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We have investigated the anomalous ordered phase of CeTe under high pressure, which has
been suggested to be an antiferroquadrupole ordered phase. An anisotropic magnetic phase
diagram has been obtained from magnetization and specific heat measurements for the three
main field directions along [100], [110], and [111]. We discuss the magnetic phase diagram using
a two-sublattice mean-field calculation including antiferromagnetic and antiferroquadrupolar
interactions. The anomalous ordered phase can be interpreted as an antiferromagnetic or-
dered phase, which is strongly affected by the antiferroquadrupolar interaction through the
off-diagonal matrix element between the 'y crystal-field ground state and the I's excited state.
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1. Introduction

There is a rich variety of electronic phase transitions
in strongly correlated electron systems, where spin, or-
bital, and charge degrees of freedom play important
roles. In rare-earth compounds with relatively localized
f-electrons, hybridization with conduction electrons (c-f
hybridization) makes the low-temperature phenomenon
more interesting through the competition between the
Ruderman-Kittel-Kasuya-Yosida (RKKY)-type interac-
tion and the Kondo effect; the former mediates the inte-
rionic interaction between localized moments, leading to
ordered phases of various types of multipole moment,
whereas the latter screens the localized moments and
leads to anomalous heavy fermion states. Recently, non-
trivial phenomena originating from the interplay between
nondipolar degrees of freedom and the Kondo effect have
been of special interest.! )

Ce monochalcogenides, CeX.. (X.=S, Se, Te), with the
NaCl-type structure, have been considered as simple an-
tiferromagnets with only the magnetic dipolar degree of
freedom of the I'7-doublet crystalline electric field (CEF)
ground state. One reason is that the I's-quartet excited
state well isolated at 32 K for CeTe, 116 K for CeSe,
and 140 K for CeS.#®) Another is that the ordered mo-
ments of the antiferromagnetic (AFM) ordering of these
compounds, with Ty = 1.9, 5.4, and 8.4 K for CeTe,
CeSe, and CeS, respectively, can basically be understood
as originating from the I'; ground state. The magnitudes
of the ordered moments, 0.3, 0.56, and 0.57 ug for CeTe,
CeSe, and CeS, respectively, are roughly consistent with
0.71 pp for the I'; CEF eigenstate. The reductions of
the moments may be due to the Kondo effect, except for
the much reduced value for CeTe, which has not been
resolved yet.?10)

In CeTe, however, it has recently been found that the
quadrupolar moment of the I's excited state plays an
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important role in the ordering phenomenon, especially
under high pressure.!”) The magnetic phase diagram at
1.2 GPa is quite reminiscent of CeBg,'? a typical sys-
tem of antiferroquadrupolar (AFQ) ordering; the tran-
sition temperature increases significantly with increas-
ing magnetic field. This pressure-induced phenomenon
in CeTe can be associated with the level lowering of the
I's-quartet under high pressure, which contributes to the
increase in multipolar degrees of freedom. In CeTe, there-
fore, in combination with the enhanced Kondo effect at
high pressures due to increased hybridization,'® a novel
type of quantum critical behavior using the multipolar
degrees of freedom could be expected.

To show if the quadrupole order is realized in CeTe
under high pressure, investigation of anisotropy is of es-
sential importance, which was not performed in a pre-
vious study.'") Also, it is important to measure specific
heat since it is more sensitive for detecting thermody-
namic anomalies and there might be a phase transition,
which is missed in magnetization. In the present paper,
we report on the magnetization of CeTe at 1.2 GPa for
H || [110] and [111], which completes the previous report
for H || [100]. Specific heat results under high pressure
in magnetic fields for the three main field directions are
also presented. We construct a magnetic phase diagram
from these measurements and discuss the ordered phases
using a two-sublattice mean-field calculation taking into
account magnetic dipolar and electric quadrupolar inter-
actions.

2. Experimental Procedure

Magnetization measurement was performed by a stan-
dard extraction method using a 15 T cryomagnet
system. We used a CuBe piston-cylinder-type high-
pressure clamp-cell.!) Daphne oil was used as a pressure-
transmitting medium. Pressure at low temperature was
determined by measuring the superconducting transition
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Specific heat under high pressure was measured using 1ot CeTe

an AC calorimeter with a Bridgman anvil cell.'®16) The
shaped sample was wrapped by indium and was placed in
a CuBe gasket. Indium works as a pressure-transmitting
medium and also as a pressure monitor. Pressure was
determined from the superconducting transition temper-
ature of indium, which could be identified as an anomaly
in the total heat capacity.

3. Experimental Results

3.1 Magnetization

Figure 1 shows the temperature dependences of mag-
netization at 1.2 GPa for H | [110] and H | [111].
The results for H | [100] have already been reported
in Ref. 11. At low fields below 1 T, as for H | [100],
an upturn at 3 K and a cusp at 2 K are clearly sep-
arated, indicating two successive transitions. The cusp
anomaly at 2 K shifts to lower temperatures with in-
creasing field. This shows that the anomaly reflects an
AFM order. By contrast, the transition temperature for
the upturn anomaly at 3 K increases with increasing field,
which is also the case for H || [100]. All these features are
commonly observed for the three main field directions.

At 1.2 GPa, the magnetization increases and the mag-
netic anisotropy is weakened as compared with those at
ambient pressure. At 5 K and 14.5 T, for example, the
magnetization values at ambient pressure are M[jgq =
114 pp, Mg = 1.27 pp, and M1 = 1.32 ug.
At 1.2 GPa, these values change to Mpq) = 1.36 g,
Mi110) = 1.43 pp, and M[11) = 1.40 pg. These changes
in values and anisotropy can be understood within the
I';—T's CEF model; when the energy of the I'g level de-
creases at high pressures, the contribution from the I's
increases. This leads to the increase in magnetization and
the decrease in magnetic anisotropy.

3.2 Specific heat

Figures 2, 3, and 4 show the temperature dependences
of specific heat under high pressures for H || [100], H ||
[110], and H || [111], respectively. All these data can be
treated as magnetic specific heat. The specific heat of
LaTe, a nonmagnetic reference compound, is only ~ 0.6
J-mol~'K~! at 8 K, which can be neglected in the present
temperature range.

At 0.7 GPa, at zero field, a clear A-shaped anomaly
corresponding to the AFM order is observed at Ty = 2.3
K, which is larger than Ty = 1.9 K at ambient pres-
sure. One of the new findings in the present study in
specific heat is the existence of another phase transition
below Ty in magnetic fields. As shown in the data for
0.7 GPa for H || [100], the single anomaly at the AFM
transition splits above 2 T. Below the large A-shaped
anomaly in C(T), which reflects the main AFM order-
ing, a weak peak is clearly observed and shifts to lower
temperatures with increasing field. This transition is not
detected in magnetization probably because the anomaly
is too small. This weak peak in C(T) below the sharp
peak at Ty exists also at ambient pressure in the same
way as that at 0.7 GPa, although the data is not shown
here.
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Fig. 1. Temperature dependences of magnetization for H || [110]
and [111] at 1.2 GPa. Arrows indicate the transition tempera-
tures. The low field region is shown in the bottom panels in the
form of M/H.

At 1.2 GPa and zero field, the two transitions are
clearly detected as A-shaped anomalies in C(T). One
is at Tny1 = 2.8 K and the other is at Txo = 1.9 K,
corresponding to the upturn and cusp anomalies in the
M(T) curve, respectively. Although there are slight dif-
ferences in transition temperatures between the M (T)
and C(T') data because of the different pressure settings,
the field dependences of the transition temperatures are
consistent with each other. At 1.2 GPa, as well as at 0.7
GPa, for H || [100] and [110], another phase transition
seems to exist below Ty in magnetic fields, which can be
recognised as a weak peak below the A-shaped anomaly
at Tn1. However, the weak peak soon broadens out at
weaker fields than at 0.7 GPa.

A marked change occurs at 1.8 GPa. The separate
transitions at 1.2 GPa change to almost a single tran-
sition with a very sharp peak at 3 K, leaving a tiny
hump anomaly slightly above the sharp peak. For H ||
[100], with increasing field, the sharp peak seems to shift
to lower temperatures with significantly decreasing the
peak height. The weak hump anomaly at zero field, by
contrast, seems to shift to higher temperatures with in-
creasing the peak height and the sharpness. At 0.75 T,
another anomaly seems to exist between the two anoma-
lies indicated by the arrows. Also, for H || [110], with
increasing field, the sharp peak at zero field seems to
gradually disappear, whereas the weak hump anomaly
grows to the main A-shaped anomaly. The behavior of
specific heat at 2.5 GPa, although the data are not shown
here, is almost the same as that at 1.8 GPa.

For H || [111] at 1.8 GPa, we can clearly observe dou-
ble peaks in C(T') at high fields, which is in contrast to
the cases for H || [100] and [110]. The sharp peak at
zero field seems to be connected to the weaker peak at
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Fig. 2. (Color online) Temperature dependences of specific heat  Fig, 3. (Color online) Temperature dependences of specific heat

under high pressures for H | [100]. The data are vertically
shifted as indicated in the parentheses.

lower temperature in high fields, whereas the weak hump
anomaly at zero field seems to be connected to the main
A-shaped peak at higher temperature in high fields.

Finally, in Fig. 5, we show the temperature depen-
dences of magnetic entropy at zero field, which was de-
duced from the C(T) data for the H || [100] pressure
setting. At ambient pressure (0 GPa), the released en-
tropy at Tn=1.9 K is less than RIn 2, which is probably
associated with the moment reduction of the I'; ground
state. With increasing pressure, however, the released en-
tropy at Tx increases and exceeds RIn 2 above 1.2 GPa.
It is also noted that the entropy around 4 K, which is
just above Ty and well below the CEF splitting of 32 K
at 0 GPa, increases with increasing pressure and exceeds
RIn2. This increase cannot be explained by assuming
the I's excited state as being kept at 32 K. It is associ-
ated with the level lowering of the I's state. However, in
spite of the level lowering, the increase in entropy stops
at 2.5 GPa. This could be due to the enhancement in the
Kondo effect.

3.3 Magnetic phase diagram

Figure 6 shows the magnetic phase diagram of CeTe
under high pressure determined from the anomalies in
magnetization and specific heat. In actual measurements,
since the pressure settings are different between the
magnetization and the specific heat, we cannot avoid

under high pressures for H || [110]. The data are vertically
shifted as indicated in the parentheses.

slight shifts in the observed transition temperatures even
though the nominal pressure is the same. These shifts
have been corrected in Fig. 6 so that the transition tem-
peratures are consistent between magnetization and spe-
cific heat measurements.

The phase diagrams at ambient pressure for the three
field directions are consistent with those of the previ-
ous report.!®) The AFM ordered phase at zero field and
ambient pressure is named phase I. The transition tem-
perature of phase I decreases with increasing magnetic
field. Phase I soon changes to phase II at around 1 T
for H || [100] and [110], whereas it survives up to 4 T
for H | [111]. The high-field phases are named phase
IV, where the upturn anomaly is clearly observed in
magnetization, which means that the transition temper-
ature increases with increasing field. It is noted that, for
H || [100], the high-field phase above 8 T is named phase
I1T in Ref. 10. Phase IV is possibly located at high fields
above 15 T at 100 mK for H || [100]. Since the boundary,
or the difference, between phases III and IV is unclear at
this stage, phase IV is written in the parenthesis in Fig. 6.
As discussed later, we consider that phase IV should be
continuously connected up to high pressures for any field
direction.

The Néel temperature at zero field initially increases
with increasing pressure: from 1.9 K at ambient pressure
to 2.4 K at 1 GPa. Only one transition is observed below
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Magnetic phase diagram of CeTe under high pressures for three field directions along [100], [110], and [111]. Open and solid

circles are from magnetization and specific heat measurements, respectively. The lines are guides for the eye.

1 GPa. With increasing magnetic field, phase IV soon
appears and the transition temperature of phase IV is
significantly enhanced by the applied field, which is rem-
iniscent of an AFQ order. At 0.5 GPa for H | [111],
there seems to be another phase between phases I and
IV, which is named phase IV’ in that the transition tem-
perature increases with increasing field. At 0.7 GPa, the
boundary between phases I and II for H || [100] and that
between phases II and IV for H || [110] were difficult to
detect. Also, for H || [111] at 1 GPa, the boundary be-
tween phases I and IV’ could not be detected.

At 1.2 GPa, the AFM transition at zero field splits
into two transitions at Ty1=2.8 K and Tn2=2 K. The
higher transition temperature Ty is more significantly
enhanced in magnetic fields than at lower pressures. The
phase boundary between phase IV and the paramagnetic
phase is isotropic at low fields below 2 T. Above 5 T,
however, the anisotropy of Tn; is clearly observed; Ty
is highest for H | [110] and lowest for H | [111]. By
contrast, T2 decreases with increasing field. The phase
diagram at 1.2 GPa reminds us of the typical phase di-
agram of AFQ and AFM orderings in CeBg. This is the
reason why we proposed an AFQ order in the previous
report.')

At 1.8 GPa, the low-temperature transition at Txo
seems to disappear and only the transition at Tni re-

mains, which seems to be split slightly. Note that only
phase IV for H || [111] is clearly separated into two re-
gions in magnetic fields, which are named phases IV and
IV”. Finally, at 2.5 GPa, the split transition at zero field
at 1.8 GPa seems to merge into a single transition at
Tn=3.2 K.

4. Discussion

4.1 Mean-field calculation

Although we have interpreted phase IV as an AFQ or-
dered phase, it is unclear what aspect of the ordered state
corresponds to the AFQ state. To shed light on this ques-
tion, we discuss the experimental phase diagram by con-
sidering the following Hamiltonian in the two-sublattice
mean-field model:

H=> {Hoer = gupd (i) H} = 3 KnJ (i) - J(j)

- Z > EKqO,()0,(5) (v =yzzz,2y), (1)

where Hcgr is the cubic CEF providing the I'; ground
state. Magnetic dipole and electric quadrupole exchange
interactions are represented by Kp and Kq, respectively.
We take into account quadrupolar interaction only be-
tween Ogy-type quadrupolar moments, where O, is de-
fined as v/3(J,J, + JyJ:)/2, and so on. We assumed
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tropy under high pressure at zero field deduced from the specific
heat data for the H || [100] pressure setting.

Kp = -2 K and Kq = —0.16 K so as to reproduce the
experimental transition temperatures as much as possi-
ble. As we reported in Ref. 11, the energy of the I's ex-
cited state decreases with increasing pressure. This factor
is parameterised in this calculation as the CEF splitting
A. We calculated four cases of A = 30, 24, 18, and 12 K.
The calculated phase diagrams shown in Fig. 7 were ob-

T (K)

T (K) T (K) T (K)

Fig. 7. Calculated magnetic phase diagram for the two-sublattice
mean-field model described in the text.

tained by comparing the free energies of the eigenstates.

At A = 30 K, corresponding to ambient pressure, an
AFM order occurs with Ty = 2 K. In the calculation, this
phase is named as phase A, where the dipole moment is
oriented along the [111] axis, as is naturally expected
from the I'; ground state. It is noted that, in Fig. 7,
the direction of the AFM moment in phase A is [111] for
H || [110] and H || [111] since it is more perpendicular to
the field direction than other (111)-equivalent directions,
and therefore it is more stable in magnetic fields. For
H | [100], four magnetic domains are equivalent with
respect to the field direction.

When the field is applied along [100], the AFM mo-
ment map soon changes its direction to [011], which is
phase C. This is because the AFM moments prefer to
be perpendicular to the magnetic field. At high fields
for H || [100], the AFM moment changes its direction
to [001], which is phase B. For H | [110], phase A
changes directly to phase B (mar || [001]) without pass-
ing through phase C (map || [110]). In phase B, the
moments are antiferromagnetically oriented along [001]
with the ferromagnetic component along the field direc-
tion. It is noted that, in phase B, the energy gain of the
ordered state is provided by the Ogy-type AFQ moment
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(O, for H || [100] and Oy, + O, for H || [110]), which
is induced in magnetic fields through the mixing with
the T's excited state.!” Thus, phase B could be called
an AFQ phase. With decreasing A, corresponding to the
increase in pressure, Ty at zero field increases and the
transition temperature from phase B to the paramag-
netic phase increases. These results are due to the level
lowering of the I'g excited state.

In the calculated phase diagram, the single AFM tran-
sition changes to the double transition at A = 12 K,
where phase B is realized at zero field. In this phase B at
zero field, only the magnetic dipole moment along [001]
is ordered and the O,, AFQ is zero. Since there is no en-
ergy gain from the AFQ order, the appearance of phase B
at zero field is due to the I's contribution to the magnetic
dipole moment. This is consistent with the fact that the
magnetic easy axis of the I'g state is the fourfold axis. In
magnetic fields in phase B, Oy-type AFQ moments are
induced through the off-diagonal element between I'; and
I's CEF states, leading to the energy gain in the AFQ
interaction and the increase in the transition tempera-
ture.!”)

For H || [111], phase A corresponds to the AFM or-
dered phase with mar || [111]. In phase A, although
the O,y-type AFQ moments are induced while the AFM
moments are canted to the field direction, the transi-
tion temperature does not increase when A = 30 and
24 K. Starting from map || [111] at zero field, only a
tiny amount of Ogy-type AFQ moments are induced for
H || [111], leading to a negligibly small increase in Tx.
This is because the energy gain by the O,,-type AFQ
moments is insufficient to overcome the Zeeman energy,
which is in contrast to the cases for H || [100] and [110].
At A = 18 K, however, a new phase, named phase D,
appears at higher temperatures, where the AFM mo-
ment is oriented parallel to [111], the field direction. In
this phase, the order parameter is the Oy, 4+ O,y 4+ Oy
AFQ moment, which means that long and short mag-
netic dipole moments are oriented alternately along the
[111] axis. In this sense, phase D could also be called an
AFQ phase.

Note that, at zero field, there is no difference in energy
between phases A and D; there is no AFQ moment at
zero field. In magnetic fields, however, the AFQ moment
is induced and there is a difference in energy as separated
by the phase boundary between phases A and D.

At A =12 K for H || [111], phase B appears in the
low-field region. Phase D, however, gains more energy
of the AF(Q interaction in magnetic fields than phase B.
Phase A’ at high fields for H || [111] is similar to phase A
with a slight difference in the canted magnetic structure.

4.2 Comparison with the experiment

We see that the mean-field calculation qualitatively ex-
plains the behavior of the phase boundary between phase
IV and the paramagnetic phase, especially for H || [100]
and [110]. Firstly, the increase in Tx; in magnetic fields,
which is more enhanced at high pressures, is reproduced
in the calculation. Secondly, the successive phase transi-
tions at zero field, as observed experimentally at 1.2 GPa,
also occur in the calculation for A = 12 K. These results

show that the ordered phases of CeTe at high pressures
are strongly associated with the level lowering of the I's
excited state.

Phase A in the calculation, with map || [111], which
soon becomes unstable in magnetic fields, is reasonably
suggested to correspond to phase I in the experiment. It
is also suggested that phase B in the calculation corre-
sponds to phase IV in the experiment. The energy gain
of phase B at high magnetic fields, with map || [001]
for H | [100] and [110], comes from the AFQ inter-
action through the off-diagonal matrix element of O,
and O,, between I'; and I's. This phase is, therefore,
more stabilized with the level lowering of the I's state.
At zero field, however, since the O, AFQ moment is not
induced, phase B has no energy gain from the AFQ inter-
action. Then, phase A has lower energy than phase B at
zero field. However, when the I'g level drops down, phase
B can be realized at zero field as an intermediate phase
at higher temperatures. This is the case for A = 12 K
in the calculation, and is expected to be the case for 1.2
GPa in the experiment.

By contrast, the calculated results for H || [111] are
not very much consistent with the experiment. Phase
I soon disappears in magnetic fields in the experiment,
whereas phase A survives up to high fields in the calcula-
tion. In the experiment, phase IV at high fields seems to
be continuously connected for all the field directions from
H || [100] to H || [110] as in the AFQ phase of CeBg.'®)
However, in the present mean-field calculation for CeTe,
phase B does not appear at high fields for H || [111].
One possible reason for this discrepancy might be that
the two-sublattice model is not sufficient to describe the
ordered phases with ¢ = (1/2,1/2,1/2) in the NaCl-type
compound. The two-sublattice model is based on the as-
sumption that the face-centered-cubic lattice of Ce is
decoupled to four independent simple-cubic lattice.!?29)
This assumption is valid if the intersite interaction be-
tween Ce f-electrons is mediated mainly through the p-
orbital of Te. Although the p-f mixing is actually ex-
pected to be strong in CeTe, the interaction through the
conduction d-electrons, which couples the four sublat-
tices, may not be neglected.?) Another possible reason
for the discrepancy could be that the quadrupolar in-
teraction between Ozy and Oz2 moments is neglected.
Further study by including this interaction will be per-
formed in the future. Detailed structures of the phase
diagram such as phases II, III, and IV’ are also beyond
the scope of the present mean-field calculation.

The AFQ order for H || [111] in calculation appears as
phase D, where the AFM moments orient parallel to the
field direction [111]. This phase appears at temperatures
higher than those of phase A when A is decreased, as
a result of increased thermal population of the I'g state.
The appearance of phase IV” in the experiment at 1.8
GPa, therefore, could be associated with this phase D in
the calculation.

Finally, with respect to the level lowering of the I's
excited state under high pressure, we speculate that it is
strongly associated with the anisotropic c-f hybridiza-
tion, which is dependent on the CEF states. We sug-
gest that the I'g state is more strongly hybridized with



J. Phys. Soc. Jpn.

FuLL PAPER

T. Takaguchi et al. 7

the conduction electrons. This effect in CeX, will be dis-
cussed in another paper.

5. Conclusions

We have investigated the anomalous ordered phase of
CeTe under high pressure by magnetization and spe-
cific heat measurements. The pressure dependence of the
magnetic phase diagram for three principal axes has been
obtained experimentally. We discussed the phase dia-
gram by comparing with a two-sublattice mean-field cal-
culation and showed that the pressure dependence of the
ordered state is strongly associated with the level low-
ering of the I's excited state under high pressure. The
ordered state at zero field can basically be interpreted as
an AFM ordered phase. However, it is strongly affected
by the AFQ interaction in magnetic fields through the
off-diagonal mixing term between I'; and I's CEF states.
The high-field phase in CeTe at high pressures, therefore,
could be called an AFQ ordered phase.
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