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Pressure-induced reentrant oblique antiferromagnetic phase in the spin-dimer system T1CuCly
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Magnetization measurements under a hydrostatic pressure of P=1.4 GPa were performed on the coupled
spin dimer system T1CuCls, which exhibits a pressure-induced quantum phase transition from a gapped singlet
state to an antiferromagnetic state at P.=0.042 GPa. Antiferromagnetic ordering with ordered moments par-
allel to the ac plane was observed at Ty=16.7 K at 1.4 GPa. The spin reorientation phase transition was
observed at T=9.2 K for zero magnetic field, at which the ordered moments start to incline toward the b
axis. With increasing external field parallel to the b axis, a second-order phase transition from the oblique
antiferromagnetic (OAF) phase to the spin-flop (SF) phase occurs below Tk. We argue that the OAF phase
arises from the competition between the anisotropic energies of the conventional second order and the fourth
order, which increases with increasing pressure. We discuss the OAF-SF transition within the framework of the

mean-field approximation.
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I. INTRODUCTION

Recently, quantum spin systems composed of antiferro-
magnetic spin dimers have been attracting considerable at-
tention from the viewpoint of the quantum phase transition
(QPT), which is a phase transition between different quan-
tum ground states induced by a continuous change in inter-
action constants or applied field."> Such spin dimer systems
often have gapped singlet ground states and undergo the
QPT to magnetically ordered states upon the application of
external magnetic field.>"'* This field-induced magnetic or-
dering can be understood as the Bose-Einstein condensation
(BEC) of spin triplets called magnons or triplons.>!315-21

TICuCl; is an S=1/2 spin dimer system, in which a pair
of Cu?* spins in the chemical dimer Cu,Cl, forms an antifer-
romagnetic dimer.® The exchange interactions between
neighboring dimers are three dimensional. The magnitude of
the excitation gap is A/kz=7.5 K.>* The small gap, com-
pared with the intradimer interaction J/kz=65.9 K, is attrib-
uted to large interdimer interactions.?>?* TICuCl; undergoes
the magnetic QPT not only in magnetic field but also under
hydrostatic pressure.>*” The critical pressures obtained
through magnetization measurement and a neutron-scattering
experiment are P,=0.042 (Ref. 24) and 0.107 GPa,?’ respec-
tively. The pressure-induced magnetic QPT is simultaneously
caused by the softening and the BEC of the triplet
excitations.”®3% The softening of the triplet excitations re-
sults from the decrease in the intradimer exchange interac-
tion and the increase in the interdimer exchange interactions
under hydrostatic pressure.’!-32

When an external magnetic field is applied parallel to the
[2,0,1] direction for P> P,, the spin-flop (SF) transition is
observed at Hgz=0.7 T,** which indicates that the spin di-
rection in the pressure-induced ordered state is close to the
[2,0,1] direction. Neutron elastic-scattering experiments per-
formed at P=1.48 GPa (Refs. 25 and 26) revealed that the
spin direction just below the ordering temperature Ty
=16.9 K is in the ac plane and close to the [2,0,1] direction,
as shown in Fig. 1, with #=0° and @=43°. This spin direc-
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tion is identical to those in the magnetic-field-induced or-
dered state for Hllb (Ref. 6) and in the impurity-induced
ordered state in TICu,_Mg,Cl;.33

Oosawa et al.*® performed a polarized neutron elastic-
scattering experiment at P=1.48 GPa and demonstrated that
TICuCl; undergoes another phase transition at 7, =10 K, at
which the ordered spins lying in the ac plane start to incline
toward the b axis. The angle 6 between the ordered spins and
the ac plane increases to 40° with decreasing temperature.?
No such oblique antiferromagnetic (OAF) phase was ob-
served in the previous magnetization measurement for P
< 0.8 GPa.?* Therefore, the OAF phase is expected to occur
for P>0.8 GPa. To investigate this pressure-induced suc-
cessive magnetic phase transition and obtain the phase dia-
gram including the OAF phase, we performed the magneti-
zation measurement under hydrostatic pressure P=1.4 GPa.
In this paper, we report the results and discuss the mecha-
nism leading to the OAF phase.

II. EXPERIMENTAL DETAILS

Single crystals of TICuCl; were grown by the vertical
Bridgman method. The details of sample preparation were
reported in Ref. 4. The magnetization measurements were
performed using a superconducting quantum interference de-
vice (SQUID) magnetometer (Quantum Design MPMS XL)
in the temperature region 2.2 K=7=50 K in magnetic
fields of up to 1 T. The magnetic fields were applied parallel
to the b axis. The hydrostatic pressure P=1.4 GPa is applied
using a cylindrical high-pressure clamp cell designed for use
with the SQUID magnetometer. A sample of size 2.5X2.5
X 4.5 mm?® was set in the cell with its b axis parallel to the
cylindrical axis. As the pressure-transmitting fluid, Daphne
7373 oil (Idemitsu Oil & Gas) was used. The pressure was
calibrated with the shift of superconducting transition tem-
perature 7, of tin placed in the pressure cell.

III. RESULTS AND DISCUSSIONS

As temperature is lowered, the magnetic susceptibility of
TICuCl; under the hydrostatic pressure of P=1.4 GPa ex-
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FIG. 1. Spin structure of pressure-induced ordered state in
TICuCl;. The inset shows the definitions of the angles a and 6
representing the spin direction. The angle 6 denotes the angle be-
tween the ordered spin moment and the ac plane, and the angle «
denotes the angle between the a axis and the ordered spin moment
projected onto the ac plane.

hibits a broad maximum at 7,,,, =35 K and then decreases,
as observed at ambient pressure.* Figure 2 shows the low-
temperature static susceptibility y=M/H. The magnetic sus-
ceptibility for H=0.1 T is negative below 2.5 K. This be-
havior is unphysical and caused by the diamagnetic
background due to the pressure cell. We measured the mag-
netization of the pressure cell without a sample to estimate
the diamagnetic background and subtracted its magnetization
from the experimental result. However, the correction for the
diamagnetic background is insufficient because the back-
ground cannot be reproduced completely. The magnetic sus-
ceptibility displays a bend anomaly at 7y=16.7 K indicative
of antiferromagnetic long-range ordering. The Néel tempera-
ture is almost independent of the external magnetic field up
to 1 T, and is consistent with Ty=16.9 K observed in the
polarized neutron elastic-scattering experiment under a simi-
lar hydrostatic pressure of P=1.48 GPa.?¢

The magnetic susceptibility is nearly independent of tem-
perature down to T. This behavior is typical for the perpen-
dicular susceptibility, and thus, the ordered moments lie in
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FIG. 2. (Color online) Temperature dependence of magnetic
susceptibilities in TICuCl; measured at H=0.1 and 0.2 T for P
=1.4 GPa. The inset shows dM/dT vs T measured at H=0.2 T.
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FIG. 3. (Color online) Phase diagram for magnetic field vs tem-
perature at P=1.4 GPa. The magnetic field is applied parallel to the
b axis. OAF, SF, and PM mean the oblique antiferromagnetic, spin-
flop, and paramagnetic phases, respectively. Triangles and squares
denote Néel temperature 7Ty and spin reorientation transition tem-
perature T, respectively, which are determined from the tempera-
ture scan of magnetization. Circles mean the magnetic field H, giv-
ing a peak in dM/dH as shown in the inset of Fig. 4.

the ac plane for Ty>T> Tj. It is noteworthy that, with fur-
ther decreasing temperature, the magnetic susceptibility de-
creases rapidly. When the ordered moments are inclined by
an angle 6 from the ac plane (see the inset of Fig. 1), the
magnetic susceptibility of the antiferromagnet composed of
two sublattices is given by y=x, cos> 6+ sin’> 6, where
x . is the perpendicular susceptibility that is approximately
constant in the ordered phase and Y is the parallel suscepti-
bility that decreases toward zero for 7— 0. Thus, the rapid
decrease in the susceptibility below T can be attributed to
the inclination of the ordered moments toward the external
field direction parallel to the b axis, i.e., a spin reorientation
transition occurs at T.

We assign the phase-transition temperature T to the tem-
perature of inflection in the temperature derivative of mag-
netization dM/dT as shown in the inset of Fig. 2. Ty and Ty
obtained from the temperature scan of the magnetic suscep-
tibility are summarized in Fig. 3. The transition temperature
Tr decreases as the external magnetic field increases while
the Néel temperature T is almost independent of tempera-
ture. The transition temperature 7y extrapolated to H=0 T is
Tr=9.2 K. In the previous magnetization measurement for
P<0.8 GPa,* the antiferromagnetic ordering corresponding
to Ty was observed for P> P.=0.042 GPa but no anomaly
indicative of the additional transition was observed. Thus,
the spin reorientation transition emerges between 0.8 and 1.4
GPa.

Figure 4 shows magnetization curves for P=1.4 GPa
measured at various temperatures. In the data for 7=2.2 and
3.5 K, there are low-field regions with dM/dH <0. This un-
physical behavior is a result of the correction of background
due to the pressure cell being insufficient. For T=7.5 K, a
bend anomaly is observed at the field indicated by arrows in
Fig. 4. We define the transition field H, as the field giving a
peak in dM/dH, as shown in the inset of Fig. 4. No hyster-
esis was observed around H,.. The transition fields H,. ob-
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FIG. 4. (Color online) Magnetization curves of TICuCl; for HIlb
measured at various temperatures under hydrostatic pressure P
=1.4 GPa. Each plot is shifted upward successively by 2 emu/mol
for clarity. The solid lines represent magnetization curves calculated
using Egs. (7) and (8). The inset shows dM/dH vs H measured at
T=2.2 K.

tained at various temperatures are summarized in Fig. 3. The
phase boundaries determined from H_. and Ty are consistent
with each other. The error bar for H,. shown in Fig. 3 corre-
sponds to the width of the peak in dM/dH. With increasing
temperature, the transition field H, decreases. The anomaly
observed at H=H_ becomes weak as the temperature in-
creases, and for 7>7.5 K, the transition field H,. cannot be
detected. The magnetization at T=12 K is almost propor-
tional to external field.

The ordered moments for H> H, lie in the ac plane that is
perpendicular to the external field because the magnetization
is proportional to external field, and its slope is almost the
same as the magnetic susceptibility for 7y>7>Ty. The
transition at H, is different from the conventional spin-flop
transition accompanied with a magnetization jump because
the present transition is continuous. Since there is a certain
amount of error in the absolute value of the magnetic sus-
ceptibility at low temperatures, the angle between the or-
dered moments and the ac plane in the ground state cannot
be determined from the susceptibility data. However, from
the results of neutron elastic-scattering experiments>>2% and
the magnetic susceptibility described above, we can deduce
that the ordered moments are inclined from the ac plane
toward the b axis for T<Ty and H<H_, i.e., an OAF state is
realized in the low-temperature and low-field regions. As
shown below, the continuous phase transition at H, is well
described as the transition from the OAF phase to the SF
phase. Here, in the SF phase, the ordered moments are per-
pendicular to the external magnetic field, i.e., the SF phase is
identical to the ordered phase between Ty and T.
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Next, we discuss the magnetic-field-induced phase transi-
tion using the mean-field approximation based on the two-
sublattice model. The OAF state cannot be stabilized within
the anisotropy of the second order that arises from the
dipole-dipole interaction and the anisotropic exchange inter-
action because the spin axis is confined to be parallel or
perpendicular to the principal axis of the anisotropy. There-
fore, we need the anisotropy of fourth order, as discussed by
Igarashi and Nagata,’*3> for the ground state in the mixed
antiferromagnet CsMn,_,Co,CI3H,0.

From the results of magnetization measurements under
various pressures’* and electron spin resonance (ESR) mea-
surements at ambient pressure,’®3 it is expected that the
easy axis at low pressure is close to the [2,0,1] direction
(@=51°in Fig. 1) and the b axis is the second easy axis. We
define the x and y axes to be parallel to the easy axis in the
ac plane and the b axis, respectively, as shown in the inset of
Fig. 1, and assume that the ordered moments at P
=1.4 GPa are restricted to the xy plane. We introduce the
phenomenological anisotropy energy of fourth order to sta-
bilize the OAF state and then write the energy of the system
as

E=- (M] +M2)H+AM]M2
K L
= SM(BT+ B2) + T Mo(By + B, (1)

where M, and M, are sublattice magnetizations and M, de-
notes their magnitude. The first and second terms of Eq. (1)
are the Zeeman term and the exchange energy, respectively.
The third and last terms are anisotropic energies of the sec-
ond and fourth orders, respectively. B; and 3, are direction
cosines of M; and M, to the x axis, respectively, and coeffi-
cients K and L are both positive. The second-order aniso-
tropy prefers ordered moments pointing in the x direction
while the fourth-order anisotropy prevents such moments.
The condition AMy>H ,KMO,LMg is satisfied in the present
case.

The sublattice magnetizations in the ground state are ex-
pressed as

M, =M[cos(0+ ¢),sin(6+ ¢),0],

M2=MO[_ COS(G_d))’_ Sin(a_d))’o]’ (2)

where angles of 6 and ¢ are defined in Fig. 5. 8, and 3, in
Eq. (1) are given by B;=cos(0+ ¢) and B,=cos(0— ¢). Sub-
stituting Eq. (2) into Eq. (1), the equilibrium conditions are
given as

si = cos 0, 3
in ¢ 2AM, (3)
and
H? + 2AKM?
cos? = ——————, 4)
2ALM

for 0O=H=H, and 6=0° for H> H,_, where H.. is the transi-
tion field given by
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FIG. 5. Configuration of sublattice magnetizations M and M.
Dashed line denotes the spin axis that is canted from the x axis by
angle 6.

H,=\2A(LM§ - K)M,, (5)
which is obtained by setting #=0° in Eq. (4).

When the condition LM, (2)>K is satisfied, the OAF state is
stabilized as the ground state. The oblique angle at zero mag-
netic field is given by cos? 6,=K/(LMj). In this case, the
magnetization M is expressed as

H
M =—cos’ 6. (6)
A

From Egs. (3), (4), and (6), we obtain

. 2
sin” 6, cos” 6
= H +

(7
for 0=H=H,, and

=x.H 8)
for H>H,.. A continuous phase transition without any mag-

netization jump occurs at H,.. Figure 6 shows examples of the
magnetization curve and its field derivative dM/dH calcu-

lated with H.=028 T, 6,=70°, and x, =3.0
20
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FIG. 6. (Color online) Calculated magnetization curves and its
field derivative dM/dH with H.=0.28 T, 6,=70°, and x,=3.0
X 1073 emu/mol.
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FIG. 7. (Color online) Temperature dependence of the oblique
angle at zero magnetic field 6, between the ordered spin moments
and the b axis obtained by the present analysis. The solid line is a
guide for the eyes.

% 107 emu/mol. The calculated magnetization and dM/dH
curves reproduce the features of those plotted in Fig. 4.

We analyze the magnetization, using Egs. (5), (7), and (8),
with the remaining background term due to the pressure cell
being linear in H. The value of A=1/y is obtained from the
slope of the magnetization curve for H>H,. Solid lines in
Fig. 4 are calculated magnetization curves (for 2.2 K, H,
=027 T, 6,=67.7°, and x, =3.0X 1073 emu/mol). The cal-
culated magnetization curves are in good agreement with the
experimental result. Although the present analysis is based
on the spin configuration of the ground state, i.e., |M,]
=|M,| is assumed, the results of the present analysis are ap-
plicable at finite temperatures as long as x, > y; is satisfied.
This condition should be satisfied for T<<Ty/3. Figure 7
shows the temperature dependence of the oblique angle at
zero magnetic field ;. With increasing temperature, the ob-
lique angle 6, decreases and becomes zero at Tp=9.2 K.
This is because the magnitude of the sublattice magnetiza-
tion M decreases with increasing temperature, and LM(Z)
=K at Tx. At T=4.0 K, we obtain 6,=52°, which is some-
what larger than 6,=40° obtained in the polarized neutron
elastic-scattering experiment.

In the coupled spin dimer system TICuCl;, the magnitude
of the sublattice magnetization M, depends on the applied
pressure. At T=0, M, is approximately proportional to
(P-P,)"?.28 In the present pressure range of 1 GPa, which is
much larger than the critical pressure P.=0.042 GPa, the
pressure dependence of M, is given by M%: &P with coeffi-
cient & Therefore, the pressure dependences of the transition
field and oblique angle, respectively, are

H,=\2AEP(LEP - K), 9)
and
cos? Oy = K/(LEP). (10)

When P=K/(L§) is satisfied with increasing pressure, the
OAF phase emerges as the ground state. If the coefficients K
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and L are independent of temperature, the threshold pressure
Poar of the OAF phase is given by

POAF=P0COSZ®0, (11)

where 0 is the oblique angle at T=0 for the present pressure
Py=1.4 GPa. Substituting @;=75° for T—0, we obtain
Poar=0.1 GPa. This Pg,r value is too small because the
threshold of emergence of the OAF phase in TICuCl; is be-
tween 0.8 and 1.4 GPa. Therefore, we infer that, similarly to
the dominant intradimer exchange interaction,'3? the coef-
ficient K for the second-order anisotropy decreases with in-
creasing pressure. To obtain the pressure dependences of the
transition field and oblique angle, and also the pressure-
temperature phase diagram, detailed magnetization measure-
ments under various hydrostatic pressures are now in
progress.

IV. CONCLUSIONS

We have presented the results of magnetization measure-
ments on the gapped spin system TICuCl; under a hydro-
static pressure of 1.4 GPa in magnetic fields parallel to the b
axis. The pressure-induced antiferromagnetic ordering occurs
at Ty=16.7 K. An additional phase transition to the OAF
phase was observed at T;=9.2 K and zero magnetic field.
This result verifies the observation of polarized neutron scat-
tering performed at 1.48 GPa by Oosawa et al.?® With in-
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creasing external field, the second-order phase transition
from the OAF phase to the SF phase, which is identical to
the ordered phase between Ty and T, occurs for T<<Tj. We
introduced the phenomenological anisotropic energy of
fourth order, which prevents the ordered moments from lying
in the ac plane, and discussed the ground state using the
mean-field approximation based on the two-sublattice model.
Our model describes (i) the emergence of the OAF state with
increasing pressure, (ii) the decrease in the oblique angle
toward zero at Ty with increasing temperature, and (iii) the
magnetization curve associated with the continuous OAF-SF
phase transition. The origin of the fourth-order anisotropy
may be the magnetoelastic coupling and the coupling be-
tween applied pressure and linear strain. However, a definite
mechanism leading to the fourth-order anisotropy is an open
question.
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