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Quadrupolar ordering of 5 f electrons in UCu2Sn
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A huge softening of the transverse elastic modulusC66 has been found in UCu2Sn around a phase transition
point at;16 K. In addition to the elastic moduli, the specific heat and x-ray diffraction were measured for
polycrystals and single crystals in order to elucidate the origin for the transition. All anomalies obtained in the
thermodynamic properties were analyzed by assuming a localized 5f 2 configuration in the hexagonal symme-
try. It is revealed that the transition originates from a quadrupolar ordering of the non-Kramers ground doublet
G5.
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Extensive searches have been carried out for system
which multipolar interactions are predominant. Total und
standing of magnetic properties arising from spins and or
als of electrons provides us with the prospect of finding
paradigm in magnetism such as the quadrupolar Ko
effect,1 for instance. Many systems exhibiting orbital or mu
tipolar ordering have been found in rare-earth compoun2

However, a wave function of 5f electrons usually spread
out wider in space than that of 4f electrons, and the stronge
hybridization between the 5f and conduction electrons lead
to an itineracy of the 5f electrons. Only a few actinide com
pounds, such as URu2Si2,3 UPd3,4 and UNiSn,5 have been
proposed to undergo multipolar transitions. In URu2Si2, an-
tiferroquadrupolar~AFQ! ordering was pointed out as a mo
likely candidate which explains its peculiar magnetism.3 An
AFQ ordered structure of UPd3 was revealed by a neutro
diffraction technique.4 However, due to two different U site
in the double-hexagonal close-packed crystal structure,
electronic property of UPd3 seems to always involve a mixe
contribution from different crystal-electric-field~CEF! exci-
tations for hexagonal and cubic symmetries. On the ot
hand, in cubic UNiSn possessing a single U site, ferroq
drupolar~FQ! ordering occurs concurrently with a first-ord
antiferromagnetic~AFM! transition. The phase transitio
mechanism was clearly explained by Akazawaet al.5 using
the CEF level scheme proposed by Aokiet al.6 However,
difficulty in growing a single crystal has prevented us fro
further experiments on anisotropy of the electronic prope
In this article, we will show that UCu2Sn, which has a single
U site in a hexagonal structure of ZrPt2Al type ~space group
P63 /mmc),7 substantially undergoes the quadrupolar ord
ing.

In UCu2Sn with lattice parameters ofa54.457 Å and
c58.713 Å at room temperature, constituent atoms
stacked in layers perpendicular to the hexagonalc axis with
a sequence of. . . Sn, Cu, U, Cu . . .Each layer consists
of only one element so that the U layer is sandwiched by
Cu layers. The nearest distance between U ions isdU-U
.4.46 Å , far beyond Hill’s limit dHill .3.5 Å . The dis-
tances between the U ions and ligands aredU-Cu.2.87 Å
anddU-Sn.3.37 Å . Therefore, hybridization is expected b
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tween 5f and other electrons from ligands although a dire
overlap of 5f wave functions is unlikely in the U layer
UCu2Sn exhibits an anomaly at 16.6 K in both the speci
heat and magnetic susceptibility.7 The anomaly was attrib-
uted to an AFM order because a spin-flop-like change in
magnetization curve was also observed at 23.5 T in the
dered state.7 As for the transport property, the abrupt in
crease of the electrical resistivity below 16.6 K was inte
preted in terms of superzone gap formation due to the A
order.8 However, recent Mo¨ssbauer9 and NMR ~Ref. 10!
spectroscopies inferred the absence of a hyperfine field a
and Cu sites, suggesting that the ordering is not of sim
AFM. Furthermore, neutron diffraction8 detected no mag-
netic reflection for both polycrystals and single crystals. W
can expect another origin for the phase transition at 16.
than AFM order.

The magnetic susceptibility of UCu2Sn above 150 K fol-
lows the Curie-Weiss law with an effective magnetic m
ment of meff5(3.0–3.6)mB /U corresponding to 5f 2 or 5f 3

configurations, which suggests a localized nature of thef
electrons at least above 150 K. If the 5f electrons in this
compound are nearly localized even at low temperatures
retain the 5f 2 configuration with total angular momentumJ
54, the quadrupolar degeneracy is expected to exist in
ground state since in the hexagonal CEF the 5f 2 state splits
into seven eigenstates, three singletsG1 , G3, and G4 and
three non-Kramers doublets 2G5 and G6 with degenerate
quadrupoles, whereG i denotes the irreducible representati
for the 6/mmmpoint group. Thus, the unusual transition
possibly understood in the framework of the quadrupolar
dering. In order to determine whether the transition
UCu2Sn originates from spin or orbital ordering, we me
sured specific heat, elastic moduli, and x-ray diffraction. E
pecially, the elastic moduli, which are the strain-quadrupo
susceptibility, are sensitive to detect the quadrupo
ordering.5,11,12

Details of the sample preparation for the polycrystals a
single crystals were reported elsewhere.7,8 Powder x-ray dif-
fraction confirmed that the polycrystals were in a sing
phase with hexagonal ZrPt2Al structure. Electron-probe mi-
croanalysis for the single crystal detected an impurity ph
49 ©2000 The American Physical Society
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50 PRB 62BRIEF REPORTS
of UCuSn at;4% of the host crystal. A polycrystal of th
isomorphic reference material ThCu2Sn without 5f was also
prepared. Molar specific heatC was measured as a functio
of temperatureT from 1.4 to 70 K for polycrystals of
UCu2Sn and ThCu2Sn using an adiabatic calorimeter. Th
ultrasonic velocityv at ;9 MHz, which is the fundamenta
frequency of our transducers, was measured by a pulse-
phase-comparison method. The elastic modulusCii was cal-
culated using the equationCii 5rv2 with the room-
temperature value of mass densityr510.720 g/cm3.

In Fig. 1, T dependence ofC/T is shown by solid circles
for a polycrystal of UCu2Sn. A clear anomaly of mean-fiel
type was observed around the transition temperatureTQ
516.5 K, whereTQ was defined as the temperature at wh
C attains a peak. The value ofC/T563 mJ/K2 mol observed
at 1.40 K agrees with the reported value.7,8 The mean-field-
type anomaly suggests that the transition is of second o
and a long-range interaction is responsible for the transit
A multipole-multipole interaction usually has a longer corr
lation range than a spin-spin interaction. We estimated
phonon contributionCpho to specific heat of UCu2Sn using
the specific heatCTh of ThCu2Sn. The data ofCTh can be
fitted very well toCTh5gT1bT3 between 1.40 and 4.79 K
with the values of g52.795 mJ/K2 mol and b
50.239 mJ/K4 mol. The phonon contributionCpho shown
by open circles in Fig. 1 was calculated by subtractinggT
from CTh . The correction for difference in Debye temper
tures between U and Th compounds due to the differenc
mass has not been made because of the small mass diffe
of ;1.2%. The electronic contributionSele to the entropy
shown in the inset was calculated by integration of the d
ference betweenCpho/T andC/T. At TQ516.5 K, Sele at-
tains R ln 2 regardless of the ambiguity in theCpho estima-
tion, whereR is the gas constant. The entropy clearly reve
that there exist at least two states below an energy sca
;16 K, strongly suggesting that a doublet is the grou
state in the nonordered phase.

If the ground state is a non-Kramers doublet and ther

FIG. 1. The specific heat of UCu2Sn and its phonon contribution
are shown by solid and open circles, respectively. The electr
entropy is shown by solid circles in the inset. The dashed cu
which is shifted vertically byR ln 2, was calculated using the CE
excitation proposed in this work.
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an interaction between the ground doublets at differen
ions, a remarkable softening in an elastic modulus must
observed at a finite temperature12 due to a structural instabil
ity originating from the quadrupolar ordering or cooperati
Jahn-Teller effect.13 We have measured longitudinalC11,C33
and transverseC44,C66 modes of the single crystal, wher
C66 and (C112C12)/2 as well asC44 andC55 are degenerate
in a hexagonal symmetry.12 As mentioned above,G5 andG6
may exist in UCu2Sn. One can easily judge which ofG5 and
G6 is the ground doublet by looking at theT dependence of
C66 and C44, sinceC66 and C44 are the linear responses t
«G5

@5«xy and «xx2«yy([« t)# and «G6
(5«yz and «zx)

strains, respectively, andG5 and G6 directly couple to«G5

and «G6
. As shown in Fig. 2, a significant softening ofC66

with more than 57% reduction of the stiffness was succe
fully observed by controlling temperature carefully with
the 1 mK fluctuation.14 The softening was also confirmed b
the direct measurement of a change in the time interval
tween the drive pulse and the first echo. The echo pulses
C66 faded away between 15.58 and 15.96 K due to the h
ultrasonic attenuation diverging towardTQ. With decreasing
T, C66 starts to soften around 24 K and attains a minimu
at ;15.7 K. The minimum point is lower by 1 K than TQ
determined from the peak of the specific heat. This may
due to the difference in sample quality between polycrys
and single crystals. A small anomaly detected at;61 K in
C66 and C11 comes from the magnetic transition of th
UCuSn impurity.8 Such a large softening of the lattice cann
be explained as an elastic anomaly only from the antifer
magnetic transition. It is understood as the quadrupolar
dering in the discussion below. In contrast with the lar
anomaly inC66, other anomalies aroundTQ in elastic moduli
C11, C33, andC44 presented in Fig. 3 are smaller than 1
although theirT dependence is characteristic of the CEF
fect on elastic moduli.15 In principle, C11 should show a

ic
e,

FIG. 2. Temperature dependence ofC66. The solid curve and
the dashed line show the best fit ofCG5

and the background stiff-
ness, respectively. The inset demonstrates the same data in a
panded scale and the CEF level scheme from the ground doubleG5

to the fifth excited singletG3 with corresponding excitation energy
The level scheme was obtained by using the CEF parameters l
in Table I.
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large softening since it is a mixed mode ofCG5
, CG

1
B, and

CG
1
u, where CG

1
B and CG

1
u are responses to«G

1
B5«xx1«yy

1«zz and «G
1
u5(3«zz2«G

1
B)/A3. The reason for the sma

anomaly inC11 may be that we could detect onlyCG1
com-

ponents of the phase signal in a echo pulse of theC11 mode
in the vicinity of TQ because theCG5

component rapidly

fades out due to the colossal attenuation and then theCG1

components with little attenuation predominate in the ech
The remarkable softening ofC66 is regarded as clear ev

dence that the transition originates from the instability of
ground doubletG5 which has the degenerate quadrupo
Oxy andO2

2. To confirm this idea theoretically, we analyze
the elastic moduli using the strain susceptibilityxs.15 As is
obvious in Fig. 2,C66 is well restored to the backgroun
stiffness belowTQ. Thus, we can assume a linear coupli
between a strain and an order parameter16 across the second
order transition, so that we consider the effective Ham
tonianH:

H5HCEF2HME2gG i
8 ^OG i

&OG i
,

HCEF5B2
0O2

01B4
0O4

01B6
0O6

01B6
6O6

6 , ~1!

HME5gG5
~Oxy«xy1O2

2« t!1gG6
~Oyz«yz1Ozx«zx!

1gG
1
uO2

0«G
1
u1~g

G
1
B

a
O2

01g
G

1
B

b
O4

01g
G

1
B

g
O6

0

1g
G

1
B

d
O6

6!«G
1
B,

whereg8, O, B, andg are a quadrupole-quadrupole couplin
constant, an operator equivalent, a CEF parameter, a
multipole-strain coupling constant, and^OG i

& represents the

thermal average ofOG i
. We take account of higher-orde

multipolesO4
0, O6

0, andO6
6 in the CG

1
B calculation since the

operatorJ2 does not give aT dependence.15 The coupling
between these multipoles is omitted because it is not v
important for the purpose of this paper to clarify the origin

FIG. 3. ~a! C11 vs T, ~b! C33 vs T, and~c! C44 vs T. The solid
curves demonstrate the best fits.
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the transition. We performed a fitting to all elastic data f
the nonordered state betweenTQ and room temperature usin
the equation

CG i
5

2N0gG i

2 xs

12gG i
8 xs

1C0 , ~2!

where N051.33431028 m23 is the number density of U
ions per unit volume at room temperature, and the lineaT
dependence of the background stiffness was assumed aC0
5a1bT. The fitting parameters areB, g, g8, a, and b.
The reproduction of longitudinal modes was performed
using a combination ofCG

1
B and CG

1
u for C33 and that of

CG
1
B, CG

1
u, andCG5

for C11, respectively. The parametersB,

g, and g8 were self-consistently determined for all mode
The best fits are shown by solid curves in Figs. 2 and 3. T
theoretical curves well reproduce all the data aboveTQ with
the parameters listed in Tables I and II. The CEF le
scheme corresponding toB’s in Table I is shown in the inse
of Fig. 2. As a check of this analysis, using the fixed CE
parameters in Table I, we calculated the electronic contri
tion Sele to the entropy for the nonordered state. The theo
ical Sele shown by a dashed curve in the inset of Fig. 1
gradually getting closer to the experimental data with
creasingT, which does not rule out the validity of the calcu
lation. As a consequence, the analysis has evidently c
firmed thatG5 is the ground state of UCu2Sn aboveTQ.
Moreover, it is confirmed that the transition originates fro
the quadrupolar ordering since the conditionD
([ug8C0 /g2N0u)@1 is achieved in theC66 mode as shown
in Table II, which satisfies a criterion in discriminating th
quadrupolar ordering from the cooperative Jahn-Te
transition.13 The analysis also strongly suggests
ferroquadrupolar-type ordered structure belowTQ because of
the positive value of the quadrupole-quadrupole coupl
constantgG5

8 .0.18 K.

In case of a ferroquadrupolar transition, a structu
change should be observed macroscopically due to the e

TABLE I. The CEF parameters for the best fit.

B2
0 (K) B4

0 (K) B6
0 (K) B6

6 (K)

1.682310 26.10031022 21.72031023 2.25731021

TABLE II. Obtained parametersgG i
~K!, gG i

8 ~K!, a ~GPa!,
b (1023GPa/K), D, and elastic modes corresponding to operat
~Op.!. gG

1
u andgG

1
B

a are presented as the numerals with superscripu

andB, respectively.

Op. Oxy Oyz O2
0 O4

0 O6
0 O6

6

ugG i
u 8.632 130.4 51.67u 44.47B 0.341 0.010 1.021

gG i
8 0.177 21.080 20.65 – – –

Mode C66 (G5) C44 (G6) C33 (G1
B ,G1

u) C11 (G1
B ,G1

u ,G5)
a 33.97 40.04 61.51 80.04
b 25.885 26.752 211.79 216.45
D 437 13.8 ;102 ;102
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gence of the spontaneous strain («G5
for UCu2Sn) as is the

case of the ferroquadrupolar UNiSn.5 In spite of the repeated
x-ray diffraction experiments on polycrystalline UCu2Sn be-
tween 4.2 K and room temperature, we could observe nei
a broadening of a diffraction peak indicating FQ ordering n
superlattice reflection indicating AFQ ordering. There is
direct evidence which reveals whether the ordering is of
roquadrupole or antiferroquadrupole at present. Howe
the possible reason for no indication of the structural cha
is mainly due to the smallgG5

for UCu2Sn, which is smaller
by one order of magnitude than that for UNiSn. In the fram
work of our theoretical model, we calculated magnitudes
the order parameter and corresponding strain in the ord
state. The result has revealed that the plausible order pa
eter is the quadrupoleOxy rather thanO2

2 and the magnitude
of the spontaneous strain«xy is about 5.631024 which is
slightly less than our experimental resolution, where the
lation u«xyu5N0kBgG5

^Oxy&/C0 ~Ref. 15! was used with

gG5
.8.6 K, ^Oxy&.12 at 0 K, andC0.34 GPa. Details

of the calculation for the ordered state and a refinemen
the CEF parameters will be published elsewhere with
data measured in the magnetic fields.

Let us consider the compatibility between the idea of
ferroquadrupolar ordering and the actual properties in
ordered state of this compound. The absence of hyper
field at the Sn and Cu sites and no magnetic reflection in
neutron diffraction are naturally understood by admitting t
the transition originates from the quadrupolar ordering. T
spin-flop-like change in the magnetization curve at 23.5
may be attributed to level crossing due to an effect from
er
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Zeeman energy since the first, second, and third excited
els are closely situated above the ground state. The mag
energy for 23.5 T is at least comparable to the excitat
energy of the first excited level. The semiconductorlike u
turn in the resistivity belowTQ is probably due to the emer
gence of the spontaneous strain which modifies electron
bridization.

The discussion above is valid when the 5f electrons are
nearly localized even at low temperatures. Let us examin
localized regime in which theG5 ground state is formed in a
hexagonal CEF. It should be noted that theG5 wave function
is extended in thexy plane and the population of the groun
state is exponentially increased with decreasingT. Thanks to
the lattice structure of UCu2Sn in which each layer consist
of only one element, the 5f electrons tend to be confined i
the U layer and to lose a chance of mixing with the electro
from Sn and Cu asT is decreased. Moreover, since the ne
est U-U distance is far beyond Hill’s limit, the direct overla
is not expected among theG5 orbitals. Consequently, suc
structural and electronic conditions of UCu2Sn tend to allow
the 5f electrons to preserve the localized nature at low te
peratures. It is concluded, therefore, that the phase trans
at ;16 K in UCu2Sn originates from the quadrupolar orde
ing of the ground-state non-Kramers doubletG5 and that the
most plausible ordering is of ferroquadrupolar type.
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