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Elastic properties of the rare-earth dititanates R,Ti,O; (R = Tb, Dy, and Ho)
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We have performed ultrasonic measurements on the «-pyrochlore spin compounds R,Ti,O;, R = Tb, Dy, and
Ho. A distinct dip appears around 80 K, especially in transverse modes (C;; — Ci,)/2 and Cy44 as a function
of temperature in Dy,Ti,O; and Ho,Ti,O; compounds. This anomaly may correspond to a structural change
detected by the temperature dependence of the permittivity and of the loss-angle tangent. No distinct anomaly
was observed at lower temperatures in Dy, Ti,O; and Ho,Ti,O; compounds. On the other hand, a pronounced
elastic softening toward low temperatures was observed in the temperature dependence of the principal elastic
constants Cyy, (C1; — C12)/2, and Cy4y in Tb,Ti,O;. A detailed discussion of the highly distinct behavior among
three compounds is given in terms of the magnitude of a splitting energy between the ground state and the excited
one formed by the crystal-field effect. It seems that geometrically structural frustration prohibits the formation of
a long-range quadrupolar ordering as well as a magnetic one, even if the coupling constant between quadrupolar

moments is rather large enough in Tb,Ti,O; at low temperatures.
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I. INTRODUCTION

Pyrochlore rare-earth titanates with the general formula
R,Ti;O7 (where R = rare earth) exhibit a rich variety of
interesting magnetic phenomena due to their characteristic
crystal structure.! They crystallize in a cubic structure (space
group Fd3m) and consist of two kinds of three-dimensional
networks individually formed of corner-sharing tetrahedra of
R, or Tiy.? Antiferromagnetically coupled spins residing on the
network of corner-sharing tetrahedra result in the phenomenon
of geometrical frustration. They are frustrated not only for the
nearest-neighbor antiferromagnetic interaction but also for the
ferromagnetic interaction under a uniaxial crystal anisotropy.
Pyrochlore rare-earth titanates are a well-known example of a
three-dimensional geometrically frustrated system.® Depend-
ing on the nature of the magnetic rare-earth ion R in these
compounds, their ground states can exhibit a wide variety
of phenomena such as long-range magnetic order, spin ice
physics, and a highly correlated quantum disordered state
known as a collective paramagnet or spin liquid. For Ho, Ti, O
and Dy, Ti, O7, ferromagnetic interactions with strong uniaxial
anisotropy lead to the frustrated state “spin ice.”*!! On the
other hand, for antiferromagnetic Tb titanates, exchange and
dipolar interactions have the same order of magnitude, and
they compete also with the anisotropy energy.'>”!* It is thus
expected that the effect of frustration possibly appears in a
different form from those of the other titanates.

Let us briefly review the low-temperature property of
those titanates.*'! For Dy, Ti,O; and Ho,Ti,O7, the Weiss
temperatures are estimated from the magnetic susceptibility
measurement to be about 0.5 and 1.9 K, respectively. The
Dy** and Ho’* ions possess a strong Ising anistropy along
the local (111) axis. Indeed, the magnetization curves for the
three principal directions of an applied magnetic field can
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be described by a model containing purely Ising anisotropy.
An important point to emphasize is that a macroscopically
degenerate ground state is possibly formed at low temperatures
derived from the multiplicity of the possible spin configura-
tions. By analogy with proton disorder in ice, Iy, the spin
configuration with two spins pointing inward and two spins
pointing outward for each tetrahedron corresponds to the
ice rule for these compounds, so-called spin ices.!” In fact,
Dy, Ti,O7 shows a residual entropy of 1.68 J/mol K, which
is numerically in agreement with Pauling’s entropy for water
ice, R(1/2)In(3/2).'01!

On the other hand, for Tb,Ti,O7, the Weiss temperature
is estimated from the magnetic susceptibility measurement to
be about 19 K, indicating that nearest-neighbor interaction
between the Tb>* ions is antiferromagnetic.!>"'* A spin liquid
state can be possibly realized for large classical spins derived
from Tb>*, which persists down to 70 mK at least, well
below the energy scale of the antiferromagnetic interactions
estimated by the Weiss temperature. A single ion ground
state of Tb>* is a degenerate doublet, yielding an Ising-like
character for the Tb3* spins, with a reduced magnetic moment
of S, which is well below the expected free ion value of Qug.
The magnetization curves of Tb,Ti,O; show a rather small
anisotropy as compared with that of spin ice systems Dy, Ti, O
and Ho,TiyO7. It is considered that quantum fluctuations
within the ground state and between the ground state and
first excited one play a crucial role in forming the intriguing
spin liquid state. A significant contrast in anisotropy in the
magnetization curves originates from the energy separation
between the ground state and first excited one in these
compounds.

Ultrasonic measurements are particularly suited to ex-
plore ground-state properties of rare-earth compounds. A
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quadrupolar susceptibility deduced from the ultrasonic exper-
iment provides valuable and significant information to deter-
mine the 4 f ground state of the R ion split by the crystalline
electric field (CEF) effect. The quadrupolar susceptibility, as
the elastic constant, measures the diagonal (Curie terms) and
off-diagonal (Van Vleck terms) quadrupolar matrix elements.
The quadrupolar response of the 4 f electronic ground state
split by the CEF effect causes a characteristic anomaly in
the temperature dependence of the elastic constants due to the
Curie terms.

In this paper, we report on the elastic properties of single-
crystal pyrochlore rare-earth titanates R,Ti,O; (R = Dy, Ho,
and Tb), investigated by ultrasonic measurements. We will
discuss the ground-state properties and the origin of the giant
magnetostriction in Tb,Ti,O7, in comparison with its absence
in Dy, Ti,O7 and Ho,Ti;O7. The present results indicate that
low-temperature properties of these compounds are governed
by a low-lying energy level, in particular for Tb,Ti,O;.

II. EXPERIMENT

Single crystals have been grown by the floating-zone
method using an infrared furnace equipped with four halogen
lamps and elliptical mirrors. The crystals were grown under O,
gas flow to avoid oxygen deficiency. The typical growth rate
was 4 mm/h. The obtained single crystals were translucent
yellow. A specimen used for the present measurement was
cut into a rectangular shape with two axes along the (100) and
(011) directions. The thicknesses along (100) and (011) are 2.0
and 1.8 mm for Dy, Ti, 07, 2.0 and 1.6 mm for Ho,Ti,O7, and
2.0 and 1.6 mm for Tb, Ti, 07, respectively. The sound velocity
was measured with an ultrasonic apparatus based on the phase
comparison method in a magnetic field up to 12 T generated
by a superconducting magnet. We used piezoelectric plates of
LiNbOs for the transducer of the ultrasonic wave generator and
detector with frequencies from 5 to 30 MHz. The transducers
were glued on the parallel planes of the sample with the
elastic polymer Thiokol. The absolute velocity was obtained
by measuring the delay time for the sequence of ultrasonic
echoes. The elastic constant C = pv? can be estimated from
the sound velocity v and the density p of the crystal; here
p = 6.87 g/crn3 for Dy, Ti,O7, p = 6.94 g/cm3 for Ho, Ti, O7,
and p = 6.70 g/cm? for Tb,Ti, 0.

III. QUADRUPOLAR MOMENT-STRAIN INTERACTION

The characteristic elastic softening toward low tempera-
tures, observed in the temperature dependence of the elastic
constants, is a quantum phenomenon. The elastic softening
of a localized f electron system can usually be understood
as the quadrupolar response of the system to an external
strain associated with the sound wave. The volume strain
&R = Exx + &y + &;; with I'| symmetry associated with the
bulk modulus Cy = (Cy; + 2C12)/3 couples to the Coulomb
multipole moment Og = Of + 50]. A softening in Cj is a
characteristic phenomenon for the valence fluctuation system
such as SmBg, for example. Cp increases with decreasing
temperature due to the anharmonicity of the lattice vibration
in the compound with stable 4 f electrons and even in the
Kondo compounds. The elastic strain &, = &, — &y, and
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eu = (28, —&xx — 8yy)/\/§ associated with the transverse
(C11 — C12)/2 mode couples to the quadrupolar moment 022 =
Jox — Jyyand 09 = 2J2 — J2 — I3/ V3, respectively, with
I'; symmetry. On the other hand, the elastic strain &,
associated with the transverse C44 mode couples to the
quadrupolar moment O, with I's symmetry. The lowest order
term of this perturbation can be described by!6-23

Hys =) grOr(er. (1

1

Here, Or (i) is the equivalent quadrupolar operator at the ith R
site and gr (where I denotes the irreducible representation of
the point group, i.e., '3 and I's) is the coupling constant.
The scattering of the conduction electrons by the electric
quadrupolar moments of 4 f electrons leads to a quadrupolar
interaction such as the RKKY mechanism. This means that
the quadrupolar moment Or(i) of the ith R site couples
to the moment of the other sites by way of the conduction
electrons with the same mechanism as the RKKY interaction.
This intersite quadrupolar interaction can be described by

Hyy =Y gr(0r)Or (). )

Here, g is the quadrupolar coupling constant and (Or) is
the mean field of the quadrupolar moment. The temperature
dependence of the symmetric elastic constant C is described
as

Ngix(T)

1 —ghx(T)
Here, N denotes the number of R ions per unit volume,
and Cr© and xr“(T) denote the background without the

quadrupolar-strain interaction and the quadrupolar suscepti-
bility, respectively.

Cr(T) = C(T) - 3)

IV. EXPERIMENTAL RESULTS

Figure 1 shows the temperature dependence of the elastic
constants of Dy,Ti,O;. C;; was measured by longitudinal
ultrasonic waves with frequencies of 10 or 30 MHz propagat-
ing along the (100) axis with polarization along the (100) axis.
(Cy1 — C12)/2 and C 44 were measured by transverse ultrasonic
waves with frequencies of 5 or 15 MHz propagating along the
(110) axis with polarization along the (1-10) axis and along the
(100) axis with polarization along the (010) axis, respectively.
The absolute values of each elastic constant and calculated
bulk modulus Cp = (Ci; 4+ 2C1;)/3 and the Poisson ratio
Vp = C12/(Cy1 + Cyp) from Cy; and (Cy; — Cyp)/2 at both
77 and 4.2 K of Dy, Ti, 07 are listed in Table 1. The Dy, Ti,O;
the data exhibit roughly normal behavior at high temperatures:
a stiffening with decreasing temperature. However, it is seen
that a slight dip was observed in (C;; — Ci2)/2 and Cyy
around 80 K. They all stay almost constant below 40 K.
Figure 2 shows the temperature dependence of the elastic
constants of Ho,Ti,O;. The absolute values of each elastic
constant and calculated bulk modulus Cg = (Cy; 4+ 2C2)/3
and the Poisson ratio y, = C12/(Cy1 + Cy2) from Cy; and
(C11 — C12)/2 at both 77 and 4.2 K of Ho,Ti,O7 are listed
in Table I1.The overall behavior is almost the same as that

184434-2



ELASTIC PROPERTIES OF THE RARE-EARTH ...

10061 T T T T T T T T T T T T T g
104]

102}

245

24,0

Elastic constant (GPa)

19.0 B ? —

T

0 50

I L | - P d
100 150 200

Temperature (K)

FIG. 1. (Color online) Temperature dependence of the elastic
constants Cyy, (Cy; — Clz)/z, and Cyy of DyZTi207. The anomaly
is indicated by the arrows.

of Dy,Ti,O;. However, a more distinct dip was observed
in (C;; — Cy2)/2 and Cy44 around 80 K. Similar to that of
Dy,Ti,O7, a flat behavior below 40 K is observed in all
principal elastic constants.

Mamsurova et al, reported the dielectric properties of
Dy,Ti»O; and Ho,Ti,07.2* A clear anomaly was observed
around 80 K and a smaller anomaly was observed around
30 K in the temperature dependence of the permittivity &(7")
and the loss-angle tangent, tand(7), as will be discussed in
detail below.

By contrast, Tb,Ti,O7 exhibits markedly different behavior
in the temperature dependence of elastic constants as shown
in Fig. 3. One observes strong softening effects for principal
elastic constants, which are due to the magnetoelastic coupling
of the sound waves to the 4 f electronic charge distribution

TABLE 1. The absolute values of each elastic constant and
bulk modulus Cz = (Cy; +2C1»)/3 and the Poisson ratio y =
CIZ/(CII + Clz) of Dszi207 at both 77 and 4.2 K.

Elastic constants

Mode at4.2k at 77k

Ci 104.9 GPa 103.3 GPa
(Cyy —2Cp)/2 24.6 GPa 24.3 GPa
Cu 19.3 GPa 19.1 GPa
Cg =(C11 +2Cpp)/3 72.1 GPa 70.9 GPa
Y = Clz/(C” + C12) 0.347 0.346
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FIG. 2. (Color online) Temperature dependence of the elastic
constants Cyy, (Cy; — Cy2)/2, and Cy4 of Ho,Ti,O;. The anomaly
is indicated by the arrows.

of the Tb*t ions. The softening for Cyi, (Ci; — Ci2)/2,
and Cy4 amounts to 10%, 15%, and 14%, respectively. The
absolute values of each elastic constant and calculated bulk
modulus Cg = (C; 4+ 2C12)/3 and the Poisson ratio y, =
C12/(Cy1 + Cyp) from Cy; and (Cy; — C12)/2 at both 77 and
4.2 K of Tb,Ti,O7 are listed in Table III. Figure 4 shows
the temperature dependence of C1; at low temperatures under
the selected magnetic fields along the (100) axis, offset for
clarity in ascending order from bottom to top. The softening
below 30 K becomes suppressed gradually with increasing
magnetic field. Figure 5 shows the low-temperature part of
C; as a function of temperature under selected magnetic fields

TABLE II. The absolute values of each elastic constant and
bulk modulus Cg = (Cy; +2Cy;)/3 and the Poisson ratio y, =
C12/(C1y + Ciz) of Ho, Ti, O; at both 77 and 4.2 K.

Elastic constants

Mode at4.2k at 77 k

Cy 109.7 GPa 107.7 GPa
(Cy1 —2Cp)/2 28.4 GPa 28.0 GPa
Cyy 19.0 GPa 18.7 GPa
CB = (C]] =+ 2C]2)/3 71.8 GPa 70.4 GPa
Yo = Ci/(Cy1 + Chp) 0.325 0.324
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FIG. 3. (Color online) Temperature dependence of the elastic
constants Cyy, (Cy; — C12)/2, and Cy4 of Tb,Ti,O;. The anomaly
is indicated by the arrows.

along the (100) axis, offset for clarity in ascending order from
bottom to top. The arrows indicate the transition temperature
point deduced from the phase diagram reported previously.?>2°
The phase diagram was made using the specific heat and
magnetic susceptibility measurements. A less distinct anomaly
was observed at the boundary crossing, probably suggesting
the transition to be of magnetic origin. The softening below
30 K becomes suppressed gradually with increasing magnetic
field. These characteristic behaviors will be discussed below
in detail, based on the degeneracy of quadrupolar degrees of
freedom in the 4 f-localized electronic ground state formed by
the CEF effect.

TABLE III. The absolute values of each elastic constant and
bulk modulus Cg = (Cy; +2Cy,)/3 and the Poisson ratio y, =
C12/(Cyy + Cyz) of Tb,Ti, O at both 77 and 4.2 K.

Elastic constants

Mode at4.2k at 77 k

Cq 84.0 GPa 102.4 GPa
(Cy1 —2Cp)/2 28.1 GPa 32.6 GPa
Cyy 18.9 GPa 21.1 GPa
Cg =(Cy; +2Cpn)/3 46.5 GPa 58.9 GPa
¥p = C12/(Cii + C1p) 0.249 0.241
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V. ANALYSIS AND DISCUSSION

First, let us discuss the elastic anomalies showing up at
low temperatures. The pronounced elastic softening toward
low temperature, observed in the temperature dependence of
Cr, can be related to the 4 f ground-state split by the CEF
effect. Here, we consider the CEF splitting of the 4 f level of
R3*t in RyTi, 0. In the R,Ti, O compounds, the R ions are
at sites having trigonal symmetry Ds,. Under the crystalline
electric field with this symmetry, the 4 f multiplet® Ig of Ho®*
(J = 8) split down into five singlets and six doublets: > Iy —
3T + 2T, + 6I'3. And the 4 f multiplet ®H 5/, of Dy>" (J =
15/2) split down into eight Kramers doublets. Finally, the 4 f
multiplet  F ¢ of Tb3* (J = 6) split down into five singlets and
four doublets: 7 Fg — 3T'; + 2"y + 4T';. The Hamiltonian for
the crystalline electric field interaction Hcgp of the trigonal
symmetry D3, of the R*T ion is given by?’

Hcgr = BYOY + BYO)) + B; 0}
+ B2O2 + B} O} + BSO¢. )

Here, O;" are the Stevens equivalent operators expressed by
the angular momentum J, J,, J. and B} are the crystalline
field parameters. In the case of a small trigonal distortion of the
local cubic symmetry, the above Hamiltonian can be rewritten
by the Hamiltonian

Hcgr = Hew + BYOY, S
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FIG. 4. (Color online) Temperature dependence of the elastic
constants Cy; of Tb,Ti,O7 under the selected magnetic fields along
the (100) axis, offset for clarity in ascending order from bottom to
top.
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FIG. 5. (Color online) Low-temperature part of the elastic con-
stants C; of Tb,Ti,O; as a function of temperature under selected
magnetic fields along the (100) axis, offset for clarity in ascending
order from bottom to top. The arrows indicate a transition temperature
point deduced from the phase diagram reported previously.

where

Hew = BY(09 +20v203)
35 77
+B 000——03+—06). (6)
6( VAL

The quadrupolar susceptibility is calculated by the formula

)
() exp( E; /kBT) L V2
T) = ——{ik|Orlik
xr (T) Eik 7 kBTHl |Orlik)]

[(ik|Or|j1)|?
—2Z—E. ~F (7)
it '

where |ik) represents the kth eigenfunction of the ith CEF
level. When the ground state or the low-lying states are
degenerate with respect to the quadrupolar moment Or, a
softening in the corresponding elastic constant is expected to
occur due to the nonzero Curie term, which is proportional
to the inverse temperature. Thus, absence of the softening
indicates that the ground state of R** is not degenerate
with respect to the quadrupolar moment Oy or the ground
state would be isolated well in the CEF level scheme in
Dy, Ti,O7 and Ho,Ti,O7. In fact, inelastic neutron scattering
measurements on Ho,Ti,O7 indicate that the ground state
of Ho** is an almost pure |J,J.) ~|8,+8) doublet, well
separated from the first excited state at 236.6 K .28 Furthermore,
analysis of the temperature dependencies of the susceptibility
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and the field dependencies of the magnetization indicates
that the ground state of Dy** is an almost pure |J,J.) ~
[15/2,£15/2) doublet with a slight admixture of states with
other J,, also well separated from the first excited state at
150 K.29’30

On the other hand, the ground state of Tb3*t in Tb,Ti, O
differs considerably from that in the Dy, Ti,O7 and Ho,Ti, O
compounds. Tb,Ti,O7 shows the first excited level at around
16 K, forming a strong admixture to the ground state in the
magnetic field. Previous studies suggested that the ground
state is a non-Kramers doublet 0.747 | £5) — 0.665 | 1)
with a nearby non-Kramers doublet 0.816 | £4) — 0.577| 12)
at energy distances of 16 K.?7->° Thus, from the present results
we can conclude that a significant difference of the low-lying
CEF levels leads to such a pronounced elastic softening toward
low temperature in Tb, Ti, O7, whereas no elastic softening was
observed in Dy, Ti,O7 and Ho,Ti,O5.

We analyzed the elastic softening showing up in Tb,Ti, O
based on Eqs. (3) and (7). The fitting results are shown
by the solid lines in Fig. 6. The previously proposed CEF
levels can fit the experimental data reasonably. The fitting

o N
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N 325— 7 E
9 30F i é
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FIG. 6. (Color online) Temperature dependence of the elastic
constant (Cy; — Cy2)/2 below 100 K (a) and C4y below 150 K
(b) with the calculated result based on Eq. (3). The anomaly is
indicated by the arrows.
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curves as shown in Fig. 6 give us important microscopic
parameters of Tb,Ti,O; such as quadrupolar coupling and
intersite quadrupolar interaction constants as follows: g, =
23 mK and gr3 = 124.6 K for (C; — Cy»)/2 in Fig. 6(a) and
grs =32 mK and grs = 127.0 K for Cy4 in Fig. 6(b). They
should be compared with those for TmTe and for Ce;Pd,(Geg,
which undergo a quadrupolar transition at 1.8 and 1.3 K,
respectively.’!*> The parameters for TmTe were gj-; = —250
mK, gr3 = 63 K, grs = =76 mK, and grs = 81 K, and
for Ces;PdyoGes they were gr; = 10 mK, gr3 = 107 K,
grs = 190 mK, and grs = 89 K. Although the value of g for
Tb,Ti, 07 is larger than those for TmTe and for Ces;Pd;(Ges,
the value of g’ for Tb,Ti,O7 is fairly small compared to
those for TmTe and for Ces;Pd,;Ges. It would be better to say
that the intersite quadrupolar interaction g’ of this system is
fairly suppressed compared to that for other typical rare-earth
compounds. This suppression would be due to the geometrical
frustration derived from the characteristic pyrochlore crystal
structure. We naively suggest that these observations point
to the possibility that the quadrupolar degrees of freedom
formed by the ground and low-lying states is playing an
essential role in the giant magnetostriction values in Tb, Ti, O
at low temperatures. Furthermore, the intersite quadrupolar
interaction mediated among quadrupolar moments would be
suppressed strongly by the three-dimensional geometrically
frustrated situation, leading to the absence of quadrupolar
ordering. Since the coupling constant gr between elastic
strains and quadrupolar moments is substantial, alignment
of the quadrupolar moments by applying a magnetic field
via a spin-orbital L-S coupling would cause significant
elastic strictions, including the so-called exchange striction in
Tb,Ti» O7. In this study, it was found that the elastic constants,
which are closely related to magnetostriction, are huge and
considerably affected by application of a magnetic field in
Tb,Ti,O7. This experimental fact strongly indicates that the
orbital degrees of freedom derived from Tb ions play a crucial
role in giant magnetoresistance.

Finally, we would like to comment on the possible transition
in Dy, Ti,O7 and Ho,Ti;O;. A smooth anomaly was observed
in the temperature dependence of the elastic constants at
around 80 K in Dy,Ti,O;, Ho,Ti;O7, and Tb,Ti,O; as
well. Even in Tb,Ti;O7, a slight anomaly can be detected,
as shown in Fig. 3. This anomaly was also confirmed by
the temperature dependence of the permittivities ¢(7") and
loss-angle tangent, tand, and a distinct softening in Raman
spectra.”*333* A characteristic anomaly was observed in the
temperature dependencies of the relative permittivities &(7')
and of the tané obtained for Dy, Ti,O; and Ho,Ti; O7. Namely,
aclear dip was observed in £(7") being accompanied by a sharp
maximum in tand-7. However, microscopic measurements
and lattice parameters did not show any evidence to confirm
this anomaly. Thus, no ferroelectric or other structural phase
transitions occur at a temperature of 80 K in either com-
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pound. A local distortion without a structural phase transition
might occur, resulting in superlattice formation. Actually, the
presence of two inequivalent Tb** sites is suggested in the
low-temperature structure in Raman spectroscopy.’* As far
as we know, Dy,Ti,O7 and Ho,Ti,O; are the only systems
which exhibit this anomaly in the temperature dependence of
elastic constants and permittivities in the «-pyrochlore spin
compounds. The origin of the elastic anomaly showing up in
the temperature dependence of Cr around 120 K in Dy, Ti, O
and Ho,Ti»O7 is still an open issue to be solved. However,
this physical implication may involve a proper treatment
of the symmetry of the crystal structure. A significantly
small distortion or/and symmetry breaking may occur in the
a-pyrochlore crystal structure. Experimental confirmation is
highly desired.

VI. CONCLUDING REMARKS

The high quality and large size of single crystals and
high-resolution ultrasonic measurements allowed us to explore
the peculiar features in the elastic properties of the o-
pyrochlore spin compounds R,Ti;O;, R = Tb, Dy, and Ho.
The obtained data confirm an important role of the CEF
level scheme in the pronounced giant magnetoelastic effect.
For Tb,Ti,O7 large softening toward low temperature was
observed in the temperature dependence of elastic constants.
From the pronounced softening, we estimated important
microscopic parameters such as quadrupolar coupling and
intersite quadrupolar interaction constants. The values would
be large enough to bring about a quadrupolar ordering. This
suggests that the geometrically structural frustration would
suppress the formation of the long-range ordering. Although
the microscopic origin of the lattice anomaly showing up at
around 80 K in R,Ti,O7 (R = Dy, Ho, and probably Tb) still
remains to be investigated, we believe this finding provides
an important key for forming the geometrically structural
frustration in the a-pyrochlore spin compounds R,Ti;O;. The
microscopic details of each atomic displacement in R,Ti,O
below and above this temperature will be understood fully
after detailed experiments such as x-ray and nuclear magnetic
resonance measurements.
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