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Spontaneous strain due to ferroquadrupolar ordering in UCw,Sn
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The ternary uranium compound U£Sn with a hexagonal ZrRAl-type structure shows a phase transition
at 16 K. We reported previously that huge lattice softening is accompanied by the phase transition, which
originates from ferroquadrupolar ordering of the ground-state nonKramers daduplét macroscopic strain,
which is expected to emerge spontaneously, was not detected by powder x-ray diffraction in the temperature
range between 4.2 and 300 K. To search the spontaneous strain, we have carried out thermal expansion
measurements on a single-crystalline sample along,tbeandc axes using a capacitance technique with the
resolution of 108. In the present experiment, we found the spontanegus,, strain, which couples to the
ground state doubldts. The effect of uniaxial pressure along taeb, andc axes on the transition temperature
is also discussed.
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[. INTRODUCTION coupling, we analyzedC4s and then obtained the positive
sign for the g-g coupling coefficiergfs, that is, ferroqua-

Multipolar ordering has been intensively investigated in agrupolar coupling in the ground state. To distinguish the qua-
number of 4-electron compounds. In the case of drupolar ordering from the cooperative Jahn-Teller transi-
5f-electron systems, however, the multipolar ordering hasion, we employed a nondimensional parametér
been reported only in a few compounds, including NFO  =|g’C,/g%N,|,** whereg is the strain-quadrupole coupling
UPd;,® URW,Si,,* UNiSn® and UCySn® Previously, we coefficient,C,, is the background value of the elastic modu-
pointed out that UC4En and UNiSn undergo ferroquadrupo- lus, andN, is the number density of U ions per unit volume
lar ordering at low temperatures. at room temperature. The obtained reddi#t1 clearly indi-

The compound UCiBn has a hexagonal ZgPi-type  cated that the g-q coupling’ predominates over the strain-
structure(space grougP6;/mm¢ with the lattice param- quadrupole coupling in UCu,Sn and consequently the tran-
eters ofa=4.457 A andc=8.713 A at room temperature. In Sition is classified as the ferroquadrupolar ordering. The
this hexagonal structure, constituent atoms are stacked #grroquadrupolar ordering must be accompanied by a macro-
layers perpendicular to theaxis in regular sequence of—Sn, SCOpic strain or distortion beloWg. In the previous work
Cu, U, and Cu—where all U atoms occupy equivalent sitegising the powder x-ray diffraction technique, we did not suc-
forming a triangle lattice. Takabataket al. found that ceed in detecting any indication for the spontaneous occur-
UCw,Sn underwent a phase transition around 16 After- rence of macroscopic strain. So we made numerical estima-
wards, the transition was estimated to be a nonmagnetic orf®n by using the relatiorje,,|= NokBgF5<oxy>/C012 with
since Masbauétand NMR spectroscopies inferred the ab- the parameters obtained from fitting the elastic modulus ob-
sence of a hyperfine field at Sn and Cu sites and neutrogerved, and we found that the spontaneous strain might be as
diffraction detected no magnetic reflectifin our previous  small as 5.& 10~ 4. The value was smaller than the resolu-
study on the specific heat and elastic moduli of Y8u® we  tion of our x-ray diffraction &1x1073). In the present
determined the crystal electric fieldCEF parameters sg work, we have carried out the thermal expansion experi-
=1.682x10 K, BJ=-6.100<10 ? K, Bd=—1.720 ments on a single-crystalline sample by a capacitance
X103 K, and BS=2.257x10"1 K) and the CEF level method:®
scheme from the ground state non-Kramers doubieb the
fifth excited statd";, wherel’; is the irreducible representa-
tion for the BMmmpoint group. We also explained the rea-
sons why the U ions formed thef’ configuration with th_e A single crystal of UCYSn was grown by a Bridgman
total angular momenturi=4 and the 3§ electrons were in  method. The details of sample preparation were described
the localized regime. The most prominent feature was that of|sewherd® An impurity phase of UCuSn~+4%) was de-
thg transverse moduliuGgg, .which exhi_bited the huge soft- tected in our single-crystalline sample of USm by the
ening aroundl =16 K, which was evidence for the ferro- glectron probe microanalysis. The sample was shaped in a
quadrupolar ordering of the ground stdtg. The modulus  rectangular parallelepiped of 2.822.9083.288 mni.

Ces is the linear response & (=€, and=ey,-eyy) strain  Thermal expansion|/| was measured as a function of tem-
in the hexagonal lattice. Taking into account both the strainperatureT from 4.2 to 40 K with a temperature interval of
qguadrupole coupling and the quadrupole-quadruggle) 0.1 K along thea, b, and c axes using a three-terminal

Il. EXPERIMENT
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FIG. 3. (a) Schematic illustration of the experimental setup for
) | . the capacitance measurement. In this configuration, we can measure
0 10 20 30 40 the change in the length along ttxedirection. (b) Experimental

T{K) setup for measuringy, acrossTq.

FIG. 1. Temperature dependence of thermal expandibt o ]
along thea and b axes are shown by open circles and solid tri- COntracts. As clearly seen in Fig. Aa/a starts to deviate
angles, respectively. from Ab/b at a higher temperature than 20 & Tg). This

behavior appears to correspond closely to that of the trans-

method of capacitance measurement. Small change in lengigrse modulusCeg Which starts to soften gradually below
of the sample was detected by means of change in capaci= 20 K. The precursor is possibly ascribed to the fluctuation
tance between the parallel plates with approximately 0.1 mn®f the quadrupolar ordering. Figure 2 shows the difference
spacindg The plates have an area®f1.55< 10> mn?. The  Aa/a—Ab/b, which is proportional to the expected sponta-
value of Al/l for each axis was defined a§l(T) neous straire,,-ey, . Thus, we succeeded in direct confirma-
—1(40K)]/I(40K). Thea andc axes are referred to the in- tion of the macroscopic distortion due to the ferroquadrupo-
ternational tablegspace grougP65/mmd.'* Theb axis is  lar ordering in UCygSn. The magnitude of the strain

defined as perpendicular to treaxis in the hexagonat  evaluated 85 K is 4.5<10°°. This is the reason why we
plane. could not detect any corresponding strain by the powder

x-ray diffraction with a resolution of 10°. However, the
present value is one order of magnitude smaller than the
lll. RESULTS & DISCUSSION value of 5.6< 10”4 which was estimated from the parameter
Figure 1 shows temperature dependence of thermal exalues fitted to the elastic modulus observed. When a hex-
pansionAl/l along thea andb axes both. At high tempera- agonal system undergoes a structural transition, a 60°
tures,Al/l along both thea andb axes decreases monotoni- ferroelastic-type domain is expected to appear in the ordered
cally with decreasing temperature. At low temperaturesstate. In the present case of USm, we believe to have
below To, Al/l along thea axis, that is,Aa/a rapidly in- ~ observed the average of the spontaneous strain over those
creases with decreasing temperature, whefd#éisalong the ~ domains. The calculated value of 560 “ should be re-
b axis, that is,Ab/b, continues to decrease. As far as thegarded as the maximum value of the macroscopic strain ex-
crystal keeps a hexagonal symmetkg/a andAb/b should

coincide with each other even though it thermally expands or oF ' ' '
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FIG. 4. Temperature dependence of thermal expandibfh
FIG. 2. Temperature dependence/dd/a— Ab/b. along thec axis.
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TABLE II. Uniaxial pressure effects on the transition tempera-
ture To. The values for @/dP; are listed in K/GPa.

dTo/dP, dTo/dP, dTo/dP,

¢ —4.02x10°* +2.65<10°* ~4.60<10"*
[{e]
- g
. g
S : is proportional to (1 (3/2)ef,+ - - -).

4f X o b axi i Figure 4 shows the temperature dependence of thermal

g axis expansionAl/l along thec axis, that is,Ac/c. At high tem-

peratures,Ac/c decreases monotonically with decreasing
temperature. It increases gradually belew20 K and rapidly
below To. We have no convincing explanation for this in-
crease inAc/c, but a possible origin might be related to
development of the secondary order param@érwhich

- couples to 2,,-e.,-e,,. As we reported previousfy,the
X strain-quadrupole coupling coefficient betwees, 2e,,-e,,
o and O is very large.
Z o} \ . The thermal expansion coefficieat is related tosl/l by
3 v UCu,Sn the following equation:

a4l v + caxis §

te el back ground
s ’_: . 1 6l i
1 * 1 1 ai = T 7
0 10 20 30 40 oT |
T(K)

. where$ and the subscripgtdenote an infinitesimal deference
_ _FIG. 5. Temperature_dependence of the thermal expansion coefind each axis, respectively. Figure 5 shows the thermal ex-
ficient a(T). (a) Open circles denote measured along theaxis 3 nqjon coefficients as a function of temperature along the
and solid triangles along thHeaxis. The broken curve indicates the a, b, and c axes. Here, we assumed that the background
?hflé?gigdggg\'/e(?;;ggfe ;'trﬁ:aesb;cin?geui dalong thec axis and variation of the thermal expansion coefficient is given by
9 ' apg=AT+BT3.* The values used for the fitting parameters
A andB are listed in Table I. From these data, we can esti-
mate the pressure effects on the transition temperatyre

ected for a single-domain sample. . .
P g P using the Ehrenfest relation

The ground-state doublét; has a degeneracy of quadru-
poles O,, and Og. One of these order parameters should
emerge belowl o and therefore the corresponding strain of
€y OF E4-€yy IS expected to appear spontaneously. In the
present experiment, only the,,-e,, component was de-
tected. This result strongly suggests that the order parameter _ o _
is O2. However, here, we should just notice a possibility thatvhere the volume expansion coefficieh is assumed as
the present experimental setup may disregardefjestrain ~ A8=Aaa+Aap+Aac. Vyis the molar volume and Cy is
technically even though it emerges. As depicted in Fig),3 the change in the isobaric specific heaflagt We used the
a change in the sample length along thdirection, conse- difference betweem and «; for Aa; at To. The uniaxial
quently the straire,,-e,,, can be directly measured since we Préssure effects on the transition temperatiigeare esti-
capacitively detect the change in spacing between th&ated from this result. The values of g/dP; along thea, b,
parallel-plate electrodes. In the case of the stejp, the andc axes are listed in Table Il. To our knowledge, this is the
sample will rotate so as to fit the two surfaces of the sampldirst report on the uniaxial pressure effect in YSua. The
onto the parallel plates as shown in Fighi3 The change\d hydrostatic pressure effect oh, is also estimated to be

in the interplate spacing will be negligibly small becaus ~ dTo/dP=—6.0x10"* K/GPa. This value is quite consis-
tent with the value @/dP=—9.6X 10! K/GPa reported

for polycrystalline UCySn by Kurisuet al®

dTo  ABTVam
dP AC,

TABLE |. Fitting parameter#\ andB for the backgroundy, of
thermal expansion coefficients.

Axis A(K™? B (K™ IV. CONCLUSION
a, b 3.21x10°® 3.73x10° 1t We measured the thermal expansion alongahe, andc
c 6.46X 1078 4.75¢ 10" 11 axes of single-crystalline UGB8n. The change in the thermal

expansion below  clearly indicates the spontaneous emer-
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