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Low-temperature phases of the pyrochlore compound THTi,0-,
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Low-temperature magnetic states of the pyrochlore compoundid®, with a geometrical frustration have

been determined by measuring the specific heat, the susceptibility, and the residual magnetization of single-
crystal samples. The moments of the lowest doublet of th& Tbns set into a short-range ordering below

abou 2 K and show a maximum of the specific heaffgi=0.7 K. At T,.=0.37 K, we observed a sharp peak

of the specific heat which suggests that the second-order transition occurs. The static and the ac susceptibilities
show another transition into a spin-glass or cluster-glass state bgjevd.2 K. In the temperature range
between 1.5 and 0.2 K, a residual magnetization was observed. The time dependencies of the residual mag-
netization and the dissipation of the ac susceptibility suggest existence of metastable states with a distribution
of the relaxation times.
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The low-temperature states of pyrochlore compounds All measurements were made using single-crystal samples
RE,Ti,O; with magnetic rare-earth cations REhave at-  of Th,Ti,O, cut from one crystal with a volume of 1 cn?.
tracted much interest because their spins on the cornefhe crystal was prepared by the floating-zone method as re-
sharing tetrahedra have strong geometrical frustration. Theyorted in our previous paper on neutron-scattering stddies.
are frustrated not only for the nearest-neighbor antiferromagpetails of the crystal growth can be found in Ref. 14. The
netic interaction, but also for the ferromagnetic interactionspecific heat was measured by means of the adiabatic heat-
under a uniaxial crystal anisotropy. The Iattersis the case fopyise method. The ac susceptibility was measured at fre-
titanates with REHo (Refs. 1-3 and Dy, of which ¢ ,encies between 95 and 315 Hz and an amplitude less than
ground state is the “spin-ice” stafeln the case of the anti- 0.5 1T, by a mutual-inductance bridge circuit using a dc—
ferromagnetic interaction, the Iong-rangeragngtic order haéuperconducting quantum interference devide-SQUID)
bﬁen obhservedr:‘o_lmesl_EGdh(Ref. 6 and Er: '_I'm2_T|2|O7 has d magnetometer as a null detector. Absolute values of the sus-
:tac;\é\én that eac lon has a nonmagnetic singlet groun ceptibilities were calibrated b_y fitting to t_h_e previous data

y between 2 and 7 K. The static susceptibility and the magne-

For ThyTioO7, low-temperature magnetic states are in-. . io1'ere also measured simultaneously by the same de-
duced by several interactions which have the same order y oy
QUID magnetometer.

magnitude. The negative Curie-Weiss temperature indicate "
that the nearest-neighbor interaction betwee? Timoments The specific heaC was measured down to 0.15 K. The

is antiferromagnetié.The dipolar interaction is estimated to deépendence o€ is shown by solid circles in Fig. 1. Three
be of the order of 1 KO The direction dependence of the Peaks are observed at 0.4, 0.7, and 5 K. An upturrCof
magnetic susceptibility has indicated that the anisotropy oPelow 0.2 K'is attributed to a nuclear specific h€gt It is
Tb,Ti,O, is much smaller than that of the spin-ice systemknown that contributions of the hyperfine energy splitting to
Ho,Ti,0,. Since the competition among the interactions isthe specific heat become dominant below 0.4 K for Th-based
qualitatively different from Ho and Dy titanates, other frus- 3
trated magnetic states have been reported fosTiLD;.

From a muon spin-relaxationuSR) measurement, Gardner

et al. have shown that the P moments remain in a collec- 6
tive paramagnet or spin-liquid state down to 70 rh&n the -
other hand, our recent neutron-scattering experiment has g
shown that a relaxation of the moments becomes slow in the T
time scale of hours below about 1.5'KIn the magnetiza- =

tion measurement, a spin-glass-like behavior of the moments

has been observed below about 0.3?Kn addition, recently

it was reported that the antiferromagnetic ordered state coex-

ists with the spin-liquid state belo2 K under high pressures 8

above 1.5 GP& :
In order to determine the low-temperature magnetic state

of Th,Ti,O;, we have carried out thermodynamic experi- FiG. 1. Temperature dependence of the specific heat of

ments, concentrating on the low-temperature region below 2,Ti,0; in zero field. Solid circles show the total specific heat.

K. We have measured the specific heat, the ac susceptibilityhe nuclear specific heat,, and the lattice specific hea, are

and the magnetization. In contrast to the earlier results oflotted by solid and dashed lines, respectively. The magnetic spe-

others, our results show that several magnetic transitions exific heatC,, which is obtained by subtracting, and C, from the

ist below about 2 K. total specific hea€ is shown by open circles.

)
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FIG. 2. Magnetic entropy for T9 cations estimated by inte- S 04
gratingC,,/T from 0.15 K. Present data are shown by solid circles. g 0.k
The data for temperatures higher than 7 K are plotted by open g 02l
squares, using the data reported in Ref.(46e text Values of ;; -t
RIn2 andRIn 4 are also indicated by dashed lines. The inset shows 0.1

the low-temperature region, in relation to the peak at T, (905 0.1
=0.37 K. The arrow indicates,.

compounds?® Assuming that theC, has the form of the FIG. 3. The ac magnetic susceptibilitigs= ' —ix” of the
Schottky specific heatC,= 2R(2A/kBT)2exp(2A/kBT)[1 single crystal of ThTi,O,, for the ac field of 175 Hz applied along
+exp(2A/kgT) ]2, whereA is an energy gap, we subtracted two directions.
the contribution of nuclear magnetism. The solid line in Fig.
1 corresponds to the estimated,, assuming thatA  RIn2 for the lowest doublet comes from the peaksTgt
=0.09 K which is the same order of hyperfine interaction~0.7 K andT.=0.37 K. The entropy of 7 K obtained here
~0.3 K obtained previousl{? The lattice specific hea€, s larger by 0.42 JK mol) than that estimated previousf.
was estimated in the same manner as described in Ref. 10pen squares indicate the previous estimation offset so as to
and is shown by a dashed line in the figure. Open circlegoin with the present results at 7 K. The entropy at 30 K is
indicate the magnetic specific he@f, that is obtained by likely to almost recover the doublet-doublet entradRyn 4.
subtractingC,, and C, from the total specific hedt. Therefore, there is no evidence for the frozen entropy at zero
Two peaks of theC,-T curve found at 5 and 0.7 K are temperature, in contrast to the spin-ice systems which have
likely to correspond to those observed at 6 and 1.5 K in thanacroscopic entropies at zero temperature.
previous reports) respectively. Crystal-field calculations  As shown by the specific hedFig. 1) and the entropy
have shown that the lowest crystal-field levels consist of gFig. 2), magnetic orderings of the Tb-titanate take place
doublet and an excited doubfétwhich has also been ob- within the lowest doublet of the B spins below around 2
served in neutron-scattering experimeht8?’**According K. Growth of the short-range order below 2 K is shown by
to the doublet-doublet scheme, tGeeak at 5 K is due to an  the maximum aff~0.7 K. The sharp peak &.=0.37 K
excitation to the upper doublet, and the peak 0.7 Kis indicates the second-order transition below which some kind
attributed to the lowest doublet. Recent neutron-scatteringf long-range order appears.
experiment§-* have shown that the excitation to the upper  As noted in the introduction, recently it has been reported
doublet has, at 0.4 K, the energy dispersion of about 10 Khat the static susceptibility below about 0.1 K shows the
with the center energy of- 15 K. Thus the energy gap be- difference between a zero-field coolifgFC) and a field
tween the ground state and the bottom of the dispersion catooling (FC) similar to the spin-glass staté We made de-
be estimated to be-10 K. The temperature of th€ peak tailed measurements of the ac susceptibility and the residual
(~5 K) exhibits quantitative agreement with the value ex-magnetization for the sample which we used in @ enea-
pected from the gap energy. surements. We measured the ac susceptibjlityx’ —ix”
The sharp peak af.=0.37 K has not been reported pre- down to 0.08 K, by applying the ac field with the frequency
viously. Although there is no remark about it in the paper, theof 175 Hz along the directions d001] and [110]. The T
C data in Fig. 4 of Ref. 18 seem to have a small anomaly atlependence of the real past is shown in the upper panel in
0.4 K. The shape of the sharp peak Bt indicates the Fig. 3, where the demagnetizing-field correction has not been
second-order phase transition. made. The true magnitude gf can be calculated by using
The magnetic entrop,, of Th®* moments was obtained the demagnetizing factoN. The values of 1/#N were
as shown in Fig. 2, by integrating,,/T from 0.15 K, where  roughly estimated to be 24 and 12 emu/mol alpht0] and
C. is given in Fig. 1. The inset in Fig. 2 shows thgf at  [001], respectively, with large uncertainties of about 50%.
T.=0.37 K is 21% of the entropRIn 2 of the lowest dou- Since the difference of the magnitude feris small com-
blet. TheS,, becomesRIn2 at 2.85 K. Thus, the entropy pared with the influence of the demagnetization, an anisot-
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mT along the[110] direction. Arrows indicate the time order of the
FIG. 4. Temperature dependences of the ac magnetic suscepfi-variation.
bilities x=x'—ix" of Th,Ti,O; for various frequencies of the ac

field applied along the001] direction of a single crystal. ior. This suggests that the moment arrangements responsible

for the large susceptibility are metastable with the relaxation

ropy of the true susceptibility was not indicated in Fig. 3.rate of the order of 10 msec which corresponds to the em-
The T dependences of’ for both field directions show a ployed frequencies. To see properties of the metastable states
cusp afT4=0.2 K, without any clear anomaly of the specific in longer time scale, we also measured the residual magne-
heat(Fig. 1). The x'-T curve changes the slope around 0.4tizationM .sin zero field, after cooling the sample down to a
K, which seems to correspond to the transition with the sharpemperature below 0.1 K in a magnetic field of 2 mT along
peak ofC at T.=0.37 K. They” shown in the bottom panel the[110] direction. Figure 5 showsl .con the way to warm-
of Fig. 3 has a peak at 0.17 K which is slightly lower thaning up. Arrows in the figure show thE history in the mea-
T4. These behaviors are similar to the spin-glass transitionsurements. Below 0.2 KV s was too large to be measured
Another possibility of the weak ferromagnetic transition by our setup of the SQUID magnetometer. This is attributed
should be examined, because the peak magnitudg’of to the residual magnetization retained in the state with spin-
about 9 emu/mol{0.11 emu/cr), is the same order as the glass behavior below,=0.2 K. As T increased from the
saturation value 1#N. To clarify the transition atT, lowest temperature below 0.1 K} s decreased steeply, and
=0.2 K, we measured the frequency dependence of the amall M s was left whenT reached 0.2 K. AT increased
susceptibility in the region between 95 and 315 Hz, as showfurther, M ., decreased slowly. At about 0.3 K, we attempted
in Fig. 4. The peak temperatures of both and x” shift  to decrease the temperature. In that case, the magnitude of
towards higher temperature with increasing frequency. ThiM . at 0.3 K was preserved. When we again increased the
frequency dependence is a typical behavior of the spin-glasemperatureM ., was almost constant until 0.3 K, and then
or cluster-glass transition. We also observed the difference diegan to decrease again. Similar behavior was also observed
the static susceptibilities between FC and ZFC below 0.2 Karound 0.7 K, when we again attempted a temporary cooling
similar to that reported previousty. They suggest that the and warming. Thenyl,.cbecame almost zero at 1.5 K. These
phase below;=0.2 K is a kind of the spin-glass or cluster- behaviors indicate that there are metastable states with a
glass state. The observeq agrees with the earlier small residual magnetization dependent on temperatures.
measuremeft except that the transition temperaturef  These states have a relaxation time sufficiently longer than
=0.2 K is a little higher than the previous result about 0.1 K,the time scale of our measurements10 min). In addition,
and that the maximum magnitude is about twice. These difintensities of the magnetic Bragg reflections have been stud-
ferences seem to be due to the field dependence, the freed at several temperatures by our neutron-scattering
quency dependence, or the sample dependence in the meaperiments®At temperatures below 1.5 K, a time evolu-
surement. The ground state of the spin glass fgTiJD; is  tion of the magnetic peak was observed in a time scale of
different from the long-range ordered states of the other anseveral hours. Thus it is concluded that below 1.5 K,
tiferromagnetic pyrochlores of the RE-titanateRE=Gd  Th,Ti,O; has metastable states with a wide distribution of
(Ref. 6 and Er(Ref. 7)]. the relaxation times from milliseconds to hours.

x" in Figs. 3 and 4 have additional long tails up to about In conclusion, we observed magnetic short-range ordering
1.5 K, besides a peak at 0.17 K due to the spin-glass behaand two transitions for Tf¥i,0; by measurements of the
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specific heat, the static and the ac susceptibilities, and th&ipation was observed between 1.5 K anglin addition to

residual magnetization. With decreasing temperature, thghe peak by the glass transition. In the same temperature
magnetic spin ordering grows below alb@K for the lowest  range below about 1.5 K, we observed the residual magneti-
doublet of the TB* moments. The spin ordering shows a zation. The dissipation and the residual magnetization sug-

maximum of the heat capacity alg~0.7 K. At T,  gest existence of metastable states with a wide distribution of
=0.37 K, a second-order transition was indicated by thehe relaxation time.

sharp peak of the specific heat. Af=0.2 K, another tran-
sition into a spin-glass or cluster-glass state was indicated by
the susceptibility. In the ac susceptibility measurement, dis- We thank T. Kurokawa for his technical support.
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