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Behavior of URuU,Si, in an applied magnetic field
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Electrical resistivity, thermal expansion, and magnetization of L8Ruin an applied magnetic field are
analyzed within a model based on quadrupolar ordering of U ions with locafizeldctrons. This model,
which had been shown to be consistent with macroscopic properties in a field tending to zero, can be used to
account for the observed behavior in a finite fig80163-182@8)02610-1

[. INTRODUCTION tion, marked by strong anomalies in macroscopic observ-
ables. BelowTy, f-electron localization is evidenced by
Actinide compounds possess extremely rich and complesharp excitations observed in INS, while abolg excita-
physical properties, many of which result froimelectrons  tions are broad?
being close to the localization-delocalization transition. It is The strong increase ofy as a function of an applied
usually difficult to determine on which side of this transition pressure(it reaches 35 K with a pressure of 80 KpbéRef.
each compound is located. While direct measurements of th&3) suggests the phase transition to involve local degrees of
volume and topology of the Fermi surface and their comparifreedom of the U ions rather than itinerant electrons. Also, in
son with band calculations may sometimes be decisive, mogoniach’s pictur&* of the magnetism of Kondo-lattice com-
physical properties are often compatible with both localizapounds as resulting from the competition between interion
tion or itineracy. For instance, an enhanced specific heat canteractions and Kondo-type fluctuations, URis would be
efficient may be due to the formation of heavy quasiparticldocated on the extreme left-hand side of the phase diagram,
bands, but also to various effects not related to itinefacy,where Kondo fluctuations are negligible.
including the formation of a single-ion-type Kondo  The transition has been attributed to a type-l antiferro-
resonanceor the effect of local moment fluctuations on non- magnetic(AFM) ordering along the axis, with an ordered
f conduction electron¥.Sharp crystal-field excitations re- momentu~0.03ug at saturatiort>*® However, the correla-
vealed by inelastic neutron scatterififS) are a sufficient tion length is finite and sample depend&hso that the order
but not necessary condition for localization, since even ins not truly long ranged. No way has been found so far to
insulating compounds with unambiguously localiZedlec-  reconcile the tiny value of the moment with the large mac-
trons, such as Np§ crystal-field excitations may be unex- roscopic anomalies observed Bf. Moreover, the sample
pectedly broad.In USb, a model based on localizécklec-  dependence of thg(T) curve' contrasts with macroscopic
trons in a crystal-field gives excellent resglis spite of the ~anomalies occurring always sharply &g .
fact that crystal field excitations are so broad as to be unde- The only way to overcome these difficulties is to admit
tectable by inelastic neutron scatterfhg. that macroscopic anomalies are not associated wittout
The properties of URpSi, are exemplary of this ambi- rather with a hidden order paramet@P) not yet observed
guity. De Haas—van Alphen measurements of the Fermi suidirectly in elastic-scattering experiments. Various ideas have
face properties are not conclusi/gyhile the Fermi-surface been put forward’'°In Ref. 9 it was shown that by iden-
topology measured by positron annihilation technifulis-  tifying this OP with one of the electric quadrupol&s= Qxy
agrees with that calculated by assuming itinefaatectrons.  or Q=Q,2_,2, the value ofTy, the anomalies in the linear
The compound displays a characteristic temperature scaknd nonlinear susceptibilities, the gap and the oscillator
Ty of about 50 K(see Ref. 9 and references thejeimhich  strength measured in inelastic scattering, and the value of the
is sometimes attributed to a loosely characterized heavyentropy atTy are reproduced at a semiquantitative level.
fermion state developing beloW,, . However, the macro- Recently, point-contact experiments have also been shown to
scopic behavior is certainly not prototypical of such a stateagree with this modeél® The fact that, belovily, no ortho-
while it is reminiscent of that of localizeéi-electron com-  rhombic macroscopic distortion either x§ or x2—y? sym-
pounds with a singlet crystal electric fielCEF) ground  metry takes plac@ rules out ferroquadrupolar order. On the
state. For instance, in Prila temperature scale of about 20 other hand, the weak, but highly uncommon softening of the
K characterizes macroscopic properties such as susceptib{lc,;—c,,) elastic constant below 70 KRef. 21 is an indi-
ity, resistivity, specific heat’ and thermal expansidhin a  cation (but not a proof that antiferroquadrupolar order may
similar way as in URySi,, and is related to the energy of take place.
the first excited CEF state. Indeed, it was shown in Ref. 9 The opposite behavior of and Q with respect to time
that a satisfactory interpretation of the behavior of YBiy reversal implies that two accidentally close, but distinct,
may be given by a localizettelectron model, wherkgTy, phase transitions exiét.In view of the smallness of:, the
is identified with a CEF energy gap. macroscopic anomalies originate entirely from the quadrupo-
At Ty=17.5 K the compound undergoes a phase transilar ordering. For instance, in UPf tiny moment state very
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similar to that of URYSI, is observed by neutron scattering,
but no macroscopic signs of this state are seen. On the other
hand, of these two transitions only the magnetic one may be
seen easily in neutron-diffraction experiments, since neu-
trons do not couple directly with electric quadrupoles. Al-
though an antiferroquadrupolar order may produce local lat-
tice distortions, such distortions may be too small to be
detected. For instance, in Cgiie antiferroquadrupolar state

is not directly detected by neutron diffraction, while it can be
detected indirectly by diffraction in an applied magnetic
field.2® In fact, the magnetic moments induced by the field
display a modulation reflecting that of the electric quadrupo-
lar moments of Ce ions. Similarly, when a field is applied in
the ab plane of URySi,, the induced moments should pos-
sess a modulation if the order is antiferroquadrupolar. More
precisely, a modulation is obtained by applying the field
along thea or b axes if it isQ,2_,2 which orders, and by
applying the field along the diagonals of the two-dimensional
cell if it is Q,, which orders. However, since the magnetic
susceptibility to a field applied in the basal plane is very low,
detecting the modulation by diffraction would require a field
much stronger than that used for GeB-7 T).

That a quadrupolar and a magnetic phase transition have
similar transition temperatures is not unusual, since in ac-
tinide and in some rare-earth compounds one does not expect
the interion multipolar couplings to decrease with increasin
multipole rank. This is the case when such couplings origi
nate mainly from virtual phonon or virtual hybridization pro-
cesses. Examples exist of compounds possessing a dou
guadrupolar-magnetic transition with transition temperature
of the same ordefsee Ref. 24 for a reviewsuch as CeB
with transition temperatures af;=3.2 K (antiferroquadru-
polan and T,=2.4 K (antiferromagnetic CeAg, with
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FIG. 1. Qualitative picture of the energy spectrum for various
temperatures and fields. Only the three low-lying levels are repro-
duced in(b), (c), and(d). Dashed vertical lines represent nonzero
trix elements fod, , Jy, J,, andQ, with Q=Q,2_,2 or Q=Q,,
epending on whether the ground singlet hggor I';, symmetry,
respectively. The explicit form of the states is given in Ref. 9.

[(k,a)=(2.,0),(4,0),(4.4),(6,0),(6,4) are

T;=15.9 K(ferroquadrupolgrandT,=5.2 K (ferromagnet-  stevens operator equivalents fb+4, andB{ are the CEF

ic); TmZn, with T,=8.55 K (ferroquadrupolar and
T,=8.12 K (ferromagnetif; TmGas, with T;=4.29 K (an-
tiferroquadrupolgrand T,=4.26 K (antiferromagnetis and
UPd;, with T;=7 K (antiferroquadrupolarand T,=5 K
(antiferromagnetic In this latter the magnetic moment is
even smaller than in URBi,. Even in an insulating com-
pound, such as UQthe quadrupole coupling via virtual pho-
non exchange is as large as the magnetic exchange, of t
order of 40 K?® Of course, the pure electrostatic interaction

parameters.Q=J5—J; or Q=J,J,+J,J, depending on
whether the OP hak,; or I'y, symmetry, respectively.Q)
is the self-consistent mean value @f (the OB, % \ is the
MF constant, and)j=0.8.
The tiny moment AFM state is disregarded, since it is
expected to give negligible macroscopic effects. Moreover,
think that this unusual state is not contained in MF mod-
els analogous to Eql), and is lost in some of the many

between quadrupoles is much smaller, of the order of 1 Kgpproximations one implicitly makes to use these models,

but it is not the relevant interaction mechanism.

such as neglecting disorder, short-range correlations, or

The existence of two different phase transitions insmall charge fluctuations in thef Shell (these latter were
URu,Si, is demonstrated by the difference in behaviopof —considered in Ref. 19
and of the macroscopic anomalies when a magnetic field is The determination of the parameters and the correspond-
applied along the axis. While Ty as deduced from these ing CEF spectrum are described in Ref. 9. We re(sale Fig.

anomalies reduces to zero at a field of about 4@nTcorre-

1) that there are three CEF singlét$), |2), and|3)) at low

spondence with metamagnetic transitipns seems to dis- energy belonging to representatidng, I'i;, andl', (I'q is

appear around 14 #:%7

the representation to which the OP belongs, eithigr or

In this paper, the model developed in Ref. 9 is analyzed",,), with gapsA;,~3.8 meV andA;3~9.6 meV in the
with a finite magnetic field applied alongs, and shownto  paramagnetic phase and with zero applied field. The above-
be consistent with experiment. The magnéliitear and non-  mentioned energy scale Ty, is identified withA,,. While
linean response to a field tending to zero has already beep connects1) and|2), J, connects2) and|3). Below Ty,

considered in Ref. 9.

Il. MODEL AND RESULTS

The mean-fieldMF) Hamiltonian is

and withH=0, |1) and|2) are mixed by the molecular field
A\{(Q), andJ, connects the ground state wis}, too, with a
strength dependent an Identifying (1|J,|3) with the ma-
trix element probed by INS led to choosing-0.185 meV.

Note that the two possibl® operators coincide with the

H=§] BIOZ—AQ(Q)—gusl,H, (1)

03 andO, ? Stevens operator equivalents of the CEF litera-
ture. Thus the termQ(Q) may be seen as a local ortho-
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culation of the resistivity would require fixing too many pa-
rameters to be meaningful. Even by making unrealistic ap-
proximations for conduction electrons, such as assuming one
spherical band, one should fix the value of the tHpassibly
field-dependentcoupling constants of conduction electrons
with the mentioned U moments. Moreover, there is a cou-
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2 07 pling between dipoles and quadrupoles on different ions
> L § 1m0 which makes the excitations dispersive, i.e., not purely CEF-
= 050 —§ . 100990 — like. Because of these complications we prefer to consider
r ezg:;g only those properties of the resistivity which we expect not
025 |8 oz to depend on details. These are the field-dependent energy
r ;0'000 .}."L,,.ufl"ﬁ,m?i’) P 1 scale of the inelastic excitations which scatter conduction
0.00 e electrons belowl, the sign of the magnetoresistivity above
Yo 10 20 30 40 Ty, and the field dependence of the jump in the resistivity at
Magnetic field (T) Tn-

At zero or small applied field belowly the spectral
weight of magnetic excitations concentrates at energies of
the order of 6—13 meV? This energy scale is set by,

FIG. 2. Transition temperature vs field from E@). Upper
inset: gapA=A,, vs field atT=0 from Eq.(1). Lower inset: order

parameter vs field & =0 from Eq.(1), and measured height of the ~ .~ . . . .
anomaly in resistivityp for field and current along the axis, di- within the present modélsee Fig. 1c)], with the width of

vided by p(Ty(H)). Circles and diamonds: experimental values the observed .spectral weight being due to dispersion. 'On. the
from Refs. 26 and 27, respectively. Dashed curves0.185 meV other hand, since the energy scale of quadrupole excitations
(giving Tno=22 K, A;=6.6 meV, and(Q)=>5.1). Full curves: IS lower, being set bA;,, quadrupole scattering is expected
A=0.175 meV (giving Tyo=17.5 K, Ay,=5.2 meV, and to dominate here at low applied field. Whehincreases, the
(Q)o=3.76). ExperimentallyA,=4.4 meV. Subscript 0 refers to mixed quadrupolar-magnetic susceptibility becomes nonzero
H=0. below Ty, and magnetic and quadrupolar excitations can no

. . . longer be separatddrig. 1(d)]. In this case, both magnetic
rhombic C.EF V‘."th an effectlvg CEF parametefQ). The and quadrupole scattering are expected to contribute sizably
two effective single-ion Hamiltoniang{, and Hg corre-

. . / to the resistivity, with an energy scale set again Ay.
sponding to the two possible symmetries of the OP are re;, . ;
lated to each other by a rotation a&f/4 about thec axis, Indeed, fitting the measurqe(T) for T—0 (Ref. 26 yields

. an exciton-type contribution with a gap whose value at
Ha=exp(J;m/4)Hgexp(=id;m/4). H =0 compares well with the value df;, atT=0. Also, the
calculatedA ,,(H) correlates well with the measured(H)

(see Fig. 2

When the fieldH increases|2) and|3) mix and repel, Two other peculiar features characterize the measured
and eventuallyA;, vanishes and a crossingelow Ty an 5.2 First, the magnetoresistivitAp(H) is positive for
anticrossing of levels occurs. In the paramagnetic phase, T>17.5K (below 17.5 K it may be nonmonotonic k, and
changes the single-ion quadrupolar susceptibjfigyconju-  with both signs, due to the contribution of the anomaly as-
gated to the OP by decreasifg,, with [(1|Q|2)| remaining  sociated with the phase transition, which shifts with That
approximately constantthis would lead to an increase of Ap(H)>0 in the paramagnetic phase is unusual since disor-
Xo and Ty) and by decreasing the contribution}g com-  der is usually quenched by a magnetic field. More precisely,
ing from the coupling with high-lying CEF states. The netthis is expected to hold in the case of magnetic metals or
result, not obviousa priori, is a monotonic decrease of metals containing magnetic ions, because magnetic scatter-
Ty, which, within model(1), is related toxq by the relation  ing decreases with the field. For instanagy(H) <0 for the
xo(Tn) =\"1. The calculated’y(H) shown in Fig. 2 corre-  Kondo, Cogblin-Schrieffer and Anderson mod¥or the
lates well with experiment, and reduces to zero around 40 Towo-channel Kondo modél for heavy-fermion-type

a vaélg%consistent with that extrapolated from experimenta,lmddsgz for models based on scattering by paramagrdns,
datas™<’ In addltllon to the model of Ref. 9, fo-r which 5 tor CEF models based on two low-lying singléssich as
A=0.185 meV givesT\(0)=22 K, we also consider the e model used in Ref. 12 to fit the neutron inelastic spec-
same model withh=0.175 meV which, giving the right ym) or on a doublet ground state. On the other hand, a
Tn(0)=17.5 K, makes comparison with experiments easierpositive contribution to the magnetoresistivity is expected in
although it compares somewhat worse with IN®(H) is 3 |attice-periodic Fermi liquid because of the cyclotron mo-
seen to be similar in both cases. tion of conduction electrori¥

So, in magnetic metals and heavy-fermion compounds,
the sign of the total magnetoresistivity may change from

Within this model, a major source of resistivityis found  negative to positive when the temperature is lowered, if the
in scattering processes of conduction electrons due to crystayclotron contribution begins to exceed the spin fluctuation
field excitons and to thermal fluctuations of the U multipolar contribution. However, this positivap(H) is usually ob-
moments>® Processes involving, (the usual spin disorder served in the low-temperature range, typically below 10 K in
scattering, Q, and 09=3J2—J(J+1) (electric quadrupole transition-metal compoundfsuch as ZrZg (Ref. 35 or
disorder scatteringare expected to be relevaitA full cal-  MnSi (Ref. 36], and belv 1 K in heavy-fermion com-

A. Transition temperature

B. Resistivity
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pounds[such as UBg;,3" CeAl;,*® CeCw,Si,,° or CeCuyy 3.0 —Tom
©1.00005

(Ref. 40], with the exception, however, of URtfor which 100000
the change of sign takes place somewhere between 4 and 2 2.5 X0

K,** and of CeRySi,, which, up to about 50 K and at low ~__ Zo.90085
field has a positive magnetoresistivity, which passes through‘M 20 [ 2%
a maximum atH~8 T (where a Mott transition of elec- ~ =
. . B o~

trons from itinerant to localized occyrsand becomes nega- © 5 [kisf
; 42 DN A
tive for H=12 T. A 2of

In URu,Si,, the magnetoresistivity is still positive far o L0 3
as high as 25 Kand monotonically increasing for fields as 5 = 55 ]
high as 25 7, and it does not appear to be nearing a change 0=

of sign?® So, it seems unlikely that this positive value be due 05
to cyclotron orbital effects. However, one cannot rule aut
priori a scenario similar to that of CeR8i,, with H driving 0.0
a localization off electrons, seen by a positive magnetore-
sistivity.
In any case, invoking these effects is unnecessary within |G, 3. Temperature derivative ¢0%) vs T from (1), with
the present model, since it correctly yields positive  \=0.175 meV. The five curves corresponde-0, 10, 14, 18, and
magnetoresistivif? in all (magnetic and quadrupolascat- 25 T in order of decreasingy. Lower inset: measured thermal
tering channels. The mechanism is simple: since theAgap expansion along for the same values ¢ (Ref. 46. The lines are
diminishes withH [Fig. 1(b)], elastic scattering from static a guide to the eye. Upper inset: calculated normalizkdratio vs
thermal disorder of th@9 quadrupole moments increases T. Circles: experimentRef. 49.
with H because of an increased thermal population of the
first excited singlet. Also, with a loweX ;, the importance of The calculatedt/a ratio vsT for H=0 is compared with
inelastic scattering processes involvidg and Q increases experimerit’ in the inset. Thec/a ratio is roughly propor-
(the former processes involve transitions between the tweional to (O9). This quantity indicates in fact whether the
excited singlets charge distribution on U ions is prolate or oblate with respect
A second peculiar feature is that althou@l decreases to thec axis. In particular, since the coefficient relating the
with H, the anomalies observed & do not, and they even quadrupole momer@gzzi[ng_rf] within the 3H, mul-
increase. The model correctly yieldacreasing OP and tjpjet to its equivalent operat@®3(J) is negative, a negative
anomalies in spite of a decreasifig,(H). The value of 0y means a prolate charge distribution and an increase of

(Q)(T=0, H) is given in Fig. 2, and compared with the o c/5 ratio is expected a602) decreases. The increase of

height of.the anoma!y measure(_j m Within the present /s on cooling and the change in slopeTgt are well repro-
model, this anomaly is to be attributed to a decrease in thauced

density of states at the Fermi level. This presumably follows In the above discussion the thermal expansion was en-

a;(.)lﬂmg O]‘dth? E;'”OU.'” zone dufet:]o a m_o?u_I?uEn tn?’ ¢ tirely attributed to the magnetoelastic coupling of the lattice
whic ;/.vou | tyle tanl mc(:jr.easeg f‘3,§ retshls i é’ yt.a a(]i o the T-dependent quadrupolar moment of U ions. The pure
proportiona .O<Q> foheaFlng or ef. no k_er n I|caé||_on_o lattice contribution to the thermal expansion was omitted. In
a reconstruction of the Fermi surface taking placd gis fact, anharmonic lattice effects can usually be neglected be-
given by the effective carrier concentration estimated by

Hall-effect measuremenfé which decreases by about a fac- low ~20 K in mterrr_letalllc compound®. Measurements of
the thermal expansion of the homologous rfocempound

tor of 10 acrosg . The above scenario is also in agreemenLI_ . i oo : :
. e hRu,Si, (Ref. 5)) indeed indicate that the lattice contribu-
with the measured loW- magnetoresistivity near 40 4, ' -2>'2 Lo
g y on is small forT=20-30 K. The contribution of the OP to

where it displays an abrupt decrease by an amount com . . .
Pay P y P e thermal expansion was neglected too, since for antiferro-

rable with the height of the anomaly &, and which is ; . s )
reminiscent of the decrease @) evident in Fig. 2. _quadrupolar ordering the effect on uniform lattice properties
is expected to be small.

T (K)

C. Thermal expansion D. Magnetization for weak magnetic exchange

The thermal expansion also shows anomalied gtH) The model is compatible with the observed metamagnetic
whose size strongly increases with(Ref. 46 (see Fig. 3 transitions aH ~35-40 T#® Multistep metamagnetic transi-
The thermal expansion coefficients l(da/dT) and tions in f-electron compounds are usually thought to be the
(1/c)(dc/dT) are proportional ta(O3)/dT through two in-  result of competing exchange interacticAsyith a zero-field
dependent magnetoelastic coefficieHtSince(0)) is a to-  state of AFM type. By applying an external field the magne-
tally symmetric secondary OP, neally d(OS)/dT tization increases in discontinuous steps, corresponding to a
o (d(Q)%/d T+ background termsj® So, while the height of ~reversal of some of the spins. Eventually, the fully polarized
the anomaly irp approximately reflects the value of the OP, State, having all moments pointing in the direction of the
the jump in the thermal expansion probes the rate of growtti€ld, is produced. In Ref. 45 a model of this type is proposed
of the OP neafTy. As can be seen in Fig. 3, this rate in- for URU,Si,. It is assumed that U ions carry a pseudospin
creases witlH, in agreement with experiment. S=1, to which is associated a momegS=1ug. These
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3_‘ A N I N B costly). This competition is resolved by a compromise, i.e.,
only some of the U ions undergo the level crossinddat

AboveH_ there are intermediate phases with inhomogeneous
magnetization. This effect cannot be studied within model
(1), which is a one-sublattice model, and a multisublattice
calculation is necessary.

The minimal model is a two-sublattice model, with one
- - A sublattice representing the corners, and the other the center
) ] of the body-centered-tetragonal cell. This implies choosing

i for the unknown ordering wave vectﬁrQ , giving the modu-
- lation of the sign of Q), either zerdferroquadrupolar struc-
] ture) or the same value as for the tiny-moment AFM state,
with (Q) having opposite signs on the two sublattices. The

0 10 20 30 40 50 60 same results are obtained with the two Choiceiigf.

Magnetic field (T) To minimize the number of parameters, only couplings
between nearest neighbors on different sublattices are con-
sidered. The Hamiltonian is

1.50
L o 1
iz
Ly
| pomt

v 050 |
2 oz}
L 0.00

o 10 20 3 40
Magnetic field (T)

M (ip/ion)

FIG. 4. MagnetizationM at T=0 vs field from the two-
sublattice mean-field approximation of E@). Inset: staggered or-
der parameter. Full linesto=0.022 meV,Jy=0, andJ;=0 [cor-
responding to Eq.(1) with A\=0.175 me\l. Dash-dotted lines:
Jo=0.022 meV, J,,=0.056 meV, andJ;=0. Dashed lines: - a0(i i i

Q 1M ' 1 H= B/O\(1)+J i
J=0.022 meV,Jy=0.178 meV, and;=0.037 meV(Q)o=3.76 E. % <Okl Qiegjez Q)
for the three sets. Circles: experimdéRtef. 45.

+Iy >

spins interact through first-, second-, and third-nearest- ielje2
neighbor exchange interactions. The free energy for various

spin configurations is calculated in mean field. By properly

choosing the strength of the exchange interactions, th&/Iaking the MF approximation in Eq2) and allowing for

lowest-energy spin configuration in zero external field is ant\'.v0 Sublattices leads to two effective single-ion Hamilto-

antiferromagnetic state of the type observed in Y8iy. hians, with four linked seIf-cpnsistency co n.ditions' @),
When an external field is applied, this state evolves into a<Q_>_2’ _<‘J_Z>1’ and(J,), to be |mp<_)sed. This is equivalent to
ferromagnetic state through three metamagnetic transition&NIMizINg the correspondlng MF free energy
in which some of the spins are reversed. As usual with modfMF(<_Q>l’<Q_>2'.<Jz>1,<~]z>z), as given by the Bogolyubov
els assuming only AFM order to occur in URSi,, one has ~ Variational principle’?
the problem that an AFM order much stronger than observed If Iu=0, the state minimizingFye has|(Q)4|=[(Q)a/,
is necessary to explain the macroscopic behavior. Indeed, tH1d (Jz)1=(Jz).. In this case, Eq(2) is equivalent to Eq.
staggered moment of the zero-field statgy& much larger (1), with Jq related to the molecular field constanappear-
than the observed moment of 003. |ng in Eqg. ((B)] by JQ: *+\/8=%x0.022 meV(onIy the model
In the present model, the U ions in zero field have nodiving Ty=17.5 K will be considered in the followingThe
average magnetic moment. The microscopic process at tHositive and negative sign correspond to antiferroquadrupo-
basis of the metamagnetic transition is not a spin reversal bd@r and ferroquadrupolar ordering, respectively.Jjj+0,
rather a crossing of levels, which occurs in the single-ion{Q)1|=[(Q)>| and (J,);=(J,), only for H<H., while
CEF Hamiltonian at a critical fielti .~ 37 T [corresponding aboveH, the state which minimize$y,r does not have the
to A;,(H.)=0]. For the single-ion CEF Hamiltoniafi.e., Same magnetization on the two sublattices.
Eq. (1) with A=0], at T=0 the moment jumps from about The actual value ofl,, can be related to the Curie-Weiss
0.3ug for H<H_ to about 2.8 for H>H,. By taking into ~ constant\y=Jy translating the inverse uniform susceptibil-
account the quadrupolar ordering £0), the crossing be- ity. The valuek,~ —69 mole/emu, which was estimated in
comes an anticrossing and the transition is sme¢édine ~ Ref. 9, gives a positivéantiferromagneticJy, ~0.18 meV.
in Fig. 4). With this choice of]y, one has the correct value of the sus-
In a lattice of U ions, the transition can acquire a multi- ceptibility, i.e., the correct slope of the magnetization
step character as a result of magnetic exchange interaction® =9gug((J,)1+(J;),) at low fields.
That such interactions exist, and are of AFM type, is dem- We would like now to comment about the type of interion
onstrated by the strong dispersion observed in the magnetipuplings considered in E@). In principle, at the MF level
excitations, with a minimum at the wave vector of the tiny- one should consider interion couplings in the calculation
moment AFM staté? and by the negative Curie-Weiss con- for all those multipoles whose expectation value is non-
stant), translating the inverse uniform susceptibifity. zero. Thus, beyond the interion couplings involviligand
Because of the AFM character of exchange interactionsQ, one should also consider couplings involving symmetric
there is competition between CEF and Zeeman interactionslectric multipoles(the O] appearing in the CEF Hamil-
on the one handthese would favor a high-moment state ontonian. Interion interactions involving these multipoles are
all U ions for H>H_.), and exchange interactions on the expected to originate from the mechaniswhichever it i3
other (for these latter a high-moment ferromagnetic state igproducing the couplingg in Eq. (2), and to be of the same

Jz(mz(j)—Ei gugd(HH. (2
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order of magnitude a3 . Couplings involvingJ, or J,, as We do not find the scenario outlined above satisfying. In

well as nonsymmetric multipoles belonging to a representafact, the parametety,(K) also controls the energy of mag-

tion different from that ofQ or J,, do not play any role at pa4ic excitations with wave vectdf. The fact that these
the MF level, since their expectation value is zero for any itati dcularly soR s that (K i ;
value of the field. In principle, couplings involving high rank €Xcitations are particularly soft,suggests thaly (K) is no

(>3) magnetic multipoles belonging to the same represen§mal|’ or at least not small enough for the instability to be

tation asJ, (I'y;) as well as high rank=*4) electric multi- eI|r|n|nated. . . L
: - t must be stressed that this type of instability is not re-

poles belonging to the same representatio@d$ or ') I&Red to the specific form of mod€2) nor to the type of OP
considered in Eq(1). However, to a great extent these high- Proposed. For high enough, (K) it would be found in any
order couplings may be taken into account implicitly throughmodel based on local degrees of freedom in a molecular
a renormalization of the coupling constants for the correfield, whose nonlinear susceptibility is positive and whose
sponding low-rank multipoles. They will therefore be ne-linear susceptibility decreases with decreasings observed
glected to avoid proliferation of parameters, and because th8 URU2Si>. )
level of the calculation is only intended to be semiquantita- We show in the following that even i, (K) is not small,
tive. To minimize the number of parameters, we also negleca mechanism removing the high-moment AFM state may be
for the moment couplings involving th®y, although these found in the couplings involving symmetric electric multi-
are not expected to be small. poles, theOyl, which were neglected in E§2). These inter-

Only T=0 is considered, ang s is minimized with re-  actions may compete with exchange by raising the energy of
spect to the four variational parameters by the simplexhe high-moment AFM state. For instance, since the high-
method. The equivalence of Eqd) and (2) for J,,=0 is moment AFM state induces a stronmiform increase of
seen by comparing the staggered @ =((Q);—(Q),)/2  (0Y), antiferroquadrupolar couplings involving the axial
(Fig. 4), with (Q) calculated from(1) (Fig. 2). quadrupolar momen®) would disfavor the AFM state. In

The magnetization fod,, =0 is shown in Fig4 . Above  other words, there is on@r more secondary OP associated
the metamagnetic transition it is about twice as large as thaith the staggered moment, for which the high-moment
measured one. However, J,>0 the transition occurs in AFM state is costly in energy.
two steps, since one sublattice undergoes the transition at In the following we consider Hamiltoniaf®), to which a
H,~35-40 T, and the other &1,>H,, with H,—H, in-  coupling involving theD{ and raising the energy of the high-
creasing with increasingy, . For instance, the dash-dotted moment AFM state is added:
line in Fig. 4 corresponds td,, =0.056 meV. This low value
of Jy, gives already a higid,~75 T, above the maximum
field used in the experiment. H=Ho+Jy >, O(i)O()), ©)

It must be stressed that we are not trying to reproduce the telje2
three-step structure of the transition observedHdoetween
35 and 40 T, which within our two-sublattice model collapse
in the single transition occurring &t,.

whereH, is given by Eq.(2), andO is a symmetric multi-
pole (i.e., one or a linear combination of th@y) whose
average value is higher in the high-moment AFM state than
in the paramagnetic or quadrupolar-ordered state. In this
E. Magnetization for strong magnetic exchange way, if J;>0 the new coupling tends to make the AFM state
less favorablda Landau-type formulation of this situation is
rqiven in the Appendix

€ As said aboveog might be a good candidate f@. Un-

For Jy=0.11 meV, there is a problem with mod&l),
since the zero-field quadrupolar state becomes metastab

atnotl a ?rllunle?—’typ% :‘(lrst—olrder trz_ai?]stlrtllon towar(tnls an tAFM fortunately, studying the MF problem with six coupled self-
State withu~ sug takes place, wi € moments poin |rlg N consistent fields is difficult. Just to illustrate how this inter-

oppqsite directions on the two sublattidédse wave vectoK action may work, we study the MF problem without
of this AFM state would be th_e same as for_ Fhe tiny-momen§mposing self-consistency di;=J,3; <1j20()0(j), i.e.,
statq. The parameter controlling this transition is the :/alueby keeping the same four variational parameters as with Eq.
Jm(K) of the Fourier-transformed exchange coupling&at (2), with H; acting only as an energy shift. To minimize the
On the other hand, the Curie-Weiss constagiused above error,O is chosen so that loss of self-consistency is minimal,
to fix the value ofly, is proportional taly(0). Since, within  and even zero fo =0: O=(J?)|3)(3|, with |3) the second

Eq. (2), Iu(K)=—JIu(0), onecannot reduce the value of excited state of the CEF Hamiltonidii',; see Fig. 1a)].
Iu(K), and eliminate in this way the instability, without This operator corresponds to the projection onto the three

worsening the comparison with the susceptibility. A possi—'o‘é"'Iying soinglets of a suitable Iinear_com_b_ination_@‘), _
bility is to introduce intrasublattice exchange, with couplingQs, and Og. Loss of self-consistency is minimal with this

constantJ},, in addition to intersublattice exchange, with choice ofO because the weight of stg) in the MF ground

. 2 . > state tends to zero for small values of the applied field.
coupling constandy, . In this way one decouplek, (K) and ChoosingJ;=0.03 meV removes the first-order transi-

Ju(0), sincedy (0)o=Jy+ 3 , while Jy(K)<Jy— 3. So, tion, and(in view of the approximations magigives a rea-

by properly choosind andJ}; one can reduce the value of sonably good description of the magnetizatisee Fig. 4
JM(IZ) enough to eliminate the instability, with no effect on Loss of self-consistency is appreciable only above the meta-
the susceptibility. magnetic transition, where the calculatdi(H) is only
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qualitative. Note thad, is of orderO(Jg), which is expected ~other hand, with’; andT'y, low-lying states there is not this
if the origin of J; andJg is common. problem, since the magnetization would saturate tug.2

Models (2) and (3) treated in a MF approximation using If H=0, the INS_ experiment would detec_t the transition
more than two sublattices are expected to yield a multistepetween the two singlet4X(’) and|2')) resulting from the
transition in the region around 40 T if a suitable choice of theMixing of |I'y;) and|I';) by the electric-multipole molecular
exchange couplings is made, as in Ref. 45. This expectatiofigld. Unless the localized picture is completely wrong
is supported by calculations we made for finite clustersof (Which does not seem to be the case, at least balgy it
ions with various geometries. The exact ground state fofan be shown that this model necessarily leads to the pres-
Hamiltonians analogous to Eq&) or (3) can be calculated ence of a third singlef3’) (=|I'7) aboveTy) a few meV
by the Lanczos methott for clusters containing 6—8 sites. above |2').%¢  This is estimated from the gap
The magnetization is found to possess multistep transitions(2')—E(1')~10 meV and from the matrix element
when the exchange couplings introduce frustration. (1'|gupdy|2"y=1.2ug measured in IN$?

Putting Jy, ,J;#0 is not expected to affect appreciably By applying a magnetic field, the third singlet would also
the quantities calculated above with E{) (see, for in- become visible by INS. Our estimates for the oscillator
stance, the staggered OP in Fig. W fact, the effect of),,  strengths aré(1’|J,|3")|?=0 for H=0, ~0.1(1'[J,|2")|?
andJ, is qualitatively important only for high values of the for H~3 T, and~0.2(1'|3,|2")|? for H~14 T. Therefore
field, above the metamagnetic transition. this second energy scale should be seen by making INS in an

applied field even more easily than,,.
In all the above estimations of oscillator strengths, disper-
IIl. INELASTIC NEUTRON SCATTERING sion has been neglected. Since in reality both gaps and os-
IN AN APPLIED FIELD cillator strengths are wave vector dependent, these estima-
] o tions are merely to be taken as order of magnitudes.
The peculiar behavior of URiSi, in a magnetic field Measuring at a wave vector not too close to the zone center

discussed in this paper originates from the existence of W@y to the zone boundaries should make dispersion effects
distinct energy scalea, and A;5. For T<Ty, if H=0 lower.

only A3 can be probed by INS, while for finitel they
shouldboth be seen. In this case, in fact, a nonzero matrix
element of], between|1) and|2) exists[Fig. 1(d)].

If the dispersion of excitations is neglected, the oscillator The compound URySi, displays a number of peculiar
strength is|(1|J,|2)|?=0 for H=0, ~10 ?|(1/J,|3)|? for  properties, which are difficult to understand, even qualita-
H~3 T, ~0.2(1|J,3)|? for H~14 T. Thus it would be tively, on the basis of a heavy-fermion or Kondo-lattice-type
interesting to perform INS in a field of the order of 15 T of picture. While such a picture is probably appropriate for
alongc to see directly whether this second energy scale acPt;, where a tiny-moment state similar to that of UBi is
tually exists. This would also be interesting in relation to theobserved, the macroscopic behavior of the two compounds is
OP proposed in Ref. 19, i.eQ,,Qx2_y2, an electric multi-  profoundly different. In Ref. 9 it was shown that a model
pole of rank 4 belonging to representatibg,. This repre- based on quadrupolar ordering of localizédelectrons is
sentation is the same as that to whighbelongs, but the able to reproduce the macroscopic behavior of LSRuin
properties of the two multipoles under time reversal are opzero or infinitesimal applied magnetic field at a semiquanti-
posite. tative level. In particular, the model can explain why the

The molecular field associated with this OP would pre-magnetic susceptibilityy is strongly anisotropic, ang(T)
sumably mix a ground CEF singléF,;) with |[T';,), since  has a pronounced maximum aroufiet 50 K for a field ap-
I'p,=T'y XTIy, (see also Ref. 9, where this model is calledplied along thec axis. It can also explain the specific heat
“schemeA”). The only remaining possibility is that ground maximum atT~ 30 K; the value of the transition tempera-
and excited CEF singlets belong 6,3 and I'y4, since ture; the value of the oscillator strength of magnetic excita-
I'i,=T'3XTI'4. However, this second possibility seems un-tions measured by INS, and the polarization alongf these
likely. In fact, the matrix elementl’ 3|gugd,|lu)=1.6ug  excitations; the value of the entropy & ; that the suscep-
for any choice of the CEF parameters. Becalgds odd tibility for a field applied along the axis has a discontinu-
under time reversal, this value remains the sdmemodu-  ous increase of the slope in lowering the temperature through
lus) if the two singlets are mixed by the time-even molecularTy; that the nonlinear susceptibility has an unusksdype
field. However, the measured value of the matrix element oinomaly afT; that the(C,,—C;,) elastic constant softens
J, is 1.2ug in zero applied magnetic field. This value can  below T~70 K (Ref. 21); and the point-contact spectros-
only be reproduced withI';;) and|I';,) low-lying states, copy results®
since(T'y1|gugd,|Ti2) may range from zero to 312 when In the present paper, the behavior of YRk in a finite
CEF parameters vary. applied magnetic field along the axis has been analyzed.

Although it is possible in principle that the value of Experiments have shown that the transition temperature as
(T 3lguedy|Ta) be smaller than 165 due to corrections to  determined by macroscopic anomalies decreases with the
the Russel-Saunders coupling schefsch asJ-mixing ef-  field, and reduces to zero at a field close to 40 T; that the
fects or orbital reduction factorsone could not explain the resistivity contains a contribution due to scattering from lo-
fact that the magnetization in an applied field reach@uz  calized excitations, whose energy scale decreases with the
at 60 T(see Fig. 4. In fact, withI";3 andI'";, low-lying states  field similarly to the transition temperature; that the magne-
the magnetization would saturate(id,s|gugJd,|T4). Onthe  toresistivity is positive abovdy; that the anomaly in the

IV. CONCLUSIONS
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resistivity atTy increases slightly with increasing field; that literature it is sometimes{( {y) which is called secondary
the anomaly in the thermal expansion increases strongly witP].

increasing field; that the zero-fielfa ratio increases with Minimizing F_ with respect ta; one gets an effective free
decreasing temperature abovg, and it has a discontinuous energy forw of the form

increase of the slope aty; and that there are metamagnetic

transitions for a field between 35 and 40 T, with the magne- a(T—T¢) b c

tization passing from about Qug to 1.4ug. It has been fL:TM2+ ZM4+ gﬂe, (A2)
shown that all these properties may be understood in the
framework of the.model. It is clear that_ since none of the,,;in renormalized parameters B=b--e2/d and
observables considered probes the antiferroquadrupolar GP

: . =c+3e%f/(2d?).
directly, but only through its effect on othémeasurable c=¢ \ , L o
guantities, there is still in principle the possibility that the Model (2) in the mean field approximation is qualitatively

agreement obtained is fortuitous, and that the OP be differerfimilar to Egs.(A1) and (A2), with b<0 andc>0, which
than supposed. The proposed INS experiment in a high fielfPr © gives a standard Landau-type model for a first-order

should enable a further test of the model to be made. phase transition. More precisely, forT>T,=Tc
+b?/(4ca) the phase withu=0 is stable, forT,>T>T,
ACKNOWLEDGMENTS =Tc+3b?%/(16ca), the phase withu=0 is stable, but a

metastable phase witlh#0 appears; forT;>T>T. the

The author acknowledges helpful discussions with G'phase withu#0 is stable, but the phase wih=0 remains

Amoretti, P. Erds, and P. Thalmeier, and the support of the . :
Swiss National Science Foundation through Grant No. Zometastable, and fol <Te, only the stable phase witp

#0 remains.
046686.96/1. For Jy=0.11 meV, modek2) corresponds to EqA2)

with T, T;<<0. At T=0 the stable state is paramagnetc
quadrupolar for the assumed nonzég), and the AFM state
A qualitative Landau-type model for the free energy ofis metastable(or even unstable fordy—0). The case
Egs. (2) and (3) is given in the following. We neglect for Ju=0.11 meV corresponds to the situation whien<0 and
simplicity the quadrupolar OR) and the external field, i.e., T1>0. At T=0 the AFM state is stable, with a metastable
we consider the cask,=0,H=0. In fact these do not affect Paramagneti¢or quadrupolarstate. Only oy, =0.35 meV
qualitatively the AFM instability, on which we focus here. one hasTc>0 and does the metastable paramagnetic state
Calling u the staggered momentJ,);—(J,),), and¢ the  disappear.
symmetric secondary OR®),+(0),), a minimal Landau- Introducing the couplingl; in Eg. (3) is analogous to
type model for the MF free energy of Eq®) and(3) is modifying the values ofl, e, f, and{, in Eq. (A1). Note that
the modification oy may be seen effectively as a renormal-

APPENDIX

a(T-T¢) , b, ¢ ¢ s o ization of the CEF paramete]. The elimination of the
L= 2 pot at * &M +d(Z= o)™+ en(£= o) first-order transition toward the AFM state may be under-
) ) stood as due to an increasefofThis leads to an increase of
+fu({=40)" (A1)

c which makesT; negative. All the above is only qualitative
with a>0, d>0, andf>0. If u=0 one has{={,, the because the high value of and{— ¢, in the AFM state is
“background” value of the secondary ORctually in the expected to make higher-order terms#p important.
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