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Abstract

Rare-earth hexaboride HoBs shows a ferroquadrupole ordering of Oy, O, and O,y with I's symmetry at T = 6.1
K accompanied by a structural change from cubic to trigonal. In order to examine the order parameter in HoBs, we
have performed ultrasonic and thermal expansion measurements. The lattice length along [001] expands AL/ Looq)
= 2.5 x 107* just below T, while the length along [111] shrinks appreciably AL/Ljy1qy = —4.5 x 1072, This result
confirms the cubic-trigonal distortion observed by neutron scattering experiments.
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Rare-earth hexaborides RBg with the cubic CaBs
type structure show various properties due to the spin,
orbit and charge degrees of freedom for 4f-electrons
[1]. Heavy rare-earth compound HoBs with I's triplet
ground state show a ferroquadrupole (FQ) ordering
at Tg = 6.1 K and an antiferromagnetic (AFM) or-
dering at Ty = 5.6 K. The transverse C44 mode of
HoBg shows a huge softening of 70% around 7¢. Neu-
tron scattering indicates the crystal structure of HoBg
changes from cubic to trigonal at T [2]. These re-
sults are described in terms of quadrupole-strain in-
teraction. In order to characterize the ferroquadrupole
ordering in HoBg, we have performed ultrasonic mea-
surements in magnetic fields and thermal expansion
measurements. Phase comparison method was used for
the sound velocity measurements. A dilatmetric cell
based on capacitance method with an accuracy 1078
was employed.

Fig. 1 shows the temperature dependence of the
elastic constant Ci4 of HoBg in magnetic fields for
H//[111]. The Cy4 is measured by transverse ultrasonic
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wave propagating along k//[110] with polarization
//[001]. Under zero field, the elastic constant Cig
shows a pronounced softening about 70% above 1.
This softening arises from the coupling of quadrupole
Oyz, O, and Ogy to elastic strain with I's symmetry
as, Hgs = —gr5(Oyzeyz + 020620 + Ozyeay). Increas-
ing magnetic field, the softening of Ci4 is suppressed
and the minimun point indicating ferroquadrupole
transition shifts to higher temperatures. The softening
of C44 in HoBg is influenced easily by magnetic fields.
The small magnetic field effect in softening of Cys in
DyBes is contrast to the present results of HoBg in Fig.
1 [3].

The inset of Fig. 1 shows a magnetic phase diagram
of HoBg. Under high fields up to 6 T, the antiferromag-
netic transition temperature Tn decided by specific
heat in magnetic fields for [110] shifts to lower temper-
atures, while the FQ ordering temperature Ty shifts
to higher temperatures [4]. These behavior are typical
phenomena in other material showing FQ ordering [5].

Fig. 2 shows the temperature dependence of ther-
mal expansion in HoBs along the [001] and [111] di-
rections. The thermal expansion along [001] expands
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Fig. 1. Temperature dependence of the elastic constant Cy4 in
HoBg under several magnetic fields for H//[111]. Inset is the
magnetic phase diagram of HoBg. The circles (Tq) in phase
diagram are decided by temperature dependence of the elastic
constant, the squares (Tv) by field dependence of the elastic
constant and the triangles (T'x) by the specific heat in magnetic
fields for H//[110] [3].

AL/Lpo1)=2.5x10"*, while along [111] shrinks appre-
ciably AL/Lj111=—4.5 x 1073 with decreasing tem-
perature far below T. The inset of Fig. 2 is the tem-
perature dependence of the spontaneous strains &y,
which means changing the angle between x and y axes,
and ep, which means expanding volume, caluculated
by the experimental results in Fig. 2 using equations
AL/Ljgn) = €2 = €5/3 + eu/V3 and AL/Lpy1y) =
€B/34+2(gy:+€22+Exy)/3. In the case of cubic-trigonal
transition in HoBg, it is naturally expected that tetrag-
onal distortion is irrelevant e, = 0. Consequently the
volume strain is described as eg = 3 x AL/Ljg01}, and
the trigonal strain is written as €4y = (AL/Lp11) —
AL/Ligo1))/2. The temperature dependence of strains
€zy and ep shows a jump indicating a first order tran-
sition at Tg. The spontaneous strain e, = 2.4 x 1073,
ep =7.5 x 107* at 2 K far below T means the trigo-
nal distortion in addition to the volume expansion. The
spontaneous strain ey, = €., = €5y # 0 for trigonal
distortion below Ty is proportional to the quadrupole
moment such as < ers >= Ngrs < Ors > /6’24. The
distorted angle o = 90°+26 in the trigonal lattice from
a = 90° in orthogonal axes of cubic is described in
terms of the spontaneous strain as e,y = sinf. The neu-
tron scattering of HoBg observed a change of the angle
from o = 90° at 10 K above T to a = 90.264° at 2.1
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Fig. 2. Thermal expansion of HoBg along the [001] and [111]
directions. Inset is the temperature dependence of the sponta-
neous strains €, and ep below Tq. The present result is well
consistent with the previous neutron results[2].

K below Tg [2]. This result leads to e,y = 2.3 x 1072,
which is consistent with the present thermal expansion
in Fig. 2.

In this paper, we show the cubic-trigonal distor-
tion in FQ ordering of HoBs. It is now recognized the
dilatometry by the capacitance method is a very sensi-
tive probe for the lattice distortion associate with FQ
ordering. We are now in progress the thermal expan-
sion under magnetic fields to elucidate field effect for
the order parameter of HoBg.
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