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Heavy-fermion behavior of the ferrimagnetic compound UCuySn
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We have measured ac-magnetic susceptibility, magnetization, electrical resistivity, magnetoresistance, and
specific heat on the polycrystalline sample YSn. The specific heat over temperature shows a strong increase
at low temperatures. The electronic specific heat coefficjeot 330 mJ/Kmol determined by extrapolation
to T=0 K classifies this compound as a moderate heavy-fermion system. The other measurements together
with neutron diffraction reveal that this compound orders ferrimagnetically-at53.5 K. The temperature
dependence of the magnetic resistivity of USn indicates a behavior consistent with Kondo-type interactions
with Tx=15 K in the presence of crystalline electric field effe¢80163-182809)06731-4

[. INTRODUCTION compounds order antiferromagnetically withy=18 K for
Al and 23 K for In ternaries:* Their corresponding linear

Heavy-fermion(HF) materials continue to attract consid- specific heat coefficients are also alike, 180 nfiisl for
erable interest due to a puzzled transformation observed &tCusAl and 170 mJ/Kmol for UCwIn3* The low-
low temperatures from the localized to itinerant behaviortemperature state for both these compounds can be then un-
This phenomenon, despite numerous studies in the past, stderstood in the second scenario of competing RKKY and
requires many theoretical and experimental attempts to ben-site Kondo interactions for whichy~Ty .
explained. One of the most crucial aspects of heavy fermions
is their relationship to magnetism and magnetic order. Mag-
netism is a more robust aspect of HF systems than initially
envisioned when they were classified into nonmagnetic and Samples UCi¢Sn and ThCySn were prepared by arc
magnetic types. Careful microscopic studies continue to promelting the constituent elements): 99.95 at. %; Th: 99.9
vide evidence for some kind of usually weak antiferromag-at. %; Cu: 99.999 at. %, and Sn: 99.999 at.66 a water-
netic order occurring in most, if not all, HF’s. Thus a classi- cooled copper hearth under a high purity argon gas. The
fication scheme and a framework for understanding thaveight loss of samples during the arc melting was smaller
mutual relationship between the HF state and magnetic ordehan 0.5%. In the case of UGN, two separately synthe-
has emerged. This framework recognizes two scenarids: sized samples were used in our study. Sample no. 1 was not
magnetism arising among strongly interacting heavy quasiannealed, while sample no. 2 was vacuum annealed at
particles, or(ii) competition between on-site Kondo screen-800 °C for three days. The annealing slightly increased the
ing and intersite Ruderman-Kittel-Kasuya-YosiRKKY)  value of the resistivity, but did not affect any other data,
interactions as implied by Kondo-lattice models. These twaarticularly the magnetization. The data presented here were
scenarios can be schematically described by two relevant ebtained on sample no. 2. X-ray analysis reveals that the
ergy scalesTy and Ty, whereTy is a Kondo scale or the investigated samples were single phase with a hexagonal
effective degeneracy of the Kondo electron band, &agd structure. The room-temperature lattice parameters were de-
represents the strength of magnetic interactidnsis mea- termined by a least-squares fitting to experimental data. They
sured by the electronic specific heat coefficient whilgis  area=498.3(1) andc=2029.5(4) pm for UCuSn, anda
the temperature of the magnetic order. The first scenario cor=498.8(1) and c=2028.6(5) pm for ThCySn. As a very
responds toTy< T; the second scenario impliegy, recent x-ray refinement of a single crystal of USa has
~Tk . Here we present the results of thermodynamic, magrevealed, the crystal structure of this ternary stannide is of
netic, and transport measurements on L&y a moderately CeNiSn type®
heavy fermion system, which defies this phenomenological
description of HF’s. As is shown below, the magnetic order
is of ferrimagnetic type and ;> Ty .

UCusSn belongs to a recently discovered family of In Fig. 1 we present results of ac-magnetic susceptibility,
UCwsM compounds, wher# stands for Al, In, or Sn. The xa,., measurements in the temperature range 4—100 K per-
crystal structures of these compounds are different and onlformed with a Lake Shore susceptomdisgries 7000 Both
that for UCuIn relates to the CeG@u type? Those for Al in-phase ') and out-of-phase x’) components Ofy,c
(Ref. 3 and Sn(this work) are tetragonal and hexagonal, have pronounced maxima. The characteristic peak'irat
respectively. As found in our previous studies, the first twoT-.=53.5 K indicates a magnetic phase transition. The pres-

IIl. EXPERIMENT

IIl. RESULTS AND DISCUSSION
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FIG. 1. The temperature dependence of ac-magnetic susceptibil
ity, xac,» for UCuSn. The solid lines are guides to the eye.

FIG. 3. Magnetization of UG8n measured in fieldsupto 5.5 T
and at selected temperatures between 1.7—-60 K. The solid lines are

H Wl
ence of a pronounced maximum g’ at a temperature guides to the eye,

slightly lower thanT¢ indicates a ferromagnetic contribution
to the magnetically ordered state. An ordinary antiferromag- ) ) ) . )
netic ordering(AF) should not give rise to thg” anomaly.  netic materials. Usually, the inflection point of the magneti-
Further arguments for the existence of the ferromagnetigation (minimum of derivative of the magnetization
component in the ordered state of UG are provided by dM(T)/dT) taken at the lowest magnetic field defines an
dc susceptibility and magnetization measurements. Thes@rdering temperaturgc . This point for UCySn is close to
measurements were performed using either the Faraday bahat determined from thg,. curve and is equal to 53.9 K.
ance or superconducting quantum interference devicBelowTc, theMgc(T) dependence demonstrates a clear fer-
(SQUID) magnetometerquantum design MPMS-5 type romagneticlike character of the sample, whilézgc(T)
For these measurements, the samples were first powder88ows a broad maximum at about 30 K. A marked difference
and then potted into a cylindrical cell. This procedure effec-between ZFC and FC magnetization curves implies the pres-
tively eliminates any preferential orientation of arc-meltedence of a large magnetocrystalline anisotropy in the investi-
material and leads to direction-averaged properties. Figure @ated material. .
shows the inverse of dc susceptibility{}) as a function of The magnetization versus field curiegB), taken at se-
temperature between 1.7-1000 K. This. is defined as |ected temperatures are shown in Fig. 3. These curves exhibit
magnetizatior(M) obtained in the fieldB) of 0.5 T divided typical hystere_t|c beh_awor of ferromagnetic matenals_wn_h a
by this field. At temperatures larger than 200§ follows ~ Strong crystalline anisotropy. At 1.7 K, the magnetization
a Curie-Weiss law with an effective moment; = 3.11(5) !n|t|ally increases _aImost Ilnea_\rly with f|elld, t_hen suddgnly
pg/U and a paramagnetic Curie temperatérg= —63(2) increases anq exhlblts satura}tlorj effgcts in still higher f|elds.
K. Below 200 K, theXJcl versusT dependence shows a This sudden jump in magnetization is due to overcoming of

strong downward deviation from a straight line and markedN® Magnetocrystalline anisotropy. We accept the field corre-

curvature at temperatures nélf, reminiscent of ferrimag- _sponding to the infle_ction poing, , as the measure of an-
P o g isotropy energyB., is about 0.7 T forT=1.7 K and de-

creases at higher temperature becarinT atabout 50 K.
The striking feature of these data is the rather low averaged
magnetic momeni =0.6 ug/at.U, reached for a powdered
sample in a maximum applied field of 515 At first glance,

this behavior indicates that either the two differéhsublat-
tices in the unit cell of the Celbn type, with antiferromag-
netically coupled moments are not completely compensated
or there exists some canting of magnetic moments. In order
to further explain these magnetization data we have initiated
collaborative efforts to study the magnetic structure of this
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00050720 60 80 1001 compound via neutron diffraction. From the recently per-
T (K) formed neutron scattering measurements we have found a
0 200 400 600 800 1000 ferrimagnetic structure with a propagation vectdr

=(0,0,0). In this structure the alignment 0fmagnetic mo-
T (K) ) : : )
ments is along the hexagonalaxis. This structure is also

FIG. 2. UCWSn as a function of temperature. The solid line is a characterized by ferromagnetic planes with the<) stack-
fit to the experimental data. The inset shows the low-temperaturéd sequence. The size of themoments lying in the0,0,0
magnetization taken on zero-field coolgC) and on field cooled ~ plane, formed by the sites &2, is about 10 times larger than
(FC) samples aB=0.1 T. The solid lines in the inset are guides to those in the adjacen0, 0, 1/9 plane formed by the sites
the eye. 2(d). The atomic ratio of both these sites in the unit cell is
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FIG. 4. The electrical resistivity of UGGn and ThCySn be-  temperature dependence of resistiyityInT.

tween 4 and 300 K. The inset shows the resistivity of Y&u
versus IT at temperatures below 4 K.
the rising resistivity values due to the Kondo interaction with

1:1 and this difference in the magnitudes of the momentshe CF ground state. Hence, any comparison of the{3@Gu
leads to a net moment of uranium atoms. More detailed newase to the situation found in a number of honmagnetic Ce
tron diffraction data will be published elsewhér&hese re- compounds at low temperatures cannot be considered here.
sults explain the relatively small value of the ordered mag-However, the temperature of the broad maximumjp(T)
netic moment and the sign of the paramagnetic Curie-Weissf UCusSn T, happens to be considerably higher thign
temperature. This sign, as opposed to normal ferromagnetand therefore can be attributed Aq. .
is negative, implying predominance of negative, antiferro- According to the Suhl-Nagaoka thedty,the inflection
magnetic exchange interactions. point of thep,,4 versus InT corresponds to the Kondo tem-

The electrical resistivity, discussed next, is also not typi-perature. This value for UGS&n would be roughly 15 Ksee
cal of ferromagnetic compounds. The electrical resistivitythe inset of Fig. & At this point it is worth recalling that the
p(T), measured using a standard dc four-probe method, imeasured paramagnetic Curie-Weiss temperatutk,
shown in Fig. 4 for temperatures between 40 mK and 300 K= —63 K, is also consistent with the Kondo temperature of
Upon cooling from room temperature, the resistivity initially order 15 K. Various theoretical approaches rel@tgto Ty
decreases slightly and then nda#54 K, p(T) drops mark- by Ty=|@ ,|/n, wheren is usually between 2 and*4.
edly due to the onset of the magnetic order. Furthermore, at We have searched for additional signatures of the Kondo
T=27 K, p(T) goes through a deep minimum and then in-character of this compound by performing magnetoresistance
creases steeply when the temperature is lowered. As showWMR) measurementsip/p=[p(B)—p(0)]/p(0), for sev-
in the inset to Fig. 4p(T) shows a small keen anomaly at eral temperatures and magnetic fields. The L&usample
T=0.8 K, saturating at a constant value below this temperawas first cooled down to 4.2 K in a zero figldFC) and then
ture. data were taken first in increasing fiel@g to 8 T) followed

In order to estimate the phonon contribution to the resisby a decrease of field at constant intervals. For temperatures
tivity of UCusSn, the resistivity of nonmagnetic, isostruc- higher than 4.2 K, the sample was initially heated to the
tural homologue ThG38n has been measured. As it is shownrespective temperature in zero field and the data were re-
in Fig. 4, p(T) of this compound has a typical metallic tem- corded in the same manner as that for 4.2 K. The obtained
perature dependence. The magneticetectron contribution MR against magnetic field curves are shown in Fig. 6. This
to the resistivity of UCySn has been obtained from the fol- magnetoresistance is negative, as it is expected for both the
lowing subtraction;p(UCusSn) —p(ThCwuSn). The result is  Kondo effect and ferro- or ferrimagnetic ordering. Due to the
presented in the form opn,4 versus I in Fig. 5. This latter effect, the magnetoresistance also shows large hyster-
curve is strikingly similar to those for Ce-Kondo lattice com- etic features clearly visible for temperatures lower than 35 K.
pounds and mimics the theoretical behavior predicted foSimilar hysteretic behavior has been previously found for
Kondo systems with crystal-field effects. According to theUPdIn}* and UCyGe,.*? Ferrimagnetic orderinguncom-
theory of Cornut and Cogblih,the broad maximum, ob- pensated spinsvas established for the first compound, while
served for UCySn at temperatures slightly above 100 K, a possible canting of ferromagnetically aligned spins was
would correspond to the overall crystal-figf@F) splitting  found in the second compound. The low-field magnetoresis-
Acr. For Ce materials showing no magnetic ordering, thetance isotherms of UG&n have a field dependence that can
slopes ofppaq versus IT at lower and higher temperatures be mistakenly assigned to pure Kondo behavior. Note that
are just related to the effective crystal-field degeneracy of th¢he characteristic magnetic fiel&., corresponding to the
ground state and higher excited CF states, respectivelynflection point of the magnetoresistan@ég. 6) has a tem-
However, the low-temperature slopemf,4in our case is a perature dependence opposite to that for a characteristic field
result of the competition between the dropping tendency obf the Kondo modelB*. B, as opposed t8*, decreases
spin-disorder resistivity with decreasing temperature due tavith an increase of the temperature, i.e., it has a similar
the onset of magnetic order on the one hand, and on the othtemperature dependenceBg,, which we related to the an-
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. measurements that in contrast to typical ferro- or ferrimag-
netic materials the largest MR is found not at the but at

the lowest temperature measured. Hence, this finding
strongly suggests that the decrease in the resistivity under
high-magnetic fields is due to the reduction of the Kondo
scattering by fields in the incoherent state.

In the second run, marked in Fig. 7 as FC, we referred the
high-field resistivity to zero-field resistivity, but determined
after cooling the sample und& T down to 4.2 K and then
warming up at this field. As can be seen in Fig. 7, the dif-

: , . ference between the ZFC and FC magnetoresistance results
isotropy field (Fig. 3). However, B; values are markedly are only significant below 20 K. Especially, at 10 K, the

larger than those foB,., at the same temperature. The origin FC-MR exhibits a jump and a tendency to saturation with
of this discrepancy is probably caused by different sizes anﬂJ :

shapes of polycrystalline samples studied. Furthermore, i

F'g' (7j we dlsp§¥f the plots of '\fAR versus temperlzi'gure Oﬁkondo and magnetic order interactions or from a reorienta-
tained In two different ways of measurements. FIrst, the;q, ot gpins. A similar effect was observed in our study of

sample was coqleq in zero ﬁ(.ald. QOwn t(.) 4.2 Kand we .therURLb_deo_sGa materiaf® for which ferrimagnetic ordering
measured the virgin ZFC resistivity, whilst slowly warming with two magnetic propagation vectoks=(0,0,0) andk,

the sample up to 75 K. Then the sample was cooled in zero:(0 0,0.2) were observed beloti=52 K1

field down to 4.2 K and the resistivity was remeasured in a " o o, hand, the magnetoresistance of 48Bupre-

field of 8 T, as indicated above_. Based on these two result\§iously measured at 50 mK, 0.25 B K and in fields up to

we haye c_alcula_ted MR and its_temperature dependenc‘iwf T2 but only with increasing magnetic fields, do not show

which in Fig. 7 is marked as ZFC. One sees from thesean S-type shape. In these temperatures and in fields above 2
T, where coherence effect is thought to be absseé Ref.

U ' ' ' ' ' ' ' 7 15), MR shows a negative curvature depending nearly qua-
I dratically on B, indicating the dominant Kondo-type behav-
ior of UCusSn. Therefore, it seems that these high-field and
very low-temperature magnetoresistance data taken from

Ref. 15 can also be analyzed in terms of 8w1/2 Cogblin-
Schrieffer modet® The solid lines in Fig. 8 represent a fit to
this model. As seen, all experimental points can be satisfac-
torily described by a function oB/B*.1” This model also
predicts thatB*(T) is proportional to temperatur&*(T)
= uk 'kg(T+Tk); whereTy is the Kondo temperature. By
forcing a straight line fit ofB* versusT we arrive atTy
~15 K anduk=~0.43ug . Since the three points used in the
. ! . . . L . L . fit do not fall on the straight line, these values can be used as
0 15 30 45 60 very rough approximations only. Nevertheless, tfiis is
T (K) consistent with the value based on the zero-field resistivity
and magnetic susceptibility data. We should also have in
FIG. 7. Magnetoresistanc&p/p of UCuSn as a function of mind the fact that the above procedure has been applied in
temperature. the magnetically ordered state, though the spin disorder or

FIG. 6. Magnetoresistanc&p/p versus field at various tem-
peratures between 4.2 and 54 K for USa. The solid lines are
guides to the eye.

fect is not clear, and may arise from a competition between

Ap/p (%)
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We have presented experimental results of the magnetic,
FIG. 9. The specific heat plotted @ T versusT? for UCu;Sn  transport, and thermal properties of UGn. The following

(open squargs ThCu;Sn (open circley and their differencésolid ~ conclusions are remarkable. _ '

diamonds. The inset shows the low-temperature behavioCT (i) The bulk and neutron powder diffraction measure-

for UCusSn. ments point to a ferrimagnetic order beldw=53.5 K.

(i) The electrical resistivity behavior can be qualitatively
contribution to the total resistivity at these lowest tempera-€Xplained in terms of the Kondo interaction and crystalline
tures should be quite marginal. field splitting. The dc-magnetic susceptibility, electrical re-

The distinct Kondo-like signature of the resistivity below Sistivity, magnetoresistance, and specific heat data also indi-
T suggests the possibility of a heavy-fermion state at lowgate an existence of the Kondo effect, which is characterized
temperatures. Specific heat results, discussed next, provid®y the Kondo temperature of order 15 K. _
some evidence for the heavy-fermion state of Y&u The (iii) The specific heat data imply that UESn is a mod-
specific heat €), between 0.4 and 10 K for UGSn, and erate heavy fermion. It is unique in the sense that the heavy-
between 1 and 10 K for ThGBn, has been measured by the fermion state is formed in the ferrimagnetic state. Particu-
relaxation method. The results for UESn and for the non- larly, the heavy-fermion characteristics are found in this
magnetic reference sample, ThSm, are shown in Fig. 9 in compound despite the fact that the magnetic energy scale is
the form of C/T versusT2. For UCuSn, an increase @/T, ~ Much larger than the Kondo scale, i.8¢> T _
characteristic of a heavy-fermion state, is observed below (V) Both the electrical resistivity and specific heat display
about 7 K.C/T reaches a maximum value of about 375&n anomaly af =0.8 K, which may suggest some additional
mJ/K?mol at 0.8 K before it starts to decreasee the inset transition, if its appearance is not caused by extrinsic rea-
to Fig. 9. Recall that we have found a correspondingSCOns: Additional microscopic measurements at very low tem-
anomaly in the resistivity, also at about 0.8 K. Despite thePeratures are required to further probe the behavior of this
fact that the origin of this anomaly is currently unclear, how-nteresting compound.
ever, we think that its influence on the fingl0) value may
be negligible. The support of this argument lies in the mea-
sured C/T for solid solutions Y_,Th,CusSn, where the This work was supported by the State Committee for Sci-
v(0) value per uranium mole reaches the same order of magntific Research Grant No. 2 PO3B 147W0roctaw), and by
nitude as that for pure UGBn. Moreover, these composi- National Science Foundation Grant No. DMR-9400755
tions have not shown any anomaly in th€ifT versusT as  (Florida).
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