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Ultrasound investigations of orbital quadrupolar ordering in UPd3
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For a high-quality single crystal of UPd3 we present the relevant elastic constants and ultrasonic attenuation
data. In addition to the magnetic phase transition atT254.460.1 K and the quadrupolar transition atT1

;6.8 K, we find orbital ordering atT057.660.1 K concomitant with a symmetry change from hexagonal to
orthorhombic. A striking feature is the splitting of the phase transition atT1 into a second-order transition at
T1156.960.05 K and a first-order transition atT2156.760.05 K. For the four phase transitions, the quadru-
polar order parameters and the respective symmetry changes are specified.@S0163-1829~99!50736-4#
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The actinide intermetallic nonheavy fermion system UP3

and the heavy fermion superconductor UPt3 are hexagona
compounds with space groupP63 /mmc, exhibiting mag-
netic phase transitions atT254.4 K and;5 K, respectively.
This finding is very surprising, because in both compoun
the ordered magnetic moment is extremely smallm
'1022mB). Furthermore, the 5f electrons of UPt3 are found
to be predominantly itinerant, whereas UPd3 belongs to the
rather few metallic materials where well-localized 5f elec-
trons and ionic long-range quadrupolar ordering atT1

56.8 K has been identified. The possibility that quadrupo
order occurs atT1 was first recognized in specific heat1 and
thermal expansion2 measurements, and the stron
quadrupole-quadrupole interaction between the U ions
confirmed for the first time in sound velocity experiment3

where also the relevant quadrupole components contribu
to the magnetoelastic coupling were specified. The ultim
proof of the quadrupolar nature of the phase transition, h
ever, was given in neutron scattering experiments,4 where
the long-range lattice distortions which always accompan5 a
quadrupolar phase transition were determined.

The main reason for the interest in the quadrupolar ph
transition of UPd3 is that the knowledge of the ordering com
ponents of the quadrupole tensor not only provides deta
information about the long-range ordering of the 5f 2 elec-
tronic charge distribution of the uranium U41 ions ~ground
state3H4), but also of long-range spatial correlations of t
orbital degrees of freedom. This is so, because the ave
values of the componentsQi j of the electric quadrupole ten
sor Q are not only a measure of deviations of the localiz
5 f uranium electrons from a spherical charge distribut
but, according to the identityQi j }$3(JiJj1JjJi)/22d i j J(J
11)%, are also a measure of correlations between the c
ponentsJi and Jj of the total angular momentumJ. We
mention that long-range quadrupolar~i.e., orbital! ordering is
also of current interest in the context of the physics beh
the colossal magnetoresistance in the manganates6 or the
spin-Peierls and metal-insulator transitions6 in the vanadates

In order to deduce from the lattice distortions the order
quadrupole componentsQi j ~i.e., the order parameters!, the
PRB 600163-1829/99/60~12!/8430~4!/$15.00
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complete strain tensor« or, more strictly speaking, the sym
metry adapted strains«G must be known because the latt
are proportional5 to the average value of the symmet
adapted components of the quadrupole tensor. In neutron
fraction experiments, however, the full strain tensor is di
cult to deduce from the available Bragg peaks. This is one
the reasons why details concerning the various phase tra
tions and the proper order parameters in UPd3 are still under
discussion. Also, it is still an open question to what exte
the inter-ion quadrupole-quadrupole interaction is resp
sible for the three reported phase transitions found atT2
54.4 K, T156.8 K, andT057.8 K.7

It is well known that ultrasound is well suited8 to answer
these questions because the coupling of the acoustic stra«
to the ionic quadrupole moment tensorQ is, in general, large
and the coefficients of the elastic stiffness tensorC depend in
a characteristic manner5,8 ~see Table I! on the components o
the so-called quadrupolar strain susceptibilityx(Q). The lat-
ter is defined asdQ5x(Q)V and therefore is a measure of th
responsedQ of the quadrupole moment tensorQ to the
strain-induced electric field gradient tensorV at the uranium
sites. The componentsV i j are related to the elastic strai
tensor« via V i j 5SSi jkl «kl , where the fourth-rank tensorS
is the so-calledfield gradient elastic straintensor which may
be determined9 in nuclear acoustic resonance experimen
this should not be confused with the elastic compliance t
sor. The quadrupolar contributionCG

(Q) to a symmetry elastic
constantCG is given by8,10

CG
~Q!52Nv

~SG
~0!!2xG

~Q!

12gG8xG
~Q! ,

whereNv is the number density of quadrupoles,gG8 the two
ion quadrupole-quadrupole coupling constant and~depend-
ing on the irreducible representationG!, SG

(0) is a linear com-
bination of theS-tensor components forgG850 ~i.e., in the
absence of the inter-ion quadrupole-quadrupole interacti!.
In terms of fluctuations@i.e., of the variance (DQG)2# of the
symmetry adapted quadrupole tensor componentsQG , the
quadrupolar strain susceptibilityxG

(Q) may be written in the
R8430 ©1999 The American Physical Society
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TABLE I. Quadrupolar contributionCab
(Q) to the elastic constants in Voigt notation, the strain-induc

quadrupole interaction HamiltonianHQ , and the relevant strain susceptibilitiesxG
(Q) for hexagonal crystal

symmetry and different acoustic strain modes« i j . The indicesx, y, andz refer to thea, b, andc axis of the
crystal.

« i j Cab
(Q) HQ xG

«xx C11
(Q) $2(S111S12)Qzz1(S112S12)Qx22y2%«xx xzz

(Q) ,xx22y2
(Q)

«yy C22
(Q) $2(S111S12)Qzz2(S112S12)Qx22y2%«yy xzz

(Q) ,xx22y2
(Q)

«zz C33
(Q) S33Qzz«zz xzz

(Q)

«yz C44
(Q) S44Qyz«yz xyz

(Q)

«zx C55
(Q) S44Qzx«zx xzx

(Q)5xyz
(Q)

«xy C66
(Q) (S112S12)Qxy«xy xxy

(Q)5xx22y2
(Q)
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thermostatic ~zero-frequency! limit as xG
(Q)

}(DQG)2/(kBT), where, in general, five relevant quadrupo
tensor components exist which, in the symmetry adap
form, we denote byQzz, Qx22y25Qxx2Qyy , Qxy , Qyz ,
and Qzx . If QG is the order parameter, then a pronounc
decrease of the related elastic constantsCG ~see Table I!
should be observed at a second-order quadrupolar phase
sition, because in that case, the fluctuations ofQG ~and ac-
cordingly the strain susceptibilityxG

(Q)) should become large
Provided that at a quadrupolar phase transition the forma
of domains or its influence on the elastic behavior can
minimized such as to play only a minor role, then it becom
immediately evident that ultrasound should be well suited
study long-range quadrupolar~i.e., orbital! ordering.

The efficiency of ultrasound is demonstrated in Figs. 1~a!
and 2~a! for longitudinal acoustic waves propagating alo
the c axis of a rectangular single crystal of UPd3 ~with the
linear dimensions 3.635.237.3 mm3). As can be clearly
seen, both the attenuation~phonon loss rate! and the sound
velocity of the C33 mode display three distinct phas
transitions atT254.460.1 K, T1'6.8 K, and T057.6
60.1 K, whereas the specific heat11 and magnetic
susceptibility12 of samples of the same batch exhibit pr
nounced peaks only atT1 , and T1 and T2 , respectively.
Previous sound velocity3,13 and neutron scattering
experiments14 revealed antiferroquadrupolar ordering atT1
~Refs. 13 and 14! on the quasicubic uranium sites, and it w
thought that the concomitant structural transformation
from hexagonal to trigonal7,14 or to orthorhombic3 or
monoclinic.3 At first sight, it is surprising that this transitio
dominates the specific heat but~compared to the magnitud
of the ultrasound absorption peaks observed atT2 and T0)
contributes only little to the phonon-loss rate. According
Table I and to Refs. 5 and 15, on the other hand,^Qzz& is not
the proper order parameter of a quadrupolar phase trans
concomitant with a structural transformation from hexago
to trigonal ~monoclinic or orthorhombic!. We therefore do
not expect that the phonon-loss rate of theC33 mode will be
modified essentially in the vicinity ofT1 which is in agree-
ment with our experimental findings~see Fig. 1!. The ab-
sence of a huge absorption peak atT1 ~see Fig. 1! of both the
C33 and theC44 mode further indicates that atT1 the contri-
bution of incoherent strains~originating from domains or
domain walls! may be considered as negligibly small. Th
suggests that the ordered phase is the quadrupolar tripq
state,14 because the triple-q state avoids the formation o
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stochastically distributed domains. The development of
triple-q state is associated with modulations of the electro
charge distribution. These modulations are a superpositio
three plane waves with wave vectorsq1 , q2 , andq3 , where
the wave vectorsq2 andq3 are obtained fromq1 by rotations
of 62p/3. The trigonal triple-q phase~space groupP3̄m1)
was discovered14 in neutron diffraction experiments and
within experimental uncertainty, the respective phase tra
tion at T1 was found to be continuous.14 As we will see
below, however, this is in contradiction to our findings.

We have mentioned already that the average value^Qzz&
cannot serve as a primary order parameter because it i
ready nonzero aboveT1 ~and T0). The formation of the
triple-q phase may, nevertheless, modify theC33 mode be-

FIG. 1. Temperature dependence of the;20 MHz longitudinal
~a! and transverse~b! attenuation coefficients of theC33 and C44

elastic modes.
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cause the triple-q state alters14 theQzz moments of the cubic
site ions. Surprisingly~see Fig. 2! the C33 mode does not
soften atT1 upon cooling ~as expected for a continuou
phase transition!, but shows a steplike increase which su
gests that the transition atT1 is most likely of first order.
Even more surprising is the finding@see inset of Fig. 1~a!#
that at aroundT1 not one but two clearly distinguishabl
absorption peaks~and accordingly two phase transitions! ap-
pear atT2156.7 K andT1156.9 K, where the stiffness co
efficientsC33 andC44 turn out to be hysteretic in the vicinity
of T21 ~see Fig. 3! but not atT11 . In addition @see Fig.
1~b!#, we also have observed atT21 a pronounced hysteres
in the attenuation of theC44 mode. The quadrupolar trans
tion into the trigonal triple-q state must therefore be of firs
order, whereas the transition atT11 is most likely of second
order. We would like to emphasize that, to the best of
knowledge, for UPd3 neither ultrasound absorption measu
ments nor the existence of the two neighboring phase tra
tions atT1 have been previously reported. Compared to ot
experimental techniques, it is furthermore worthwhile to n
~see Figs. 1 and 2! that at zero magnetic field the pha
transition atT057.6 K is most apparent in ultrasound.

So far, we have confined ourselves mainly to theC33
mode which only reflects the temperature dependence o
secondary order parameter^Qzz&. For hexagonal symmetry
~see Table I! a softening of theC44 mode is attributed to an

FIG. 2. Temperature dependence of the elastic constantsC33,
C44, andC66 at about 20 MHz.
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ordering of the quadrupole components^Qyz& and/or^Qzx&,
whereas the order parameters related toC665(C112C12)/2
~or to C11 andC22) are the degenerate quadrupoles^Qxy& ~or
^Qx22y2&). We now consider the temperature dependence
C44 and C66. As can be seen in Fig. 2, with decreasin
temperature,C44 exhibits a small dip atT21 , followed by a
steep decrease at the magnetic transition temperatureT2
54.4 K which is accompanied by a very sharp peak~see Fig.
1! in the phonon loss rate. However, the most pronoun
softening of theC66 mode appears atT057.6 K, not atT1 as
reported for a sample of much lower crystal quality and s
by other authors.3 The softening of theC44 andC66 modes,
which starts already far above the transition temperaturesT2
and T0 , is very strong and it has been shown13 that below
150 K the temperature dependence of the elastic constan
essentially due to the crystal-field splitting at the quasicu
uranium sites. We therefore conclude that not only atT1 , but
also atT0 and at the magnetic transition temperatureT2 , the
driving force of the respective phase transitions is of quad
polar origin. Hence, the quadrupolar order parameter of
magnetic phase (T,T2) is most likely ~see below! a linear
combination15 of ^Qyz& and ^Qx22y2&, whilst at T0 the rel-
evant order parameters are the degenerate quadrupoles^Qxy&
and ^Qx22y2&. Here,degeneratemeans that the response
the respective quadrupoles is specified by the same s
susceptibility.

The degenerate order parameters^Qx22y2& and ^Qxy&
which, according to Table I, will modifyC11, C22, and
C665(C112C12)/2, are associated with a transition fro
hexagonal to orthorhombic15,16 or to monoclinic,16 whereas
the order parameterŝQyz& and ^Qzx& will changeC44 and
C55 and entail a transition from a hexagonal to either
monoclinic or triclinic phase.15,16 Here, the formation of a
monoclinic or triclinic phase depends on whether or not b
order parameters are present simultaneously. Since
anomaly is seen atT057.6 K in the elastic modulusC44,
whereas theC11 andC22 modes~which are not shown here!
and theC66 mode soften significantly, it follows that atT0
we pass with decreasing temperature from the hexagona
an orthorhombic or monoclinic phase. When analyzing
phase transitions belowT0 , we therefore have to take int
account that forT11,T,T0 , the symmetry is orthorhombic
or monoclinic but not hexagonal~which in the literature was

FIG. 3. Hysteretic behavior of theC33 andC44 elastic mode at
about 22 MHz.
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taken for granted until recently!. The monoclinic phase
however, may be excluded because in that case the
possible second order transition atT11 would be15 from a
monoclinic to a triclinic phase, which is in contrast to o
experimental findings~see Fig. 3!, because such a transitio
should alterC44 significantly. AtT0 the symmetry of UPd3,
therefore, passes at decreasing temperature from hexag
to orthorhombic and the only possible second-or
transition15,16 at T11 is from the orthorhombic to a mono
clinic state. AtT11 we therefore have to consider15,16^Qyz&,
^Qzx&, and^Qxy& as possible order parameters, where^Qyz&
and^Qzx& may be excluded15,16becauseC44 ~see Fig. 3! and
C55 do not alter significantly atT11 . Concerning^Qxy&,
however, which should modify15 C66, we cannot prove ex-
perimentally whether or not̂Qxy& becomes an order param
eter atT11 , because in the temperature range between
and 7.8 K, the attenuation of theC66 mode becomes too
large. We note that in agreement with Ref. 15 and our
perimental findings, the phase transition atT21 ~i.e., from
the monoclinic to the trigonal triple-q state! is of first order.
The softening of theC44 mode at T254.4 K further
indicates15 that at decreasing temperature, UPd3 transforms
at T2 from the trigonal triple-q state into a monoclinic~mag-
netic! state, where the transition is expected15 to be of first
order. Within experimental resolution, however, theC44
mode doesn’t show a signature of a first-order transit
which indicates that atT2 it is possibly not enough to con
sider the magnetoelastic coupling only. According to Ref.
the transition from the triple-q into the monoclinic phase
should be accompanied by the loss of the ternary axis and
order parameter should be a linear combination of^Qyz& and
. J
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^Qx22y2&. It is therefore expected that bothC44 andC66 will
soften atT2 , which is confirmed by our experiments~see
Fig. 2!. In the immediate vicinity ofT2 , however, the attenu
ation of theC66 mode becomes too large to enable a mo
detailed analysis of this phase transition.

Based upon the crystal-field split (J54) multiplets deter-
mined by Buyerset al.,17 the temperature dependence ofC44

has been evaluated previously in Ref. 13, yielding the q
drupolar coupling constantsNv(S44

(0))2/C44
(0)50.6 K andg448

526 K. Since the ordered magnetic moments in UPd3 are
so extremely small4 and the quadrupolar coupling constan
are so large, the pronounced softening of theC44 mode indi-
cates that the quadrupole-quadrupole interaction is the m
probable driving mechanism of the magnetic phase transi
at T2 . Owing to the negative sign of the quadrupole coupli
constantg448 , we further expect10,13 antiferroquadrupolar or-
dering atT2 and the formation of a very complex antiferro
magnetic state, which is currently under investigation a
will be the subject of a forthcoming paper. Summarizing o
results, we have shown that ultrasound is a powerful tool
investigating orbital ordering and that the large variety
interesting phase transitions in UPd3 is of quadrupolar origin.
We hope that our findings may also offer some new idea
the attempt of a better understanding of the formation of
heavy fermion state and the antiferromagnetic transition
UPt3.

This work was supported by the Deutsche Forschungs
meinschaft~Grant No. MU 696/2-2!. We acknowledge many
helpful and clarifying discussions with K.-H. Ho¨ck.
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