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Unusual Ordering Behavior in Single-Crystal U;Rh3Sis
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We have grown single crystals of the ternary uranium compousi@hiSis which crystallizes in a
monoclinic LuCo;Sis structure with space group €€ U,Rh;Sis exhibits a single dramatic phase
transition at 25.6 K. Here the specific heat peaks to more than A06nbIK, and the magnetic
susceptibility is strongly anisotropic and shows a steplike drop at the ordering temperature. The
electrical resistivity is also anisotropic with indications for the appearance of superzone and spin-
wave gaps. We relate this behavior to a (weak) first-order phase transition into a simultaneous spin-
quadrupolar ordering. [S0031-9007(97)02473-3]

PACS numbers: 75.40.Cx, 75.30.Cr, 75.50.Ee

Uranium intermetallic compounds are known to displaynotation is given in Fig. 1. All nearest neighbor U-U
avariety of exotic magnetic and (coexisting) superconductbonds and other bonds shorter than 3.3 A have been
ing properties as exemplified by their heavy-fermion, non-depicted. In the-¢ plane the U atoms form a corrugated
Fermi liquid and metdlinsulator behaviors [1-3]. Such planelike structure with U-U distances of 3.8 A. Along
effects reflect the strong electron-electron correlations anthe a’ direction the U atoms are elongated towards the
large hybridization that are usually present in these materhodium atoms. The U-U planes are separated by 5.8 A.
rials. Especially interesting here is the magnetic ordering Previously, polycrystalline samples were reported to or-
phenomenon which mainly depends on the crystal strucder antiferromagnetically below 26 K [12,13] based on
ture, the strength of the inter-U magnetic interactions, andusceptibility, and resistivity measurements. Our present
the amount of Kondo screening resulting from the correlaexperiments on single-crystal samples include specific
tions and hybridization. Highly unusual magnetic struc-heat, magnetic susceptibility and electrical resistivity in
tures of U moments have been previously observed: (i)he various crystal directions. All these measurements
very small momentsg.ss = 0.02 wp) in a simple array illustrate the highly anomalous nature of the phase tran-
of up/ down ferromagnetic planes, e.g., UfSiy [4], (ii) sition at 25.6 K. Preliminary neutron diffraction experi-
partially frustrated and short-range order, e.g., ABN[5] ments on a polycrystalline sample show that ifRU; Sis
or UPt [6], (iii) large anisotropies and incommensuratethe Kondo effect plays a minor role since the observed U
structures, e.g., UBAIl; [7] and UNiLAI; [8], (iv) ran- moments are large (1.%0g) [14]. The moments involved
dom freezing or spin-glass transitions, e.g., YB& [9], in the ordering also appear to be strongly coupled to the
and (v) ordering of quadrupolar and spin moments in 4JPd
[10]. Since the U ions possess an intermediate degree @
localization between the mainly itinerant 3ystems and
the fully localized 4 ones, their exact magnetic nature
depends on the particular crystallographic and electronic
structures of the given intermetallic compound. The spe-
cific crystal electric field (CEF) scheme and the coupling of
the U ions to the lattice can generate additional quadrupo-
lar and/or structural transitions. Hence new U-based ma-
terials with novel structures should lead to extraordinary
behavior.

We report in this Letter the atypical magnetic behavior
of a new uranium compound,Bh;Sis, first synthesized
in 1990 by Hickeyet al.[11]. This material forms in
the monoclinic LyCo;Sis structure with space group
C2/c. The monoclinic distortion of LRh;Sis from the a’
orthorhombic YCo;Sis structure (Ibam) is so small that
we can represent our system in a_quasiorthorhombic
symmetry by transforming the basis b, and ¢ of the
space group Gz (cell choice 1 with uniqueb axis)

into @’ = a + ¢, while b and¢ are kept unchanged. A F|G. 1. Crystal structure of JRh;Sis in quasiorthorhombic
sketch of the crystal structure using the quasiorthorhombicoordinates.
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lattice. In what follows we depict our bulk experimental y;.'(T). For a field parallel to the: and theb axis
results and relate these to a (weak) first-order phase traa- Curie-Weiss (CW) law is obeyed faf > 100K as
sition into a simultaneous spin-quadrupolar ordering.  shown by the full lines. For fields parallel to tldeaxis
The single crystal has been grown in a tri-arc furnaceleviations from a CW behavior are found up to 300K.
using the Czochralski method in a high purity argon at-From these plots we determine an average effective U mo-
mosphere (pulling rate: 10 mfh; seed rotation: 20 rpm, ment of 3.3u3.
as for the counterrotating crucible). During the growth The resistivity as measured on the annealed crystal is
a clear facetting has been observed. The starting matefplotted versus temperature in Fig. 4. Above 3QKT)
als were U 8l, Rh 4N, and Si ™. The sample has been shows a very weak temperature dependence irrespec-
checked by Laue-x-ray diffraction, confirmed to be singletive of the direction of the current. The absolute val-
crystalline and properly oriented. Electron-micron probe-ues at room temperature age, = 315 uQ cm, p; =
analysis (EPMA) established the crystal to be single-phasgi4 Q) cm, and pz; = 210 ©Q cm (see horizontal ar-
material with an maximum limit of~1% for impuri-  rows in Fig. 4). These values are large compared to other
ties and second phases. Resistance bars have been tutompounds that form in the related ThSk structure
via spark ergsign along the quasiorthorhombic crystallof15]. Around 26 K,p_: andp; exhibit an upward step at
graphic axisa’, b, and¢. A portion of the single crystal Toq. Such “superzone-gap” features should be attributed
has been annealed at 9d0r seven days under high vac- to the changes in the Brillouin zone due to the magnetic
uum, which leads to an even higher sample quality, indiordering as discussed by Mackintosh [16]. In contrast to
cated by the sharpness of the transition. the a’ and b directions, p: suddenly drops upon lower-
The specific heat versus temperature is shown in Fig. ang the temperature below 26 K (inset in Fig. 4). These
The measurements on the as-grown single crystal hawgnomalies are followed by a strong decrease of the re-
been performed using a quasiadiabatic technique. The lagistivity with decreasing temperatures. The resistivity ra-
tice contribution to the specific heat has been substractegb between 40 and 1.3 K B(40K)/R(1.3 K) = 27.5 for
as described in Ref. [13]. At the ordering temperaturei||a’, =27 for i||b, and=73 for i|lc. Below T, the re-
Tora @ very sharp peak occurs with a maximum of 115sistance can be described by
J/U-molK. The net entropy is presented in the inset

of Fig. 2. AtT,q the entropy reacheRIn2. The elec- p(T) = po + AT? + CZ <1 + 2_T> exp(_—A>,
tronic linear contributiony is determined to be 22 mll- A A T

mol K2, so this system is not a heavy fermion. The small (1)
contribution to the specific heat and the entropy above the ] ) ] ]
transition are probably due to CEF effects. where py is the residual resistance{7> the Fermi-

In Fig. 3 the dc-susceptibilitys. measured on the an- liquid contribution, andA the gap in the spin-wave
nealed crystal is displayed. At 25.6 K the magnetic orderSPectrum [17]. TheT? term is quite small, which
ing is accompanied by a sharp dropyg. for T < T.q. 1S consistent with the tinyy value observed in the
The susceptibility shows a strongly anisotropic behaviorsPecific heat. The spin-wave gaps, as found from the
For Bl|b, Yae has the largest value @t,q, four and eight temperature dependence of the resistivity, &g =
times larger than for E& and B|¢, respectively. The 77Tx 2K’.A” = 85 = ZK andA. = 106 = 6K. The
inset of Fig. 3 shows the high temperature behavior oflts describe the resistivity remarkably well up to about
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FIG. 2. Specific heat of Rh;Sis (corrected for lattice con- ature of URh;Sis with magnetic field parallel to the’ axis
tribution) versus temperature. Inset: Net entropy gain of(e), b axis (+), andc axis (A). Inset: Inverse dc-susceptibility
U,Rh;Sis in units of RIn(2). Xd}l with fits to a Curie-Weiss law as described in the text.
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400 already low, no symmetry breaking is found such as
ifja": A=TTK occurs in cubic UP[18]. . .
300 In a first attempt we model the behavior of Rh;Sis
g t_)y assuming a singlet-ground state and a splitting to a
8 first excited singlet levelAcgr With Acgr > Toy fo_r
3 200 T < Ty, andAcgr < Ty for T > Ty [19,20]. This
a leads to a two-level model fordRh;Sis where both levels
100 have no diagonal elements for the magnetic moment.
The anomaly in the specific heat can be qualitatively
0 ; , understood by a rapid depopulation of the first excited
0 10 20 30 state with the occurrence of antiferromagnetic ordering.

T K] The sudden changes in regime (II) could be caused
by different order parameters “bootstrapping” each other
FIG. 4. Resistivity versus temperature fosRSis for illa’  jnto a dramatic phase transition. This suggests a strong
\(/\7:31\’/ ei”ba (+)'Tt?2dhgligz éﬁ;&%ﬁi;g;@d gngi) df:oin?jiggtig- coupling between the sublattice magnetization and the
the re%isriivity at 300K. Insets: Enlarger’nent of the threequadrupole moments which in turn greatly affec_ts.the
resistivities at the phase transition. lattice parameters and the band structure. Our preliminary
thermal-expansion measurements show an anisotropic
and discontinuous jump &f,q [21]. The absence of
23K, indicating little temperature dependence of the gapluctuations or short-range order in the specific heat and
up to 0.97,q. Within the experimental resolution of less the remarkable change in the lattice constants [14,21]
than 50 mK no thermal hysteresis has been observed ifoints to a first-order phase transition. To reveal the
our resistivity measurements. exact nature of the order parameters and their coupling,
The results described above show thalRbiSis ex-  more detailed neutron diffraction and inelastic scattering
hibits a most unusual magnetic behavior. The temperatur@o determine the CEF and spin-wave gap) are required.
dependence of the bulk properties reveals three distinct re- |n summary, our investigations of the bulk properties
gions; above, around, and beldy,q: (¢p, xde, andp) on single crystal WRh;Sis have clearly
(I) Above T,yq: free (paramagnetic) U moments and shown the unusual character of the magnetic phase transi-
CEF effects govern the behavior. In particular, the smoothion at 25.6 K which appears to be first order and strongly
changes inyq.(T) [and in the anisotropy ofac(7)] as  coupled to the lattice. A qualitative description seems
well as inp(T) below 200 K should be attributed to CEF possible within a singlet-singlet model where exception-
effects. ally large interactions exist among different order parame-
(1) A very narrow temperature regime arourid.a  ters, e.g., the sublattice magnetization and quadrupole
where all bulk properties of the single crystal showmoments. These bootstrapping interactions would signifi-
dramatic changes. The specific heat exhibits a large peakantly modify the lattice parameters and the band structure
and the magnetic susceptibility as well as the electricahnd induce superzone and spin-wave gaps. Our limited
resistivity show steps as a function of temperature. Th&nowledge about the CEF parameters and the strengths
temperature widthA 7,4 of these anomalies is similar of the magnetoelastic interactions prevents a meaningful
for all three bulk properties: 150 mK for the as-grown quantitative analysis at present. Further experimentation
sample, reduced to 80 mK after one week of annealings warranted to fully characterize,Bh;Sis.
Thus, A Tora/Tora is of order107 and can be attributed e are pleased to acknowledge stimulating collabora-
to minor sample imperfections. tion with R. Feyerherm and M.F. Collins, T. Takeuchi
(1) Below Toq sSmooth variations with temperature of and Y. Miyako, and thank C. C. Mattheus for experimen-
the dc susceptibility and of the specific heat are observeda| assistance. Further, we have enjoyed fruitful discus-
while the strong decrease in the resistivity with decreasingjons with J. M. J. van Leeuwen, W. van Saarloos, and
temperatures is governed by the gap in the spin-wavei, W.J. Bléte. This work was partially supported by the
spectrum. Nederlandse Stichting Fundamental Onderzoek der Ma-
The sharp jump in the specific heat is more thanerie (FOM). S.R. acknowledges the award of an NWO-
100 Jmol K, much larger than the mean field prediction visiting Fellowship.
for a spin% doublet ground state. The sharpness and
amplitude of the transition in the specific heat indicate its
first order character. Indeed, neutron diffraction results
[14] have shown that the antiferromagnetic ordering iS  «pgrmanent address: Tata Institute of Fundamental
accompanied by a considerable change in the lattice  Research, Bombay, India.
constantsh and ¢, determined above and belof,q. TAlso at Van der Waals-Zeeman Laboratory, University of
Since the crystallographic symmetry of,Rh;Sis is Amsterdam, 1018 XE Amsterdam, The Netherlands.

1349



VOLUME 78, NUMBER 7 PHYSICAL REVIEW LETTERS 17 EBRUARY 1997

[1] P. Fulde, J. Keller, and G. Zwicknagel, i8olid State [12] L. Piraux et al., J. Magn. Magn. Mater.128 313

Physics,edited by H. Ehrenreich and D. Turnbell (Aca- (1993).
demic, New York, 1988), Vol. 41, p. 1; A.C. Hewson, [13] B. Beckeret al., in Proceedings of the Conference on
The Kondo Problem to Heavy Fermio(Sambridge Uni- Strongly Correlated Electron Systems, Zuerich, Switzer-

versity Press, Cambridge, England, 1993); R.H. Heffner land, 1996 [Physica (Amsterdam) (to be published)].
and M. R. Norman, Comments Condens. Matter PAys. [14] R. Feyerhernet al., in Proceedings of the European Con-

361 (1996). ference on Neutron Scattering, Interlaken, Switzerland,
[2] D. Finsterbusctet al., Ann. Phys. (Leipzigh, 184 (1996); 1996 (to be published).
M.B. Maple, et al., J. Low Temp. Phys95, 225 (1994); [15] G.J. Nieuwenhuys, itleavy Fermions and Related Com-
in Proceedings of the Conference on Non-Fermi-Liquid pounds Handbook of Magnetic Materials Vol., ®dited
Physics in Metals—1996 [J. Phys. Condens. Matter (to be by K.H.J. Buschow (Elsevier Science B.V., Amsterdam,
published)]. 1995), p. 1, and references therein.
[3] G. Aeppli and Z. Fisk, Comments Condens. Matter. Phys[16] A.R. Mackintosh, Phys. Rev. Let®, 90 (1962).
16, 155 (1992). [17] N. Hessel Andersen, iCrystalline Field and Structural
[4] C. Broholmet al., Phys. Rev. Lett58, 1467 (1987). Effects in f-Electron Systemedited by J.E. Crow, R.P.
[5] S.A.M. Mentinket al., Phys. Rev. Lett73, 1031 (1994). Guertin, and T.W. Mihalisin (Plenum, New York, 1980),
[6] G. Aeppliet al.,Phys. Rev. Lett58, 808 (1987). p. 373.
[7] R. Casparyet al., Phys. Rev. Lett71, 2146 (1993). [18] K. Andreset al., Solid State Commur8, 405 (1978).
[8] A. Schroederet al., Phys. Rev. Lett72, 136 (1994). [19] Y.L. Wang and B.R. Cooper, Phys. Rel72 539
[9] S. Sullowet al., Phys. Rev. Lett78, 354 (1997). (1968); Y. L. Wang and B. R. Cooper, Phys. R&85 696
[10] K.A. McEwen et al., Physica (Amsterdam)86B—188B (1969).
670 (1993). [20] G.J. Nieuwenhuys, Phys. Rev.35, 5260 (1987).
[11] E. Hickey et al., J. Magn. Magn. Mater90 & 91, 501  [21] T. Takeuchi (private communication).
(1990).

1350



