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Ultrasound investigations of orbital quadrupolar ordering in UPd4
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For a high-quality single crystal of URdve present the relevant elastic constants and ultrasonic attenuation
data. In addition to the magnetic phase transitionT g 4.4+0.1 K and the quadrupolar transition &g
~6.8K, we find orbital ordering af,=7.6+0.1 K concomitant with a symmetry change from hexagonal to
orthorhombic. A striking feature is the splitting of the phase transition,anhto a second-order transition at
T,,=6.9£0.05K and a first-order transition &t ;=6.7=0.05 K. For the four phase transitions, the quadru-
polar order parameters and the respective symmetry changes are spEs@iEgB-18209)50736-4

The actinide intermetallic nonheavy fermion system YPd complete strain tensar or, more strictly speaking, the sym-
and the heavy fermion superconductor YRte hexagonal metry adapted strains must be known because the latter
compounds with space group6;/mmg exhibiting mag- are proportiondl to the average value of the symmetry
netic phase transitions a,=4.4 K and~5 K, respectively. adapted components of the quadrupole tensor. In neutron dif-
This f|nd|ng is very Surprising7 because in both Compoundéraction experiments, hOWeyer, the full strain tenS.OI’. is diffi-
the ordered magnetic moment is extremely small ( Cultto deduce from the available Bragg peaks. This is one of
~10 2ug). Furthermore, the Belectrons of URtare found t_he reasons why details concerning theT various phase transi-
to be predominantly itinerant, whereas URzlongs to the 1ons and the proper order parameters in Y still under
rather few metallic materials where well-localized Blec- ~ JISCUSSIOn. Also, it is still an open question to what extent

trons and ionic long-range quadrupolar ordering Tt the inter-ion quadrupole-quadrupole interaction is respon-

=6.8 K has been identified. The possibility that quadrupolarSlble for the three reported phase transitions found At

: e i =4.4K, T;=6.8K, andT,=7.8K.
order occurs & was first recognized in specific heatnd It is well known that ultrasound is well suitBdo answer
thermal expansidn measurements, and the

_ ! _SroONg hese questions because the coupling of the acoustic strain
quadrupole-quadrupole interaction between the U ions wag the ionic quadrupole moment tengiis, in general, large
confirmed for the first time in sound velocity experime?ﬁts, and the coefficients of the elastic stiffness ter@atepend in
where also the relevant quadrupole components contributing characteristic manret (see Table) on the components of
to the magnetoelastic coupling were specified. The ultimatgne so-called quadrupolar strain susceptibi§f®). The lat-
proof of the quadrupolar nature of the phase transition, howigr is defined asQ= x‘?QV and therefore is a measure of the
ever, was given in neutron scattering experiménighere responsedQ of the quadrupole moment tens@ to the
the long-range lattice distortions which always accompany  strain-induced electric field gradient tend6mt the uranium
quadrupolar phase transition were determined. sites. The componentg;; are related to the elastic strain
The main reason for the interest in the quadrupolar phasgensore via Vj; =X S; £y, where the fourth-rank tens&
transition of UPd is that the knowledge of the ordering com- is the so-calledield gradient elastic straitiensor which may
ponents of the quadrupole tensor not only provides detailele determinedlin nuclear acoustic resonance experiments:
information about the long-range ordering of th&*%lec-  this should not be confused with the elastic compliance ten-
tronic charge distribution of the uranium*Uions (ground  sor. The quadrupolar contributiad®{? to a symmetry elastic
state®H,), but also of long-range spatial correlations of theconstantCy is given by1°
orbital degrees of freedom. This is so, because the average

values of the componen(@;; of the electric quadrupole ten- (S}O))ZX(Q)
sor Q are not only a measure of deviations of the localized C(FQ>: -N, : (g) ,
5f uranium electrons from a spherical charge distribution 1-grxr

but, according to the identit®;;«{3(J;J;+J;J;)/2— 5;J(J ) ,
+1)!, are also a measure of correlations between the comvhereN, is the number density of quadrupoleg, the two
ponentsJ; and J; of the total angular momenturd. We 10N quadrupole-quadrupole coupling constant ddepend-
mention that long-range quadrupolae., orbita) ordering is  ing on the irreducible representatidy, S°) is a linear com-
also of current interest in the context of the physics behindination of theStensor components fayr=0 (i.e., in the
the colossal magnetoresistance in the mangahateshe absence of the inter-ion quadrupole-quadrupole interaction
spin-Peierls and metal-insulator transitibirsthe vanadates. In terms of fluctuationgi.e., of the varianceQr)?] of the

In order to deduce from the lattice distortions the orderingsymmetry adapted quadrupole tensor componéits the
quadrupole component3;; (i.e., the order parametgrshe  quadrupolar strain susceptibilit,y(FQ) may be written in the
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TABLE I. Quadrupolar contributiorcg%) to the elastic constants in Voigt notation, the strain-induced
quadrupole interaction Hamiltoniaf, and the relevant strain susceptibilitigﬁ,@ for hexagonal crystal
symmetry and different acoustic strain modgs. The indicesx, y, andz refer to thea, b, andc axis of the

crystal.
Sij CEyQB) HQ Xr
Exx C(l?) {_(Sll+ S$12 Q2+ (S11i— SlZ)szfyz}exx x&?) ,Xi(zg),yz
Eyy c {=(S11+ S129 Q27— (S11— S12) Quz—y2}&yy X9 ,Xigz y2
€5, Cg%) S$33Q2£22 ng)
eyz ciy S1Qy8yz 9
Bzx C(S%)) S44Q2x€ 2x X(Z(;‘())ZX;?)
Exy c (St~ S19) Quyery OB
thermostatic ~ (zero-frequency  limit as x\?Q  stochastically distributed domains. The development of the

oc(AQF)Z/(kBT), where, in general, five relevant quadrupole triple-q state is associated with modulations of the electronic
tensor components exist which, in the symmetry adapte@harge distribution. These modulations are a superposition of
form, we denote byQ,,;, Qy2_y2=Qu—Qyy, Qxy. Qyz, three plane waves with wave vectays, g,, andqs, where
and Q,,. If Qr is the order parameter, then a pronouncedthe wave vectorsj, andds are obtained frong; by rotations
decrease of the related elastic consta@is (see Table )l  of +2#/3. The trigonal tripleg phase(space groug?3m1)
should be observed at a second-order quadrupolar phase tramas discovered in neutron diffraction experiments and,
sition, because in that case, the fluctuation®gf(and ac-  within experimental uncertainty, the respective phase transi-
cordingly the strain susceptibility!®) should become large. tion at T, was found to be continuod$.As we will see
Provided that at a quadrupolar phase transition the formatiohelow, however, this is in contradiction to our findings.
of domains or its influence on the elastic behavior can be We have mentioned already that the average véldig)
minimized such as to play only a minor role, then it becomescannot serve as a primary order parameter because it is al-
immediately evident that ultrasound should be well suited taeady nonzero abov&, (and Ty). The formation of the
study long-range quadrupolére., orbita) ordering. triple-g phase may, nevertheless, modify tig; mode be-

The efficiency of ultrasound is demonstrated in Figs) 1
and 2a) for longitudinal acoustic waves propagating along
the ¢ axis of a rectangular single crystal of UP@vith the 0.4
linear dimensions 3:65.2x7.3 mn?). As can be clearly
seen, both the attenuatidgphonon loss rajeand the sound
velocity of the Cgz mode display three distinct phase
transitions atT,=4.4+0.1 K, T;~6.8 K, and T;=7.6
+0.1 K, whereas the specific h&atand magnetic
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susceptibility? of samples of the same batch exhibit pro- 02 65 70 T(K) 75
nounced peaks only af;, and T, and T,, respectively. T To
Previous sound veloci®y® and neutron scattering 01 - ]

experiment¥ revealed antiferroquadrupolar ordering Bt
(Refs. 13 and 14on the quasicubic uranium sites, and it was
thought that the concomitant structural transformation is 0.0
from hexagonal to trigonaf* or to orthorhombit or i
monoclinic® At first sight, it is surprising that this transition 20F
dominates the specific heat bi@ompared to the magnitude

of the ultrasound absorption peaks observed aand T) —_
contributes only little to the phonon-loss rate. According to  §
Table | and to Refs. 5 and 15, on the other hgi@,) isnot = |
the proper order parameter of a quadrupolar phase transition z 1 g}
concomitant with a structural transformation from hexagonal [
to trigonal (monoclinic or orthorhombic We therefore do

124 T T T
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not expect that the phonon-loss rate of @ mode will be 051

modified essentially in the vicinity of; which is in agree- [

ment with our experimental findingsee Fig. 1L The ab- 0oL . . . : . !

sence of a huge absorption peakat(see Fig. 1 of both the 2 4 6 8 10
Cs3 and theC,, mode further indicates that @ the contri- T (K)

bution of incoherent straingoriginating from domains or

domain wallg may be considered as negligibly small. This  FIG. 1. Temperature dependence of th280 MHz longitudinal
suggests that the ordered phase is the quadrupolar tyiple{a) and transversé¢b) attenuation coefficients of th€3; and Cyy
state’* because the triplg- state avoids the formation of elastic modes.
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FIG. 3. Hysteretic behavior of th€;; and C,, elastic mode at
about 22 MHz.

ordering of the quadrupole compone@,,) and/or(Q,,),
whereas the order parameters relatec€tg=(C1,—C19)/2
(ortoCy; andCy,) are the degenerate quadrupa€s,,) (or
(Qx2-y2)). We now consider the temperature dependence of
C44 and Cg. As can be seen in Fig. 2, with decreasing
temperatureC,, exhibits a small dip af _,, followed by a
steep decrease at the magnetic transition temperaipre
=4.4K which is accompanied by a very sharp pésge Fig.

1) in the phonon loss rate. However, the most pronounced
softening of theCgg mode appears dt,=7.6 K, not atT, as
reported for a sample of much lower crystal quality and size
by other authors.The softening of theC,, and C4s modes,

which starts already far above the transition temperatlises
andT,, is very strong and it has been shdWwthat below
150 K the temperature dependence of the elastic constants is
essentially due to the crystal-field splitting at the quasicubic
uranium sites. We therefore conclude that not only gtbut
cause the triplet state alter¥' the Q,, moments of the cubic also atT, and at the magnetic transition temperatiite the
site ions. Surprisinglysee Fig. 2 the C33 mode does not driving force of the respective phase transitions is of quadru-
soften atT, upon cooling(as expected for a continuous polar origin. Hence, the quadrupolar order parameter of the
phase transition but shows a steplike increase which sug-magnetic phaseT(<T,) is most likely (see below a linear
gests that the transition &t is most likely of first order.  combination® of (Q,,) and(Q,2_,2), whilst at T, the rel-
Even more surprising is the findirngee inset of Fig. ®]  evant order parameters are the degenerate quadryi@les
that at aroundT; not one but two clearly distinguishable and(Qy2_y2). Here,degenerataneans that the response of
absorption peak&nd accordingly two phase transitiorap-  the respective quadrupoles is specified by the same strain
pear atT_;=6.7 K andT,,=6.9 K, where the stiffness co- susceptibility.
efficientsCs3 andC,, turn out to be hysteretic in the vicinity The degenerate order parametgf3,2_,2) and (Qyy)
of T_, (see Fig. 3 but not atT, ;. In addition[see Fig. which, according to Table I, will modifyC,;, C,,, and
1(b)], we also have observed &t ; a pronounced hysteresis Cge=(C;;— C;,)/2, are associated with a transition from
in the attenuation of th€,, mode. The quadrupolar transi- hexagonal to orthorhombit*6 or to monoclinict® whereas
tion into the trigonal tripleg state must therefore be of first the order parameter®Q,,) and(Q,, will changeC,, and
order, whereas the transition &t ; is most likely of second Cs5 and entail a transition from a hexagonal to either a
order. We would like to emphasize that, to the best of oumonoclinic or triclinic phasé®>® Here, the formation of a
knowledge, for UPgineither ultrasound absorption measure-monoclinic or triclinic phase depends on whether or not both
ments nor the existence of the two neighboring phase transerder parameters are present simultaneously. Since no
tions atT, have been previously reported. Compared to otheanomaly is seen af,=7.6K in the elastic modulu€,,,
experimental techniques, it is furthermore worthwhile to notewhereas theC,; and C,, modes(which are not shown here
(see Figs. 1 and)2that at zero magnetic field the phase and theCq; mode soften significantly, it follows that at,
transition atT,=7.6 K is most apparent in ultrasound. we pass with decreasing temperature from the hexagonal to
So far, we have confined ourselves mainly to thg;  an orthorhombic or monoclinic phase. When analyzing the
mode which only reflects the temperature dependence of thehase transitions beloW,, we therefore have to take into
secondary order paramet@®,,). For hexagonal symmetry account that fofl , ;<T<T,, the symmetry is orthorhombic
(see Table)la softening of theC,, mode is attributed to an or monoclinic but not hexagonélvhich in the literature was

T (K)

FIG. 2. Temperature dependence of the elastic cons@gs
C44, andCeg at about 20 MHz.
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taken for granted until recenjly The monoclinic phase, (Q2_,2). Itis therefore expected that bo@y, andCgg will
however, may be excluded because in that case the onlobften atT,, which is confirmed by our experimentsee
possible second order transition Bt; would bé® from a  Fig. 2). In the immediate vicinity off,, however, the attenu-
monoclinic to a triclinic phase, which is in contrast to our ation of theCgs mode becomes too large to enable a more
experimental finding¢see Fig. 3, because such a transition getajled analysis of this phase transition.
should alterC,, significantly. AtT, the symmetry of UPg Based upon the crystal-field splil € 4) multiplets deter-
therefore, passes at decreasing temperature from hexagonaleq by Buyerst al,!” the temperature dependencedy;
to o_rt.h?'}r\r)hgmb[? andf the honly hpohssmLe_ second-ordet 45 peen evaluated previously in Ref. 13, yielding the qua-
trlan_sm?t A?'}' +1 |sthromft ehort otr om '%égﬁa MONO~ yrupolar coupling constants, (S{9)2/C{Q=0.6 K andgj,
clinic state. At ., we therefore have to consi (Qya), =—6 K. Since the ordered magnetic moments in Y&k
{Qu, and(Qyy) as possmleleorder parameters, whelds.) so extremely smadlland the quadrupolar coupling constants
and(Q,,) may be excluded*®becauseC,, (see Fig. 3and . .

are so large, the pronounced softening of @g mode indi-

Css do not alter significantly aff, ;. Concernin , . Co
> g Yot 9(Quy) cates that the quadrupole-quadrupole interaction is the most

however, which should modity Cgs, we cannot prove ex- o ) . -
perimentally whether or nd(Q,,) becomes an order param- probable driving mechanism of the magnetic phase transition

eter atT,,, because in the temperature range between 6.8t T2- Owing to the negative sign of the quadrupole coupling
and 7.8 K, the attenuation of th@s; mode becomes too constantgy,, we further expect** antiferroquadrupolar or-
large. We note that in agreement with Ref. 15 and our exdering atT, and the formation of a very complex antiferro-
perimental findings, the phase transitionTat, (i.e., from  magnetic state, which is currently under investigation and
the monoclinic to the trigonal triplg-state is of first order.  will be the subject of a forthcoming paper. Summarizing our
The softening of theC,, mode atT,=4.4 K further results, we have shown that ultrasound is a powerful tool for
indicates® that at decreasing temperature, YRnsforms investigating orbital ordering and that the large variety of
atT, from the trigonal tripleg state into a monocliniémag- interesting phase transitions in URd of quadrupolar origin.
netio state, where the transition is expectetb be of first  We hope that our findings may also offer some new ideas in
order. Within experimental resolution, however, B, the attempt of a better understanding of the formation of the
mode doesn’t show a signature of a first-order transitiorheavy fermion state and the antiferromagnetic transition in
which indicates that af, it is possibly not enough to con- ypy,,

sider the magnetoelastic coupling only. According to Ref. 15

the transition from the tripler into the monoclinic phase This work was supported by the Deutsche Forschungsge-
should be accompanied by the loss of the ternary axis and theeinschaf{Grant No. MU 696/2-2 We acknowledge many
order parameter should be a linear combinatio(@f,) and  helpful and clarifying discussions with K.-H. ldk.
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