetic unit cell consists of three crystallographic unit cells

aligned ina direction. from
The antiferromagnetically ordered moment rof=0.45 My 2 obr_
+0.07 ug/f.u. determined from neutron diffraction in zero keTn= 95 ™ug Tsnl 7=(2/31 0]. @)
J

magnetic field al =2 K is in accordance with the saturation
moment measured by magnetization. _ Hereg3™=2/7 denotes the Landactor of the Si" ion
These results show that the anisotropy of the magnetignqm, =0.5 4 the magnetic moment per Siion as de-
exchange interactions in Smgis different in comparison  termined from magnetization. Taking for t&”® component
with other RCu, compounds. According to the model pro- of the exchange in Sm the de Bes scaled value of thg*

posed @n Ref. 1 Fhe Fourier transform of thg exchange-Component in Nd(738[ 7= (2/31 0)] =79 Mev,ng\IdZBIH)
interaction tensor ilRCu, compounds can be written as

according to

jaa(Q) 0 0 ngm_l 2
J=l 0 7™ o0 Tl 7=(21310)]= S T 7=(21310] (8)
J
0 0 Jq)

with

T¥(q)=T“q).

- L o AFL—F
Splitting this interaction tensor into an isotropic and anWith the same wave vectpthe critical fieldH¢™ b for
anisotropic part according to

1 0 O

T Q=TI +Ta(q)| O —1 0],

FIG. 9. Magnetic satellites (0 0 0) (1 2 1)7, (2 2 0)", and
(0 0 2)* at 2 K (open symbolsin comparison with the corre-
sponding reflections at 20 Kull symbols. The lines indicate fits of
a Gaussian peaks to the déwdth a line width of 0.016 A (left)

and 0.013 A'* (right)].

the expressiori7) may be evaluated resulting in a value of
20.0 K forTy. This is only 13% lower than the experimental
value.

By applying the mean-field model developed for ThCu
and DyCy (Ref. 13 to SmCy (all these compounds order

the transition to the ferromagnetic phase may be calculated
using again the72® component of the exchange determined
in NdCu,.!

Using the notation of Ref. 13 in order to number the
exchange-interaction constants between the different sublat-

0O 0 1 tices the magnetic energies for the antiferromagn@iel)
and the ferromagnetitF) aligned structuregper f.u. and at
o T=2K o T=20K zero temperatupeare given by
400 | ! . ! (0 o 2)“
= (0o o)*ﬁ mﬁ ngm—l 2
EO I’ i\ @207 1y FAFl —Sm (Zng_ ZJEb_ 3ng+ SJZb)
< V(1 21) I 6 g B
2 200} \ § J
3 \ I
= At / §\, m2 [ gSm—1\? m
2 ¥ FF——%’ = (2J2b+2ng+ng+ng)—k—bH.
..2 0 gJ MB B
1.35 1.40 2.15 2.20 (9)
™" Q™' i
(A7) The Boltzmann constarig in the Zeeman term appears

because the exchange paramedemnd the magnetic energy

is calculated in units of K. The critical fielth=HA™—F
denotes the point at which these two energies are equal
(Fari=Fg) and an expression fad2™~F in terms of the
exchange parameted8” may be derived:
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g5m-1
gmeB

the Neel temperaturdly, and the critical fieldH2™~F agree
with the model calculation, if a sign reversal of the exchange
(10) anisotropy in SmCuis assumed in comparison to the other
RCu, compounds. This anisotropy can be described by a
Using for J°° again the values af2? given for NdCy in ~ Symmetric exchange-interaction tensor with vanishing trace.
Ref. 1(i.e',J§>b=2.47 K, ng=—2_79 K. J2b=—3.61 K) a However, the microscopic origin of such an exghange is
value of 27.0 T is calculated de/CAFHF that agrees well not clear and we propose further theoretical studies on this

with the observed transition field of 28 T. subject.

2
3 ) (238°+435P+ 325,

1
H?FlﬂFz . —kme(
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