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First-order transition to a noncollinear antiferromagnetic structure in U ,Rh ;Sig
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We have determined the antiferromagnetic structure of monoclipRHh4Sis and the temperature depen-
dence of the magnetically ordered momentia single-crystal neutron diffraction. The value @fexhibits a
sharp discontinuity at the ordering temperatliig=25.5 K, jumping from 1.Gg to zero within a narrow
temperature intervdlATy=0.2 K, x(9 K)=2.35ug]. This demonstrates the first-order nature of the transi-
tion. The magnetically ordered structure is a noncollinear arrangement of the eight uranium magnetic moments
within the crystallographic unit cell. The moments are oriented parallel to nearest-neighbor U-Rh bonds,
creating uniaxiallsing-type magnetic behavior, with canted local easy axes. The temperature dependence of
the lattice parameters, as determined via high-resolution x-ray diffraction, exhibit pronounced discontinuities at
Tn . These data demonstrate a strong magnetoelastic couffi6ifj63-18207)06446-1

Uranium intermetallic compounds are attracting great in-observe a noncollinear antiferromagnetic arrangement of the
terest due to their variety of unusual magndaad some- eight uranium magnetic moments within the unit cell of
times coexisting superconductinground states. An under- U,Rh;Sis. This magnetic structure appears to be a natural
standing of these ground-states involves investigation of theesult of a uniaxiallsing-type magnetic anisotropy at each
delicate balance between different and partly competing inuranium ion and a relative canting of the local magnetic easy
teractions, like inter-U magnetic exchange and quadrupolaaxes which we find to be oriented along nearest-neighbor
interactions, the crystal-electric field, as well as electronU-Rh bonds. In qualitative agreement with thermal expan-
electron correlation and hybridization effects, touching somesion data:! our x-ray-diffraction data reveal pronounced dis-
fundamental questions of present day research onontinuities of the lattice constants and an expansion of the
intermetallics: 3 unit-cell volume on ordering, demonstrating the presence of

Previously, particular interest has been devoted to firsta strong magnetoelastic coupling inRh;Sis. With its dis-
order antiferromagnetic transitions observed in insulatinginctive magnetic behavior, LRh;Si5 adds a new flavor to
and metallic uranium compounds like Y@nd several ura- the variety of magnetic ground states observed in uranium
nium monopnictide$.In these compounds quadrupolar inter- intermetallic compounds.
actions appear to play a major role. However, first-order an- A single crystal(30 mm in length, 4.5 mm in diamejer
tiferromagnetic transitions are rare imermetallicuranium  was grown in a triarc furna¢éusing the Czochralski method
compounds. The only examples we are aware of areslJPd (starting material: U Bl, Rh 4N, and Si 3N). The crystal
where the lower of the two successive antiferroquadrupolawas annealed for one week at 900 °C under high vacuum.
transitions is also magnetic in characteand the extraordi- Electron-probe microanalysi€€PMA) established it to be
nary antiferromagnetic metal to paramagnetic semiconductaingle-phase material with a maximum limit e1% for
transition in UNiSr® impurity phases. Our neutron-diffraction data show a mosaic

In this paper we present results of neutron diffraction andspread smaller than 0.3°. The small annealed single crystal
high-resolution x-ray diffraction studies on single-crystal of mass 8 mg used in the x-ray study is a piece of the crystal
U,Rh;Sis. This intermetallic compound has been synthesizedemployed for the previous investigations of the bulk
recently’® and has been suggested to exhibit a first-ordepropertiest®!?
antiferromagnetic transition aty=25.6 K*1° At the transi- The neutron-diffraction studies have been carried out at
tion, an unusually large anomaly of the specific heat, andhe Chalk River Laboratories, Canada, in the temperature
dramatic jumps of the magnetic susceptibility and the elecrange 9—35 K, using a closed-cycle refrigerator. The neutron
trical resistivity atTy have been observed. These resultswavelength was\=2.3705 A. The analysis of the Bragg
were interpreted in terms of a combined magnetic-scattering intensities was carried out usiagas®® High-
quadrupolar transition in #Rh;Sis. The relatively small lin-  resolution x-ray diffraction has been carried out using Cu
ear specific-heat termy=22mJ/Kmol X° suggests that the K,; radiation which was further monochromated via the
magnetic moments are well localized inpRh;Sis. (11 reflection of a perfect Ge single crystal.

Our neutron-diffraction results show that the transition to  The crystal structure of dRhsSis at T=40 K has been
the magnetically ordered state is associated with a jump ofletermined recently by neutron powder diffractiénwe
the sublattice magnetization from zero to 2/3 of its maximumfind the structural parameters as listed in Table I. The com-
value within ATy=0.2 K which clearly demonstrates the pound URhsSis crystallizes in the monoclinic LIC0;Sis-
first-order nature of the transition. In the ordered state, weype structure, spacegrou2/c. The actual distortion from
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TABLE I. Atom positions in YURhsSis, in the quasiorthorhom- TABLE Il. Observed magnetic integrated intensitid® K)—
bic representation of the lattice structure, cell-choid/cl, as (28 K) after absorption and extinction corrections described in the
determined afT =40 K [ 8’ =90.045(10)9. text, and calculated intensitiés, from the best fit of the magnetic

structure described in the text, all normalized to th@l) calculated
Lattice a’ (A b (A) c(A) intensity. The magnetic intensities have been calculated using the
parameters 9.809P) 11.38578) 5.84154) U** form factor (Ref. 18.
Atom (site) X y z hkl 26(°) 1(9 K)—1(28 K) I car
U (8f) 0.26783) 0.13233) 0.502122) 101 27.33 99.70 100
Rh1 (8f) 0.11034) 0.36074) 0.501225) 200 27.97 0.28 0
Rh2 (4) 0 0.003@8) 14 301 49.11 46.28 45.89
Sil (8f) 0.15267) 0.10666) 0.012528) 103 76.73 27.09 27.19
Si2 (4e) 0 0.214915) 14 501 79.20 15.44 18.65
Si3 (4e) 0 0.507422) 14 303 90.26 15.21 19.28
Si4 (4e) 0 0.769%15) 1/4

020 24.03 216 0

011 26.36 31.86 26.89
the orthorhombic YCo;Sis structure(space groupbam) is 031 43.73 11.34 10.06
so small that we represent the lattice structure in the quasB22 54.27 38.21 34.24
orthorhombic cell choicé12/c1, as suggested in Ref. 15. 051 67.92 10.11 11.14

In the neutron-diffraction studies we have measured13 76.27 5.69 7.13
Bragg reflections of typehQl) and (kl). In systematic 033 88.34 3.48 3.93
scans of the reciprocal space &9 K nonzero scattering 062 96.29 6.71 5.37
intensity has been observed only for integerk, andl, in- 071 93.30 1.63 1.78
dicating that the magnetic and the crystallographic unit cellgs3 106.43 3.98 5.68

are identical. Peaks of typénQl) obey the ruleh+I even.

By comparing their intensities with those a&=28 K>Ty #The weak observed intensity is assigned to multiple scattering ef-

we find that for all magneticiOl) Bragg reflectiong and| fects; the(200) reflection sets an upper limit of Qu4 for a com-

are both odd. In the second scattering plane only reflectiongonenty. of the ordered moment; th€020 magnetic intensity

(OKkl) with k+1 even have been observed, some of which vanishes in the scattering planiekQ).

carry significant magnetic contribution. This suggests the

rule h+k+1=2n to hold for both nucleatas expected from sharp drop of the ordered momemtfrom 1.6 ug, i.e., 2/3

the lattice symmetry and magnetic Bragg reflections in of its value atT=9 K [ux(9 K)=2.35ug, as determined

U,Rh;Sis. below], to zero within a narrow temperature interval of half-
We have measured the temperature dependence of sevevétlth AT=0.2 K aroundTy . The minor broadening of the

Bragg reflections. As an example, Fig. 1 shows the squartransition is presumably due to imperfections and impurities.

root of the integrated intensity for tH&801) reflection. This  From the thermodynamic properties there is no evidence for

directly monitors the temperature dependence of the magany other phase transition down to 1.5,

netically ordered moment. The antiferromagnetic transition, In order to determine the magnetic structure a detailed

observed affy=25.5 K in this sample, is associated with a analysis of the Bragg intensities has been performed. First,

the measured intensitidswere corrected for®Rh absorp-
. : . : : tion of neutrons. A comparison of the relative nuclear Bragg

10 @ ™ °® ° (301) reflection | intensities calculated from the crystal structure with the
] PY 1 absorption-corrected values yielded good agreement for all
08 ... - reflections of low intensity. However, for a few high-
I intensity reflections, the measured intensities were markedly
‘ L smaller than calculated. This is expected frésecondary

extinction. Because the crystal structure is known, the ex-
L4 tinction effects can be accounted for by adding to tA&h

o I absorption coefficient a contributiarly, wherel is the un-

o perturbed Bragg intensity arcthe same for all reflections.
Including this correction brought our calculated nuclear in-

[/ 1(9K)]V/2

24.0 25.0 26.0 27.0 T(K) | tensities into good agreement with the experimental results
0.0 ‘ ‘ ' ‘ ' ‘ ] [residual valueR=0.09 for 13 independent21 in tota)
8 12 16 K 20 24 28 nuclear reflections The magnetic intensities are only

weakly affected by this correction.

FIG. 1. The temperature dependence of the square root of the 1ne refinements for the relative intensities of the magnetic
integrated intensity of thé301) Bragg reflection, normalized to its 'e€flections are listed in Table Iresidual value for this fit:
value afT =9 K, which directly reflects the temperature dependenceR=0.08). The agreement between calculated and observed
of the magnetically ordered moment. The inset shows a blowup o¥alues is better for thehQl) subset than for the (Q) re-
the same data close & . flections, presumably because in the latter the average mag-
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b FIG. 3. The temperature dependence of the lattice parameters
and the unit-cell volume in single crystal,Bh;Sis, normalized to
C their values aff = 10 K, using a quasiorthorhombic cétlell-choice
112/c1 of space groug2/c). Every second data point was taken on
cooling, with the points in between on heating, in order to check for
thermal hysteresis.

FIG. 2. The magnetic structure of single crystgiRh;Sis. The
magnetic moments are confined to theéb plane. Two symmetry
elements of the lattice are marked by dashed lines: the glide plane
c[x,1/2z] (glide vector [0,0,1/2) and the twofold axis
2[1/2y,3/4]. A third symmetry element is the body-centering trans- quality single crystal is related to bdifferentfrom the mag-
lation | =[1/2,1/2,1/3. netic structure reported previously for a polycrystalline

samplet* In the latter, the magnetic moments are also ori-
netic intensities are weaker and therefore more sensitive tented along the U-Rh bonds, however, a two-up-two-down
(unaccountedmultiple-scattering effects. stacking of “ferromagnetic’a’c layers alongb was ob-

From these data, we arrive at the magnetic structure deserved, resulting in the presence of magnetic Bragg reflec-
picted in Fig. 2. It is characterized by the following proper-tions of the kindh+k+I=2n+1, only.The origin of the
ties: (i) Two U atoms related by the body-centering transla-different magnetic structures is unclear. A thorough check of
tion are of equal size and directigno time reversal Thisis  the composition of the two samples by EPMA showed a
consistent with the ruld+k+1=2n; (i) the reflection of a  significantly higher Si concentration relative to the Rh con-
magnetic moment at the glide plane, see Fig. 2, involves gnt for the polycrystalline sampléactual composition
time-reversalnote that the magnetic moment is an axial vec-2.10:2.80:5.1f The single crystal proved to be closer to the
tor); (iii ) the 180° rotation about the twofold symmetry axis, ideal compositior(actual composition 2.07:2.96:4.97, homo-
see Fig. 2, involves no time reversal. This, together \ith  geneous over its whole lengthThis observation demon-
is consistent with the rulé,|=2n+1 for magnetic reflec-  strates the superior quality of the single crystal. The sample
tions (h0l). A component of the magnetic moments paralleldependence will be the subject of further investigation.
to b also explains the presence of magnetic reflections of The temperature dependence of the lattice parameters of
type (XklI), k,I=2n. However, the observed k0) reflec-  single crystal YRh;Sis, as determined by x-ray diffraction,
tions with k,I=2n+1 require a magnetic moment compo- is shown in Fig. 3. The lattice parameters observed at 40 K,
nent perpendicular tb; (iv) The magnetic moments appear a’=9.816(1) A, b=11.399(1) A,c=5.8311(5) A, com-
to be confined to the'b plane, being oriented at angles pare well to the results of the neutron powder-diffraction
a==*34(3)° with respect to thé axis. We find the relative measurements. ATy=25.6 K, all three lattice parameters
intensities of th&011) and(022) reflections, produced by the exhibit pronounced relative jumps of, =+0.4x 104,

a’ and theb components of the magnetic moment, respec-§,= —0.45< 10" 4, and 8,=—0.35x10 %, resulting in a
tively, to scale linearily betwee9 K andTy. This sets an relative discontinuity of the unit-cell volume of
upper limit for a temperature-dependent changeaobf Sy=—0.4x 10 *. Notably, the unit-cell volume expands on
+2°, cooling below Ty. No thermal hysteresis was observed,

A comparison of magnetic and nuclear intensities resultsvithin ~ =0.05 K, in agreement with previous
in the absolute value of the ordered momgnt 2.35(10)g investigations® Hysteresis should be present at a first-order
at T=9 K, with components u,,=1.34(8)ug and phase transition but it might be too small to be observable.
mp=1.95(5)ug (the upper limit for the component. is  The present results are in qualitative agreement with the
0.4ug). In the resulting magnetic structure the moments aremacroscopic length changes observed in the thermal
oriented parallel to the nearest-neighbor U-Rh bonds whickexpansiont! although our data show significantly larger
are at angles- 30.7° with respect to thb axis. We presume jumps ofa’ andc.
that the local easy axis is determined by the crystal electric Since the sublattice magnetization is a thermodynamic
field. With respect to the dominabtcomponent of the mag- variable, the present results clearly demonstrate the first-
netic moment, the magnetic structure can be described as @ander magnetic nature of the phase transition yRSis.
up-down stacking of “ferromagnetica’c layers alongb. The behavior of YRh,Sis is reminiscent of that of Ug'® in

The magnetic structure observed in the present highwhich the magnetic transition is coupled with a distortion of
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the oxygen sublattict. However, in our neutron powder- To conclude, we have demonstrated the first-order mag-
diffraction study'* no indication for a change of atom posi- netic nature of the phase transition ipRh;Sis. It is associ-
tions has been observed. In addition, since,an insula-  ated with a pronounced magnetoelastic couplingRiSis
tor, the magnetic exchange mechanism is certainly differengppears to be an Ising-type antiferromagnet with canted local
from that in URhSis, where the conduction-electron- easy axes in the direction of the nearest-neighbor U-Rh
mediated Ruderman-Kittel-Kasuya-Yosida interaction is extonds, where the local easy axis is presumably determined

pected to be dominant. Several different models have beegy the crystal electric field. A microscopic model of the
employed to explain first-order transitions in uranium

4 A fphase transition in terms of a CEF level scheme, the hybrid-
compounds, some of them assuming the presence Ofi;aton magnetic exchange, and possible quadrupolar inter-

quqdrupole-quadrupole as well as magnetic ethange INteLtions would be highly desirable to understand the unusual
actions. The common element of all those theories is a kin roperties of YRhsSi

of “bootstrap” mechanism, in which an initial reduction of s

the order parameter self-amplifies via a change in the . _ .
splitting—and thus of the population—of associated crystal We gratefully acknowledge stimulating collaborations
electric field levels. Such a mechanism is certainly active ifVith A.A. Menovsky (FOM-ALMOS) and S. Ramakrishnan
U,RhsSis, as demonstrated by the pronounced magnetoela&s well as experimental advice and technical support by I.A.
tic coupling. However, due to the low symmetry of the sys-Swainson, Z. Tun, J.J.P. Bolduc, and R.L. Donaberger. This
tem and the resulting lack of detailed information on thework is partly supported by the Nederlandse Stiching FOM
crystal electric field, at present no microscopic model for theand by NSERC Canada. R.F. is supported by the Deutsche
phase transition in lRh;Sis can be offered. Forschungsgemeinschaft.

IR. H. Heffner and M. R. Norman, Comments Condens. Matter °B. Becker, S. Ramakrishnan, S.lI8w, C. C. Mattheus, C. E.

Phys.17, 361(1996. Snel, G. J. Nieuwenhuys, and J. A. Mydosh, Physi@8B-232
2G. J. Nieuwenhuys, itHandbook of Magnetic Materialsedited 83(1997.

by K. H. J. Buschow(Elsevier, Amsterdam 1995Vol. 9, p. 1. 108, Becker, S. Ramakrishnan, A. A. Menovsky, G. J. Nieuwen-
3A. C. Hewson,The Kondo Problem to Heavy Fermiof@am- huys, and J. A. Mydosh, Phys. Rev. Let8, 1347(1997).

bridge University Press, Cambridge, England, 1993 11T, Takeuchi, T. Yamada, Y. Miyako, K. Oda, K. Kindo, B.
4P. Erds and J. M. Rohinsorfhe Physics of Actinide Compounds Becker, S. Ramakrishnan, A. A. Menovsky, G. J. Nieuwenhuys,

(Plenum, New York, 1983 and J. A. Mydosh, Phys. Rev. B85, 10778(1997.

5See, for example, K. A. McEwen, U. Steigenberger, K. N. 2a, A Menovsky and J. J. M. Franse, J. Cryst. Groveh) 286
Clausen, Y. J. Bi, M. B. Walker, and C. Kappler, Physica B (1983.
213&214, 128 (1995. 13p. C. Larson and R. B. van Dreele, Los Alamos National Labo-
5T. T. M. Palstra, G. J. Nieuwenhuys, J. A. Mydosh, and K. H. J.  ratory Report No. LA-UCR-86-748, 198@inpublisheil
Buschow, J. Magn. Magn. Mates4-57, 549(1986); T. Suzuki, 1R, Feyerherm, B. Becker, M. F. Collins, J. Mydosh, G. J. Nieu-
T. Akazawa, F. Nakamura, Y. Tanaka, H. Fujisaki, S. Aonjo, T.  wenhuys, and S. Ramakrishnan, Physic23&-236 891(1997).
Fujita, T. Takabatake, and H. Fuijii, Physical®9&200, 483 158, Chabot and E. Parthd. Less-Common Metl06, 53 (1985.

(1994. 165ee, for example, P. Giannozzi and P. Edd. Magn. Magn.
E. Hickey, B. Chevalier, P. Gravereau, and J. Etourneau, J. Magn. Mater. 67, 75 (1987).
Magn. Mater.90&91, 501 (1990. 173. Faber, Jr. and G. H. Lander, Phys. Revi® 1151 (1976.

8L. Piraux, E. Grivei, B. Chevalier, P. Dordor, E. Marquestaut, and®®A. J. Freeman, J. P. Desclaux, G. H. Lander, and J. Faber, Jr.,
J. Etourneau, J. Magn. Magn. Maté28 313(1993. Phys. Rev. B13, 1168(1976.



