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We investigated the pressure effect on the magnetization of the soft material CsCuCl;. We also measured
the lattice distortion under the longitudinal magnetic fields at the ambient pressure. While the ab plane shrinks
in all the quantum phases below Ty at the ambient pressure, its magnitude is much larger in the intermediate
2-1-coplanar or the IC3 phase with a large quantum spin fluctuation than in the low field phase. We found the
pressure induced quantum phases; the uud phase for H || ¢ and the IC5 phase for H || b*. We also found the
large reduction of the magnetization both below and above Ty and the enhancement of Ty by pressure. d7x/d P
is much larger in the intermediate field phase than in the low field phase. From these results, we could draw the
rough magnetic phase diagram under pressure in a high field region. While all the quantum phases below Ty are
stabilized by pressure, the degree of the stability by pressure is much larger in the quantum phase with a large
quantum spin fluctuation than in the low field phase. In the soft material such as CsCuCls, we propose that the ab
plane shrinks spontaneously so as to enhance Ty and the quantum spin fluctuation in high field quantum phases

under pressure.
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I. INTRODUCTION

The two-dimensional triangular lattice antiferromagnets
(TLAs) have been studied extensively as one of the central
issues in the condensed matter physics due to the geometrical
frustration [1,2]. When the spins are small, the exotic ground
states could be induced by the quantum spin fluctuation. One is
the quantum spin liquid ground state. Another is the magnetic
order in the TLA with a 120° spin structure [3-8]. The
classical ground state of the TLA in magnetic field is infinitely
degenerate. There, even very small perturbations can play a
crucial role to determine the ground state. The theoretical
studies have been performed to elucidate how the degeneracy
is lifted by the quantum spin and the thermal fluctuations. The
up-up-down (uud) ground state providing a M;/3 plateau is
well known as a typical exotic ground state dominated by such
fluctuation effects. Here M is the saturation magnetization.
Up to now, only few compounds of Cs,CuBrs [9-11] and
Ba3CoSb,0g [12-20], etc. are known as the TLA with the uud
ground state.

CsCuCl; is well known as the compound in which the
appearance of the quantum phase transition was confirmed
for the first time [21-23]. CsCuCl; belongs to the ABXj3
(A = Rb, Cs, B = Mn, Fe, Co, Ni, Cu, and X = Cl, Br)
type TLA compounds and has been studied extensively since
1969 by Achiwa [24]. The crystal structure of CsCuCl; at
high temperatures is hexagonal with a space group P63/mmc
and the CuClg octahedra form the chains along the ¢ axis
by sharing faces. The structural phase transition is induced
by the Jahn-Teller effect at 423 K. The crystal structure is
changed to that with a space group P6,22 or P6522 below
423 K [24-26]. In this low temperature phase, Cu chains
along the c¢ axis form the helices along the ¢ axis with a six
periodicity. The Cu spins order antiferromagnetically below
Tx = 10.7 K [27]. Although the regular triangular lattice
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with a 120° spin structure in the ab plane is maintained
below Ty = 10.7 K, the helical spin structure along the ¢
axis with the incommensurate (IC) wave number § = 0.085 is
realized [27]. Its periodicity is 11.8c—214 A. The magnetic
properties have been studied extensively [21,22,24,27-32].
The exchange interaction along the ¢ axis (JS) is strongly
ferromagnetic (FM). It is estimated as large as ~28 K. These
one-dimensional chains form the regular triangular lattice in
the ab plane and are coupled with the antiferromagnetic (AFM)
interaction with J& ~ —5 K. The chirality of the Cu chains
allows the Dzyaloshinskii-Moriya (DM) interaction with D
vector pointing the chain. Its strength is estimated to be
D ~ 5K. Below Ty, this compound exhibits a helical magnetic
order along the ¢ axis with a long period. The nearest neighbor
spins along the c axis is rotated by = 5.1° [27].

Motokawa et al. performed the high field magnetization
(M) measurement both for H || cand H || b* [21,22]. Here b*
is located in the ab plane and is perpendicular to the ac plane.
They discovered the unexpected small discontinuous jump at
H =125 T for H || c and a plateaulike M-H curve between
~10 and ~14T for H || b*. Nikuni and Shiba showed that
the small jump for H || ¢ originates from the quantum phase
transition from the umbrella to the 2-1-coplanar phase. There
the quantum spin and the thermal fluctuations play an essential
role [23]. The umbrella phase is called the IC1 phase [32].
Soon after, the magnetic structure in high magnetic fields for
H || ¢ was investigated by Mino et al. [33]. In zero magnetic
field and the umbrella phase for H || c, the (%%8) reflection
(6 = 0.085) was observed. In the former, the 120° structure is
realized and in the latter, the magnetic moment in the ab plane
constructs the 120° one. The helical spin structure with the IC
wave number § is realized along the ¢ axis. In the umbrella
phase, the ¢ components of the magnetic moments at all the
sublattices are identical. Just above H,_. = 12.5 T, where the
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FIG. 1. Four types of spin configurations in the magnetic field:
(a) umbrella (b) Y coplanar, (¢) up-up-down (uud), and (d) 2-1-
coplanar spin configuration.

umbrella to the 2-1-coplanar phase transition takes place, the
intensity of the (%%6) reflection is suddenly suppressed and

another reflection of (% %O) appears. The H dependencies of the
intensities of these two reflections exhibits the good agreement
with the calculated ones by using the theory by Nikuni and
Shiba [23]. Thus, the existence of the 2-1-coplanar structure
above H,_ . for H || ¢ was confirmed. The detailed studies of
the magnetic structure for H || b* were also performed by
neutron diffraction [34,35]. At T =2 K, the § value of the
(%%8) reflection is reduced with increasing magnetic field.
It is very roughly expressed as § = 0.085 —aH? (o > 0 :
constant) in a small magnetic field region. The § value exhibits
a slightly rapid decrease above ~6T and a bending at H ~
10 T and takes a roughly constant value of ~0.05 between ~10
and ~14 T, whichis called as the IC3 phase [35]. Above ~14 T,
the § value decreases rapidly and is zero above ~16 T, where
the commensurate magnetic structure with (%%0), i.e., the 2-
1-coplanar structure, is realized [35]. Although the detailed
investigations were performed, the microscopic mechanism of
a broad plateau of the M-H curve and roughly constant value
of § between ~10 and ~14T for H || b* has not yet been
clarified [36,37].

In Figs. 1(a)-1(d) we draw the four types of the spin
configurations of the TLA in magnetic field, which appears
in the present study.

As for the pressure effect on CsCuCls, which is the main
subject in the present paper, it was reported that the § value
increases with increasing pressure [38]. The period of IC
magnetic order is reduced by pressure, which leads to the
increase of 6 between the neighboring spins along the ¢ axis.
This means that the DM interaction is enhanced by pressure
and the easy-plane magnetic anisotropy originating from the
DM interaction is also enhanced.

Recently, this compound attracted attention from the
standpoint of the chirality of the crystal structure [39,40].

In CsCuCls, a large pressure effect on the quantum spin
ordered phase is expected from the softness of this compound.
This is expected from the small sound velocity [26], small
thermal conductivity [41], and the large shrinkage of the
lattice constants under pressure [42]. In the present paper,
we performed the magnetization measurements of CsCuCls
both for H || ¢ and H | b* under pressure and also measured
the lattice distortion under the longitudinal magnetic fields at
the ambient pressure to clarify how the pressure affects the
stability of the quantum phases in magnetic field. We found
that the quantum phase transitions are induced in magnetic
fields by applying pressure and the intermediate field phases
such as the 2-1-coplanar and the uud phases are quite stable
under pressure.
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II. EXPERIMENT

Single crystals of CsCuCl; were grown from a slightly
acidified solution containing CsCl and CuCl, - 2H, 0O by evap-
oration of solvent [24]. The magnetization under pressure was
measured using the homemade extraction method in magnetic
field. The pressure was applied up to ~0.9 GPa by using a
piston cylinder-type pressure cell [43]. The magnetostriction
and thermal expansion under the longitudinal magnetic field
for H || b* and H || ¢ were measured by the three terminal
capacitance method [44].

III. EXPERIMENTAL RESULTS
A. Magnetization for H || ¢ under pressure

Figures 2(a-1)-2(a-4) show the temperature (7') dependen-
cies of magnetization (M) of CsCuCl; for H || ¢ under various
pressures and Figs. 2(b-1)-2(b-4) their H dependencies. The
results at the ambient pressure in Figs. 2(a-1) and 2(b-1) were
already reported in our previous paper [19]. Figure 3(a) shows
the M-H curves of CsCuCl; for H || ¢ at T = 1.5 K under
various pressures. Those in an expanded scale between 10 and
15 T are shown in Fig. 3(b). The characteristic behaviors of
M under P = 0.5 GPa are similar to those at the ambient
pressure. However, its absolute value is significantly reduced
both below and above Ty and the magnetization jump (AM) at
T, is larger than that at the ambient pressure. Here 7, is the
transition temperature from the umbrella to the 2-1-coplanar
phase. Also in the M-H curve, a large jump AM is clearly
observed at H,... Under P = 0.68 GPa, while a peak of M
at Ty is observed in magnetic field up to 7 T, M shows a
significant increase with decreasing temperature below Ty
without showing a peak at 7. AM at T, is also larger than
that for P < 0.5 GPa. Here we should note that in the M-H
curve, a plateau of M with ~0.34 g /Cu appears in a narrow
field region between H, . and 13.7 T at T = 1.5 K under
P = 0.68 GPa. The magnitude of M is close to M, /3. Namely,
this narrow region is strongly suggested to correspond the uud
phase. The M/3 plateau observed at 7 = 1.5 K is rapidly
smeared out with increasing temperature, although its remnant
seems to be recognized up to ~7T. Under P = 0.81 GPa, a
peak of M at Ty is not observed up to 13 T and the magnitude
of AM is quite large. In the M-H curve at T = 1.5 K, after
showing a large jump AM at H,.. = 13.2 T, there exists a
quite narrow field region between 13.2 and 13.7 T where the
H-linear increase is observed. Above 13.7 T, the M-H curve
exhibits a small slope. This narrow field region might be the
new phase and the Y-coplanar phase could be the candidate.
Here we note the following characteristic 7 dependence of
M below Ty under P = 0.81 GPa above 13.4 T. Above
Tn, a separation of each M-T curve is proportional to H,
reflecting the H-linear M-H curve in the paramagnetic region
as expected. On the other hand, below Ty, this separation
becomes smaller with decreasing temperature and it is clearly
seen that the M-H curves above H = 13.4 T are very much
dense below ~5T and M at the lowest temperature converges
into ~M;/3.

Figure 4(a) shows the magnetic phase diagrams of CsCuCl;
for H || ¢ under various pressures, where only Ty and H,,.. are
drawn. Ty increases with increasing pressure in both umbrella

014419-2



PRESSURE-INDUCED QUANTUM PHASE TRANSITIONS IN ...

PHYSICAL REVIEW B 96, 014419 (2017)

0.5 H=JA_&L__/I\I 0.4 = T T 0.4 T T T 04 T T T
4T i —~— 143TT_~\'I|\ T 148T P=081GPa
e \__\ :\Q’\L\ 14T Hilc
04— osl*1 ) 0.31—3T\ ]
3 031‘21% O e N S ' 12 T i
g T 9T 1 ] 10T _____’/\\‘_ 11T‘_’_I’]\‘\
0 8T 0.2 ‘ST-——-—-——"’_’_JN 0.2 9T | 02+ 10T ,W—I/J'\r\\
5 02 7T’—’—_1|\ 7T‘——__—’__’__J||\-‘~\ 8T——_—_—_/Iﬁ_\ oT !
sT————— | 5T S B 61—
|
ol ] o s————do1f, ! 301 s 17—
~|P=0.1MPa P—OZTGPa ' *TP_oesaPa | " |
H/lc (a-1) H/ (a-2) Y a-3 -
0.0 , , 2 ool Hie , o H/jc . (a-3) 00 | . (a-4)
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
T (K) T (K) T (K) T (K)
0.5 T T T T 0.4 T T T — 0.4 T T T — 0.4 T T T T
P-0.1MPa P - 0.5 GPa P =0.68 GPa P =0.81 GPa
Hilc Hilc Hile
04 .
3 0.3
\m
= 31K
s 03 51K ] K
71K K
8.0K
95K | 0.2
0.2 | | | (b-|1)- |
6 8 10 12 14 6 8

FIG. 2. (a-1)—(a-4) Temperature dependence of the magnetization of CsCuCl; for H || ¢ measured under P = 0.1 MPa, 0.5 GPa, 0.68 GPa,
and 0.81 GPa, respectively. (b-1)—(b-4) Magnetization curves of CsCuCl; for H | ¢ measured under P = 0.1 MPa, 0.5 GPa, 0.68 GPa, and
0.81 GPa, respectively. (a-1) and (b-1) are cited from our previous paper [19].

and 2-1-coplanar phases. However, the increasing rate of Ty
by pressure (dTn/d P) is different between these two phases.
That in the 2-1-coplanar phase is much larger than that in the
umbrella one. Figure 4(b) shows the magnetic phase diagram
under P = 0.68 GPa. The magnetic field, where the slope of
M /H changes at ~13T, is plotted by the open triangles and
dashed line. Although the region between H,. and ~13T
could be the uud phase, its boundary is rapidly smeared out
with increasing temperature.
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FIG. 3. (a) Magnetization curves of CsCuCl; for H || ¢ measured
at T = 1.5 Kunder various pressures. (b) Those by the expanded scale
between 10 and 15 T. The origin of the vertical axis is shifted in each
M-H curve.

B. Magnetization for H || b* under pressure

Figure 5(a) shows the T dependence of M of CsCuCls
for H || b* under the extremely small pressure and those
by the expanded scale around 7y are shown in Fig. 5(b).
Here the sample was soaked in Daphne 7373 oil inside the
Tefhon cell and was cooled down to 1.5 K and then the
magnetization measurements were performed. Here, although
the Daphene oil is frozen by cooling down, the extremely small
pressure should be applied to the sample. Hereafter, we call
this extremely small pressure as P = 0.1 MPa (oil). The M-H

20 T .
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FIG. 4. (a) Magnetic phase diagrams of CsCuCl; for H || ¢ under
various pressures. (b) The magnetic phase diagram for H || ¢ under
P = 0.68 GPa. See the text for details.
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FIG. 5. (a) Temperature dependence of the magnetization of
CsCuCl; for H || b* under the extremely small pressure obtained
by cooling down soaked in oil. See the text for details. (b) Those by
the expanded scale between H = 8 and 10 T.

curves show almost the same behavior as those at the ambient
pressure. However, a small but clear anomaly is recognized
between 8 and 10 T in the M-T curves as is shown in Fig. 5(b).
These indicate that the IC3 phase is extremely unstable against
pressure and the new phase appears in a magnetic field above
~T7T below Tn. As will be discussed later, this new phase is
considered as the IC magnetic ordered one. Hereafter, we call
this new phase as the IC5 phase. The IC3-IC5 phase transition
temperature and transition magnetic field coincide with those
of the IC1-IC3 crossover at the ambient pressure above T ~
7 K. However, below ~7 T, the IC1-IC3 crossover field and
the transition field ( Hycs) are separated. The IC3-IC5 transition
accompanied by a small but discontinuous jump A M is the first
order phase transition. These indicate that once the pressure
is applied, even if it is extremely small, the quantum spin
fluctuation in the IC5 phase overcomes the DM interaction.

At present, although we do not know if the IC5 phase is
commensurate or incommensurate, we conjecture that the IC5
phase is incommensurate, as follows. In the present case, the
spins are always located in the ab plane. If the commensurate
magnetic order is realized in the IC5 phase, it might be such
spin structures as the 2-1-coplanar or the uud one. Then it is
expected that M shows the roughly H-linear increase in the
former and should be constant in the uud phase. However, M
does not show such H dependencies. Thus, we conclude that
the IC magnetic order is realized in the IC5 phase.

Figures 6(a) and 6(b) show the 7" and H dependencies of M
under P ~ 0.03 GPa, respectively. P ~ 0.03 GPa is also very
small pressure. However, AM in the M-T curve is much more
clearly observed than in Figs. 5(a) and 5(b) in a wide range of
magnetic field and temperature. The M-H curve also shows
a small AM as indicated by the arrows. While the IC1-IC3
crossover exists in the M-H curveat H ~ 10Tat7T = 15K
as is observed at the ambient pressure, M shows a small but
clear AM at H = 12.5 T which is the middle of the broad
plateau region. With increasing temperature, a shoulder of M
accompanied with the IC1-IC3 crossover shifts towards the
low magnetic field and at 7 = 6 K, a shoulder disappears and
the direct IC1-IC5 phase transition takes place.

Figures 7(a-1)-7(a-4) represent the T dependencies of M
for H || b* under various pressures and Figs. 7(b-1)-7(b-4)
their H dependencies. Figure 8 shows the M-H curves for
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FIG. 6. (a) Temperature dependence of the magnetization for
H || b* of CsCuCl; under ~0.03 GPa. (b) Magnetization curves of
CsCuCl; for H || b* under P ~ 0.03 GPa. The origin of the vertical
axis is shifted in each curve.

H || b* at T = 1.5 K under various pressures. The magnitude
of M decreases significantly with increasing pressure both
below and above Ty in the same as for H || ¢. In magnetic
fields below ~6 T, M exhibits a broad shoulder slightly below
Tn in the M-T curve. AM is observed at the IC3-IC5 or the
ICI-ICS phase transition. The magnitude of AM increases
with increasing pressure. However, it is still much smaller
than that for H || c. The T dependence of M for H >7 T
below Ty is different between the low and high pressure
regions. Although M shows almost a T-linear increase with
decreasing temperature below Ty under low pressures, it shows
a convex T dependence below Ty for P > 0.61 GPa. This
is clearly seen when the M-H curves at H =9 T under
P = 0.21 and 0.94 GPa are compared. In the high field region
between 12 and 15 T, M increases with decreasing temperature
below Ty without showing a peak at Ty under high pressures,
while M exhibits a peak at 7y under low pressures. The
magnetic field of a shoulder of the M-H curve shifts towards
the higher magnetic field with increasing pressure. While a
broad shoulder is seen at ~11.5T under P = 0.35 GPa, for
P > 0.61 GPa, M exhibits an H-linear increase up to Hics
without showing a shoulder. A M at this transition field is much
larger than that under P = 0.35 GPa. The slope of M/H in
the IC5 phase is smaller than that in the IC1 phase.

Figure 9 shows the magnetic phase diagrams of CsCuCl;
for H || b* under pressure. The ICI1-IC3 transition at the
ambient pressure is a broad crossover, which is drawn by a
dotted red line. However, by applying the extremely small
pressure, the first order IC3-IC5 phase transition appears in
the middle of the plateau region. Although Ty is enhanced by
pressure, the magnitude of d7y/d P is different between the
low field and the intermediate field phases. dTn/d P in the
ICS phase is much larger than that in the IC1 phase. Under
P = 0.94 GPa, Ty at H = 14.8 T increases from 9.8 to 12 K.
The increase of Ty is as large as 2.2 K. It is known that the
first order IC3-C phase transition takes place at ~16T at the
ambient pressure as is indicated by the red solid line [35,40].
We expect that the IC5-C phase transition exits also under
pressure and its transition field increases with increasing
pressure. The crossover boundary between the IC4 and ICI
phases at the ambient pressure is shown by a dashed line
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FIG. 7. (a-1)—(a-4) Temperature dependence of the magnetization of CsCuCl; for H || b* measured under P = 0.21, 0.35, 0.61, and
0.94 GPa, respectively. (b-1)—(b-4) Magnetization curves of CsCuCl; for H | b* measured under P = 0.21, 0.35, 0.61, and 0.94 GPa,
respectively. The vertical axis of the magnetization is shifted in each curve in (b-1)—(b-3).

in Fig. 9, which is estimated from a shoulder of the M-T low field and the intermediate field phases. Figure 10 shows
curve. This crossover boundary disappears rapidly by applying the pressure dependence of Ty for H || b* and H || c, both in
pressure and it is replaced by the first order phase transition  the low field (H = 5 T) and intermediate field (H = 14.8 T)

between the IC1 and IC5 phases.

C. Pressure dependence of Ty

phases. In the IC1 phase, d Ty /d P is small. It is ~0.83 K/GPa

[
N H//b

In the present experiments, 7y is found to be enhanced by __C/
pressure. The magnitude of d7y/d P is different between the 15+ -
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0.0 ! L FIG. 9. The magnetic phase diagrams of CsCuCl; for H | b*
0 5 10 15 under various pressures. The IC1-IC3 crossover boundary at the
H (T) ambient pressure is cited from Ref. [19] and the IC3-C phase
boundary is cited from Refs. [35,40]. The crossover boundary
FIG. 8. Magnetization curves of CsCuCl; for H || b* at T = between the IC1 and IC4 phases at the ambient pressure is drawn

1.5 K under various pressures. See the text for details.
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FIG. 10. Pressure dependence of Ty of CsCuCl; for H || ¢ and
b* at H = 5 and 14.8 T, respectively.

and is almost isotropic. On the other hand, that in the 2-1-
coplanar or the IC5 phase is much larger than that in the IC1
phase. Furthermore, it exhibits a large anisotropy. That in the
IC5 phase for H || b* is ~2.77 K/GPa at H = 14.8 T and
that in the 2-1-coplanar phase for H || ¢ is ~1.73 K/GPa.
dTn/dP at H = 14.8 T is larger for H || b* than for H || c.
This indicates that d Ty /d P is larger when the spins are located
in the ab plane, which is favorable for the easy-plane magnetic
anisotropy. The important information on the stability of the
quantum phase in magnetic fields could be obtained from the
pressure dependence of Ty.

D. Lattice distortion under the longitudinal
magnetic field at the ambient pressure

The important information on the stability of the quantum
phases could be obtained by combining the anisotropic lattice
distortion at the ambient pressure and d7y/d P in magnetic
fields. Here we present the lattice distortion in magnetic fields.

Figures 11(a) and 11(b) show the magnetostriction and
the thermal expansion of CsCuCl; under the longitudinal

T T T T
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FIG. 11. (a) Longitudinal magnetostriction of CsCuCl; for H || ¢
at the ambient pressure. (b) Thermal expansion of CsCuCl; under
the longitudinal magnetic field H || ¢ at the ambient pressure. The
dashed line at H = 0 indicates the lattice thermal expansion roughly
estimated from the high temperature region.

PHYSICAL REVIEW B 96, 014419 (2017)

T T T
CsCuCly CsCuCl,

T=13.5K H=15T
AL/L // b* AL/L /I b*
T=13.7K H// b* H // b*

12T

5 10K 5
x 3 10T
«! ! 8T]
= - %”
- -
3 JT H=0
3 T | 2 (A=t x1(/
AL/IJ_-=1><10 L
T=1.6K , (@) L ()
0 5 10 15 0 5 10
H(T) T (K)

FIG. 12. (a) Longitudinal magnetostriction of CsCuCl; for
H || b* at the ambient pressure. (b) Thermal expansion of CsCuClj
under the longitudinal magnetic field H || b* at the ambient pressure.
The dashed line at H = 0 indicates the lattice thermal expansion
roughly estimated from the high temperature region.

magnetic field H || ¢ at the ambient pressure, respectively.
In the paramagnetic region, the ¢ axis expands proportional to
H? as usual. The similar H>-like behavior is also observed in
the umbrella phase, although the magnitude of the variation
is much larger than in the paramagnetic region. At H,.., a
discontinuous jump is observed and slightly above H,_., the
variation is small. In zero magnetic field, the ¢ axis shows
a small expansion below 7y assuming the lattice thermal
expansion as shown by the dashed line in Fig. 11(b). Although
the expansion due to the magnetic origin below Ty increases
with increasing magnetic field, it is small at low magnetic
fields in the umbrella phase. In the 2-1-coplanar phase, the ¢
axis expands significantly with decreasing temperature below
Tn. Above ~7T, the transition from the coplanar to the
umbrella phase exists at 7,.., where a large discontinuous
change is observed.

Figures 12(a) and 12(b) show the magnetostriction and the
thermal expansion of CsCuCl; under the longitudinal magnetic
field H || b* at the ambient pressure, respectively. In the
paramagnetic region, the b* axis exhibits the H?-like behavior
as in the case of H || ¢. The similar H dependence is observed
also in the IC1 phase, while the magnitude of the variation is
larger than in the paramagnetic region. The b* axis exhibits a
broad shoulder at the IC1-IC3 crossover field of ~10 T and
is nearly constant in the IC3 phase between ~11 and ~14T
at T = 1.5 K. The shoulder at the IC1-IC3 crossover field
is rapidly smeared out with increasing temperature. In zero
magnetic field, the b* axis shows a small shrinkage below Ty
assuming the lattice thermal expansion as shown by the dashed
line in Fig. 12(b). At H = 5 T, no anomaly is observed at Tx.
This is because H = 5 T is close to the IC1-IC3 crossover field
showing a shoulder in the magnetostriction at 7. With further
increase of H, a shrinkage below Ty becomes pronounced.

IV. DISCUSSION

A. Magnetic phase diagram under pressure

The magnetization of CsCuCl; was not measured in a
high field region in the present experiments. However, it is
possible to conjecture the M-H curves and the magnetic
phase diagrams in a higher magnetic field region by using the
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FIG. 13. Magnetization curves of CsCuCl; for H || ¢ at T =
1.5 K under various pressures. The straight black line indicates the
M-H curve up to H, obtained by assuming the same slope of M/H
in the umbrella phase. The inset shows the pressure dependence of
H. indicated by ared line and H,,.. indicated by a green line. We note
that the slope of M/H in the 2-1-coplanar phase is not correct but
should be smaller than that in the figure. See the text for details.

present results. Here we should note that the saturation field
(H.) should be enhanced significantly by pressure, considering
that M is significantly reduced both below and above Ty by
pressure. Below, we consider the expected magnetic phase
diagrams under pressure both for H || c and H || b*.

First, we consider the magnetic phase diagram for H || ¢
under pressure. The black solid straight lines in Fig. 13 are
the expected M-H curves in a high field region at T = 1.5 K
under various pressures. Each of these lines shows the M-H
curve with the slope of M /H in the umbrella phase. Here we
assume that the slope of M /H in the 2-1-coplanar phase is the
same as that in the umbrella phase. Then we can make a rough
estimation of H, as the magnetic field where M reaches to M.
Here M; is assumed to be 1 ug/Cu, for simplicity. We note
that as for the estimated value of H, for P > 0.68 GPa, there
exits a larger ambiguity than that for P < 0.5 GPa because
there exits a plateau M-H region in the intermediate magnetic
fields for P > 0.68 GPa. We also note that the slope of M/H
in the high field 2-1-coplanar phase under pressure should
be smaller than that in the umbrella phase due to the larger
increasing rate of d7y/d P. However, since it is difficult to
estimate its slope in the high field phase, here we draw the
straight line with the same slope as that in the umbrella phase.
Thereby, there exists also the ambiguity in the estimation of
H.. The estimated value of H; ~ 30 T at the ambient pressure
is consistent with the experimental results [21,22,40]. With
increasing pressure, the slope of M/H is suppressed and H,
increases. H. under P = 0.81 GPa is estimated to be ~48 T.
The obtained pressure dependence of H, and the experimental
results of H,_. are shown in the inset of Fig. 13. The estimated
H_ exhibits the significant increase with increasing pressure.
On the other hand, the increase of H,_. is much smaller than
that of H..

Figure 14(a) shows the conjectured magnetic phase diagram
for H || ¢ under P = 0.81 GPa together with that at the
ambient pressure. The uud phase under P = 0.81 GPa is not
shown. The magnetic phase diagram in a high field region
is shown by a green dashed line, which is conjectured by
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FIG. 14. (a) Magnetic phase diagram for H || ¢ at the ambient
pressure (red solid line) and conjectured magnetic phase diagram
for P = 0.81 GPa (green dotted line). The uud phase under P =
0.81 GPa is not shown. (b) Magnetic phase diagram for H || b*
at the ambient pressure (red solid line) and conjectured magnetic
phase diagram for P = 0.94 GPa (green dotted line). The magnetic
phase diagrams above 15 T at the ambient pressure are cited from
Refs. [21,22,40] and those below 15 T are from Ref. [19]. In the
estimation H, under pressure, there exists an ambiguity. See the text
for details.

using the above estimated H. and the H dependence of Ty
up to H = 14.8 T. This indicates that both low field umbrella
and intermediate field 2-1-coplanar phase are stabilized by
pressure. However, the pressure effect is very different between
these two phases. Although the increasing rates of Ty and H,,..
by pressure in the umbrella phase is small, Ty and H. in the
2-1-coplanar or the uud phase are quite large.

Next, we consider the magnetic phase diagram for H || b*
under pressure. In a low pressure region, it is difficult to
estimate H. by using the slope of M/H in a low field region
because of the existence of the shoulder in the M-H curve at
H ~ 10 T. On the other hand, for P > 0.61 GPa, M shows
a roughly H-linear increase up to Hics. Then, it is possible
to make a rough estimation of H.. H; for P = 0.94 GPa is
estimated to be ~45T. This value is not so different from
~48 T for H || ¢ at P = 0.81 GPa. The conjectured magnetic
phase diagram for H || b* under P = 0.94 GPa is shown by the
green dashed lines in Fig. 14(b). This magnetic phase diagram
might be plausible as a rough estimation, although there exists
a large ambiguity in the estimation of Hjcs. As in the case for
H || ¢, dTn/d P in the IC1 phase is small. However, those in
the ICS and the C phases are large. Namely, the intermediate
and the high field phases are significantly expanded by
pressure compared with the small expansion in the IC1 phase
region.

The different stability between the low field and the
intermediate or the high field phases under pressure should
originate from the different magnitude of d7n/d P between
these two phases. The important information on the exchange
interaction could be obtained from the magnetization in the
paramagnetic region. The magnitude of M is significantly
reduced by pressure both below and above Ty and Ty is
enhanced by pressure. d7n/dP might be proportional to
dJjb/dp. Je’;” is the in-plane AFM interaction. Then, H. is
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also expected to shift towards higher field. This is consistent
with the expectation that H, increases significantly by pressure
as a result of the large reduction of M both below and
above Ty, as mentioned before. Although the interplane FM
exchange interaction along the ¢ axis (Jg,) also should be
affected by pressure, it is difficult to discuss the pressure
dependence of J¢ in the present experiments. On the other
hand, the theoretical studies showed that H. is not affected
by J¢ when the exchange interaction along the ¢ axis is that
of the Heisenberg type [45,46]. Thereby, hereafter, we do not
consider the pressure effect of J,.

Here we emphasize the softness of CsCuCls. The softness
of the crystal induces the large pressure effect on the magnetic
properties. The large and anisotropic lattice shrinkages of
CsCuCl; by pressure at room temperature were reported by
Christy et al. [42]. The shrinkage of the lattice constants
by pressure is as large as ~1%/GPa. This indicates that
CsCuCl; is a very soft material. This is supported by the
small sound velocity (v,) and the small thermal conductivity
(K ~ Kph = %Cphvsl) at high temperatures. Here Cp, and [
are the phonon specific heat and the phonon mean free path.
In CsCuCls, v, for the C44 mode at 300 K is as small as
~1200 m/s [26] and « at 100 K is ~1.2 W/Km [41].
These values are much smaller than vy = 5100 m/s for the
longitudinal sound wave and 2800 m/s for the transverse
one[18]and k ~ 8 W/Km[15], in the typical TLA compound
of Ba;CoSb,0q9. Then, we expect the large pressure effect on
the exchange interaction in CsCuCls. Furthermore, the large
anisotropic shrinkage of the lattice constant was observed in
this compound. The shrinkage of the a axis is 30% larger than
that of the ¢ axis [42]. This anisotropic lattice distortion is
expected to be enhanced by pressure below Ty. Considering
that Ty is enhanced by pressure, the shrinkage of the ab
plane enhanced by pressure plays an important role in the
stabilization of the quantum phases in magnetic fields. In zero
magnetic field at the ambient pressure, already the anisotropic
lattice distortion is observed below Ty. There exists a small
expansion of the ¢ axis and a small shrinkage of the b* axis
below Ty as is seen in Figs. 11(b) and 12(b), respectively.

As for the lattice distortion in magnetic fields at the ambient
pressure, since the measurements were performed only under
the longitudinal magnetic field, it is difficult to clarify the
anisotropic lattice distortion, exactly. However, it is possible
to derive its information by combining the results of the
thermal expansion at the ambient pressure and the magnitude
of dTn/d P in magnetic fields. The experiments clearly show
that the magnitude of the lattice distortion is much larger in the
intermediate field phase than in the low magnetic field phase.
For H || ¢, the ab plane should shrink significantly below Ty
by pressure to be consistent with the large enhancement of Ty
by pressure and the significant expansion of the ¢ axis in the
2-1-coplanar phase below Ty. For H || b*, the b* axis in the IC3
phase shrinks significantly below Ty. Thus, the shrinkage of
the ab plane is much larger in the intermediate field phase than
in the IC1 phase. This large shrinkage of the ab plane should
be the origin of the large enhancement of 7Ty and H, in the
intermediate or the high field phase by pressure.

Before discussing the magnetic properties both for H || ¢
and H || b* under pressure, we note the following three
characteristics. (i) The largest energy gain of the quantum
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spin and the thermal fluctuations is obtained in the (1D)
collinear, the second the (2D) coplanar, and the third the (3D)
umbrella spin structure. (ii) the maximum energy gain of the
quantum spin fluctuation is obtained when the uud collinear
spin structure with M /3 is realized. Then we expect that when
the magnetic field increases and M is closed to M;/3, the
spin structure has a tendency to construct a plateaulike M-H
curve with M ~ M;/3 to obtain the largest energy gain of
the quantum spin fluctuation. This characteristics might be
the origin of the plateaulike M-H curve in the IC3 phase
for H || b*, although the IC magnetic ordering is realized in
this phase. (iii) the stronger the quantum spin fluctuation, the
higher the Néel temperature 7y.

B. Pressure effect for H || ¢

First, we discuss the reason why the uud phase is induced
for H || ¢ by pressure. Generally, the competition between
the quantum spin fluctuation and the magnetic anisotropy of
the anisotropic exchange interaction determines which type
of the quantum phase is stable in magnetic fields. Of course,
this should be too simplified to apply the calculated result
to the 3D real compound. In CsCuCls, there exist the strong
ferromagnetic interaction along the ¢ axis, DM interaction, and
single ion magnetic anisotropy except the in-plane exchange
one (Jeaxb ). It is reported that the DM interaction is enhanced
by pressure [38]. This induces the enhancement of the easy-
plane magnetic anisotropy and suppresses the quantum spin
fluctuation and makes the appearance of the Y-coplanar or the
uud phase difficult. This discrepancy might be explained by
considering the larger increasing rate of dTx/d P in the high
field quantum phases than in the low field umbrella phase.
At the ambient pressure, the magnetic anisotropy overcomes
the quantum spin fluctuation and the transition from the
umbrella to the 2-1-coplanar phase takes place. Both magnetic
anisotropy and Je‘;b are enhanced by pressure. The present
result that the quantum phases such as Y-coplanar or uud
phase appears under pressure indicates that the enhancement
of the magnetic anisotropy by pressure is smaller than that
of J% in the high field quantum phases. Here we note the
relation between the different types of the lattice distortion
and the different increasing rate of d7n/dP between the
low field and high field quantum phases. The origin of the
enhancement of the spin fluctuation is the increase of Ty by
pressure. Namely, the higher Ty, the larger the quantum spin
fluctuation. In the umbrella phase with a small increasing rate
of dTx/d P, the quantum spin fluctuation is small. However,
in the high field phase with a large magnitude of d Ty /d P, the
spin quantum fluctuation is large and the Y-coplanar or the uud
phase appears. The reason why the magnitude of dTx/d P is
larger in the high field phases than in the low field umbrella
phase is the anisotropic lattice distortion, i.e., a large shrinkage
of the crystal takes place spontaneously so as to enhance Ty
and the spin fluctuation. In other words, a large shrinkage of
the ab plane assists the enhancement of 7Ty and spin fluctuation
in the high field quantum phase.

The information on the competition between the easy-plane
magnetic anisotropy and the quantum spin fluctuation could
be observed in Fig. 15. The red squares and blue circles in
Fig. 15 represent the magnitude of M at H = 12.5 and 13
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FIG. 15. Pressure dependence of the magnetization at H = 12.5
and 13 T at T = 1.5 K, respectively.

T under pressure at 7 = 1.5 K, respectively. The magnitude
of M at H=13 T for P > 0.6 GPa is shown by the green
triangle. These two magnetic fields correspond to those just
below and above H,_ .. The former belongs to the umbrella
phase and the latter to the 2-1-coplanar one. Here we note
that for P = 0.81 GPa, we plotted the extrapolated value to
H = 13 T from the high field M- H curve. The horizontal black
line corresponds to M;/3 assuming that My = 1.02 ug/Cu.

At the ambient pressure, the magnitude of M for H || c at
H =12.5 T is ~0.4 ug/Cu. This value is larger than M;/3.
Namely, the umbrella phase is stable even though M is larger
than M;/3. This should be due to the large energy gain of
the easy-plane magnetic anisotropy, which overcomes that of
the quantum spin fluctuation. When the pressure is applied,
although the easy-plane magnetic anisotropy is enhanced, at
the same time, M is significantly reduced both below and above
Tn. M at H = 12.5 T continues to decrease with increasing
pressure. On the other hand, M at H = 13 T decreases up
to P =0.6 GPa and takes the roughly constant value of
~0.34 ug/Cu ~M;/3 above P ~ 0.6 GPa. The M;/3 value
acts as a stopper in which M could not take a smaller value
than M;/3 because the largest energy gain of the quantum spin
fluctuation is obtained in the uud phase.

Although the uud spin structure is strongly suggested to be
realized in the M;/3 plateau region, it should be examined by
the neutron diffraction experiments in magnetic fields under
pressure. In the uud phase, there exist the three domains along
the ¢ axis. At present, we do not know its domain size and
its distribution. Namely, the domain distribution is completely
at random or there exists a long range period along the ¢
axis as was observed in the 2-1-coplanar phase for H || ¢ at
the ambient pressure [33]. The transition from the uud to the
2-1-coplanar phase under pressure also should be examined
by the neutron diffraction.

C. Pressure effect for H || b*

First, we discuss the H dependencies of M and § at the
ambient pressure. The spins are located always in the ab plane
for H || b* due to the easy-plane magnetic anisotropy. At the
ambient pressure, the M-H curve shows the IC1-IC3 crossover
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FIG. 16. (a) Pressure dependence of the IC wave number § at
H =0 and 12 T. That at H = 0 is cited from Ref. [38]. The blue
dashed line indicates the speculated H dependence of 6 at H = 12 T.
(b) Speculated magnetic field dependence of § at T =2 K under
pressure. The brown and green dashed lines indicate the expected H
dependence of § for high and intermediate pressure, respectively.

at H ~ 10 T. In the IC3 phase between ~10 and ~14T, M
shows a plateaulike behavior. This is because when M is close
to M,/3 in the process of the increasing magnetic field, the
spin structure has a tendency to construct the uud structure
with the largest energy gain of the quantum spin fluctuation.
However, in CsCuCls, the uud structure cannot be realized due
to the existence of the DM interaction. At low magnetic fields
in the IC1 phase, § behaves approximately as § ~ 0.085 —
a H?. After showing a broad shoulder at H ~ 10 T, § shows
a plateaulike behavior in the IC3 phase [35]. Thus, M and &
are strongly coupled with each other. In a low field region, the
DM interaction is dominant and the helical spin structure is
maintained although it is modified slightly. The 2 Q harmonics
appears above ~6 T and the 4Q one in the IC3 phase [35]. In
the IC3 phase, although the helical spin structure with § ~ 0.05
isrealized, it should be significantly modified. In the IC3 phase,
we expect that the spin structure similar to the uud one might
appear in the intermediate region within the long range period
and the helical spin rotation could be realized around both
ends of the long period. Both ends of the long period structure
could be viewed as the domain wall. Such a spin structure was
discussed by Stusser et al. [35]. They discussed the possibility
of spin structure in the IC3 phase that consists of a sequence of
six suitably different 2-1-domains separated by domain wall
as is shown in Fig. 9 in Ref. [35]. Here we note that since
M of ~0.4 ug/Cu in the IC3 phase is larger than M;/3, the
down spin in the 2-1-domain in Fig. 9 in Ref. [35] should be
canted significantly from the ¢ axis. With further increase of
magnetic field, § decreases furthermore and the above domain
walls could be changed to the isolated soliton proposed by
Miyake et al. [40].

Now we discuss the pressure effect on the M-H and the
8—H curves for H || b*. § in zero magnetic field increases by
applying pressure as shown in Fig. 16(a) [38]. This indicates
the enhancement of the DM interaction by pressure, which
leads to the increase of 8. Then it might be difficult to reduce
8 by magnetic field and the suppression of the quantum spin
fluctuation is larger than that at the ambient pressure. Then
8§ =8y — BH? (B < @) behavior is expected in a low field
region under pressure. However, the magnetic field where the
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slightly rapid decrease of § is observed shifts towards the
higher magnetic field than ~6 T at the ambient pressure. Here
8o 1s 8 in zero magnetic field under pressure. Thus, the magnetic
field of the shoulder in the M-H curve shifts towards the
higher magnetic field and the magnetic field region where the
M shows an H -linear increase expands to the higher magnetic
field. When the magnetic field increases, there should exist
a magnetic field region where the magnitude of M is close
to M/3. 8o under pressure is larger than that at the ambient
pressure. With increasing pressure, this magnetic field region
meets with that showing § = 8, — BH? behavior. Then the
IC1-IC3 crossover disappears and in its place, the first order
ICI1-ICS transition appears. The experimental results show that
the slope of M/H in the IC5 phase is reduced with increasing
pressure and the magnitude of M in this region becomes
close to My/3. These suggest that the spin structure similar
to the uud phase could be realized in the ICS phase, although
the IC magnetic order probably with a small magnitude of
d is realized. Thus, with increasing pressure, although &y is
enhanced by pressure, we conjecture that § above H = 12 T
is suppressed with increasing pressure. These are drawn in
Fig. 16(a). The speculated H dependence of § under various
pressures is shown in Fig. 16(b).

In the pressure effect for H || b*, there remain the following
problems to be clarified. (1) Why the IC5 phase appears under
so extremely small pressure [ P = 0.1 MPa (oil)]? The ambient
pressure looks like even the critical pressure above which the
IC5 phase appears. (2) Why the IC3-IC5 or the IC1-ICS phase
transition is that of the first order? Since the change of §
is expected to be quite small under very small pressure, we
simply expect the continuous change of § at this transition.
However, this is not the case. (3) What kind of the interaction
triggers the transition to the IC5 phase? Although it should be
associated with the applied pressure, the pressure is extremely
small. These problems should be clarified in the future.

V. CONCLUSION

We investigated the pressure effect on the magnetization of
the soft material CsCuCl; both for H || ¢ and H || b*. We also
measured the lattice distortion under the longitudinal magnetic
fields at the ambient pressure. At the ambient pressure, the ab
plane shrinks in all the quantum phases below Ty. However,
its magnitude is significantly different between the low field
IC1 phase and the intermediate 2-1-coplanar or the IC3 phase.
It is much larger in the latter phases with a large quantum
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spin fluctuation than in the former phase. Such a lattice
distortion depending on the spin structure should be enhanced
by pressure. We found the pressure induced new phases both
for H || c and H || b*. The uud phase for H || ¢ and the IC5
phase for H || b*. We also found the large reduction of M
both below and above Ty under pressure and the enhancement
of Ty by pressure which is significantly different between the
IC1 phase and the 2-1-coplanar or the IC3 phase. dTy/d P is
small in the IC1 phase but is much larger in the 2-1-coplanar
or the IC3 phase. From these results, we could draw the
rough magnetic phase diagram under pressure in a high field
region. All the quantum phases below Ty are stabilized by
pressure. However, the degree of the stability is very different
between the IC1 phase and the 2-1-coplanar or the IC3 phase.
It is much larger in the latter than in the former. The degree
of the stability by pressure is large in the quantum phase
where the large energy gain of the quantum spin fluctuation
is obtained but is small in the IC1 phase. The relation of
“the stronger the quantum spin fluctuation, the higher the
Néel temperature 7y” is obtained in the present study. In
the soft material such as CsCuCls, it is possible to distort
the crystal structure spontaneously so as to enhance Ty and the
quantum spin fluctuation in the high field quantum phases. The
pressure induced uud phase for H || ¢ could be explained by
the competition between the easy-plane magnetic anisotropy
enhanced by pressure and the spontaneous shrinkage of the
ab plane assists the enhancement of 7Ty and the quantum spin
fluctuation. We found the pressure induced new IC5 phase by
the extremely small pressure for H || b*. Why the IC5 phase
appears under so extremely small pressure should be clarified
in the future.
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