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Magnetic field and pressure phase diagrams of the triangular-lattice antiferromagnet CsCuCl;
explored via magnetic susceptibility measurements with a proximity-detector oscillator
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The effect of pressure (P) on magnetic susceptibility of CsCuCl; was examined in magnetic fields (uoH) of
up to 51 T using a proximity-detector oscillator (PDO), and the H-P phase diagram of CsCuCl; was constructed
over the saturation field (H,,). We found that, with increasing P, H, increases and the up-up-down phase
that appeared at P = 0.7 GPa widened. Based on comparison between the experimental and calculated H-P
phase diagrams, the Y phase was predicted to appear above 1.7 GPa. The interchain antiferromagnetic exchange

interaction in the ab plane was evaluated and found to increase with increasing P, which is consistent with a
previous study under high pressure [D. Yamamoto ef al., Nat. Commun. 12, 4263 (2021)]. Moreover, an anomaly
was observed below P = 0.6 GPa just below H, and might be a new phase transition derived from nonlinear

response caused by the PDO technique.

DOLI: 10.1103/PhysRevB.105.184416

I. INTRODUCTION

Geometrically frustrated magnets have been studied over
the past several decades owing to a rich variety of exotic phys-
ical phenomena [1,2]. One of the most typical geometrically
frustrated magnets is the two-dimensional triangular-lattice
antiferromagnet (TLA) [3]. The ground state infinitely de-
generates in magnetic fields, and a small perturbation, such
as easy-plane anisotropy, lifts the degeneracy and stabilizes
the one-energy state [4], for example, an umbrella spin
structure in low-magnetic fields normal to the easy plane.
For classical spin systems, extensive theoretical studies have
been conducted [5-7], and one of the experimental realiza-
tions is RbFe(MoQy), [8,9]. When spins are small, quantum
fluctuations play an important role in lifting degeneracy in
some cases. For TLAs, the up-up-down (uud) state, which
corresponds to a magnetization plateau at one-third of the
saturation magnetization, is an exotic ground state [5-7,10,11]
caused by the order-by-disorder mechanism [12] in mag-
netic fields. To date, Cs,CuBry4 [13—-15] (not equilateral) and
Ba3;CoSb,Og [16,17] are known to exhibit the uud ground
state of § = 1/2 TLAs in magnetic fields.

CsCuClj has been studied for a long time as one of ABX3
compounds [18]. It is a TLA compound formed by ferro-
magnetic chains and exhibits a quantum phase transition in
magnetic fields [19,20]. The crystal structure of CsCuCl; at
room temperature is hexagonal with a space group P6,22 or
P6522 [21,22]. Magnetic Cu?* ions of CsCuCls with S = 1 /2
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form a helical chain structure with a sixfold periodicity along

the ¢ direction and triangular lattices in the ab plane. The spin

Hamiltonian for CsCuCl; in magnetic fields [20] is given by
H==2J0) [Sin-Siner+ (S5, +50,811)]

i,n~i,n+1
in

+250 ) (Sin+Sins1)

(i.j)n

=Y Dunst - (Sin X Sinst) —gusH Y S5, (1)

in in

where S;, represents a spin located at the ith site in the
nth ab plane, and the summation (i, j), n is taken over all
nearest neighbor pairs in the nth ab plane. The z axis is
assumed to be parallel to the ¢ axis. The first and second terms
are the intrachain ferromagnetic exchange (exchange constant
Jo > 0) and interchain antiferromagnetic exchange (exchange
constant J; > 0) interactions, respectively. n (>0) represents a
weak anisotropic exchange ratio for the easy plane. The third
term represents the Dzyaloshinskii-Moriya (DM) interaction
where D, ,;; represents the DM vector between adjacent
spins in the nth and (n + 1)th ¢ planes. The fourth term is the
Zeeman energy. g and ug are the g factor for the z axis and
Bohr magneton, respectively.

The intrachain and interchain exchange constants were
evaluated based on the following analyses: Jo/kg = 24 £ 3K
and J; /kg = 3.8 £ 1.0 K from magnetic susceptibilities [23],
Jo/kg = 28K and J,/kg =4.9K from electron spin reso-
nance (ESR) excitation modes for H | ¢ [24], and Jy/kg =
28K (2.4 meV) and J; /kg = 4.6 K (0.4 meV) from inelastic
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neutron scattering data [25]. The Cu spins exhibited a 120°
spin structure in the ab plane below the Néel temperature
T = 10.7K [26,27]. The Cu chain structure along the ¢ axis
allows DM interaction with a uniform D vector pointing in
the chain direction (D/kg = 5.1 K [24] or 5.8 K [25]) owing
to the chiral crystal structure [26,28]. Below Ty, the nearest
neighbor spins along the ¢ axis were rotated with a pitch
angle of & = 5.1 £ 0.1° in the ab plane [26]. In the following
analysis of our experimental data, we used the parameter
values obtained by the analysis of ESR excitation modes [24]:
Jo/ks = 28K, Ji/kg =4.9K,and D/kg = 5.1K.

The magnetization (M) of CsCuCl; for H || ¢ at 1.1 K
increased almost linearly and showed a jump at 12.5 T, then
increased again, and saturated at 31 T [19]. Nikuni and Shiba
interpreted the magnetization process of CsCuCl; for H || ¢
[20] using the spin Hamiltonian [Eq. (1)]. They eliminated
the asymmetric part from the Hamiltonian by rotating the xy
plane with pitch ¢ = tan™! [D/2Jy (1+ n)]. Thereafter, the
spin Hamiltonian can be simply rewritten as

== [20(S},S} i1 + S8

i,n~i,n+1

) + Q’JOSiZ,nSiZ,nH]
+2J1 Z Siﬁn 'Sj,n - gH'BH Zslzn’ (2)
(i,j).n in

where Jy = Jo\/(1 + 1)? + (D/2Jy)2. They defined the easy-
plane anisotropy as

A= (o —Jo)/h. 3
Thereafter, the value of saturation field is given by
Hgy = (18 +4A)J1S/gus. “)

They interpreted that the jump in M of CsCuCl; for
H|| ¢ was caused by the quantum phase transition from the
umbrella to 2-1 coplanar phase. Their theoretical predic-
tions were confirmed by neutron diffraction [29] in magnetic
fields.

The application of high pressure is a powerful method that
can alter the magnetic properties of a material by shrinking
its crystal lattice. As for TLAs, magnetic anisotropy and the
exchange interaction between magnetic ions vary through the
change in distance and angle between the neighboring mag-
netic ions through intervening nonmagnetic ions by applying
pressure. For the anisotropic TLA Cs,CuCly, the appearance
of a number of field-induced magnetic phase transitions upon
pressure application have been reported, accompanied by an
increase in the exchange coupling ratio J'/J, where J and J’
are the exchange interactions on the horizontal and diagonal
bonds in the spatially anisotropic triangular lattice, respec-
tively [30].

Sera et al. [31] performed magnetization measurements of
CsCuClj at 1.4 K in magnetic fields (noH up to 15 T) along
the ¢ axis under high pressure (P up to 0.9 GPa) and observed
the magnetization plateau with 0.34 pg/Cu®* under P >
0.68 GPa, which corresponds to the uud phase in M. Hosoi
et al. tried to explain the magnetization under high pressure
by assuming that A was sensitive to pressure [32]. They
constructed the magnetic phase diagram of CsCuCl; at 0 K
under pressure by calculating the spin Hamiltonian based on
spin-wave theory with A (A = 0.07 at ambient pressure) as

a variable of pressure. A decreased with increasing pressure,
and the uud and Y coplanar phases under high pressure (A <
0.06) were predicted to appear with the fixed parameters of
Jo and Jy. Yamamoto et al. demonstrated theoretically that
the ratio of Jy to J; reduces with pressure, and then the uud
and Y coplanar phases appeared under P > 0.75 GPa, corre-
sponding to the results of magnetic measurement of CsCuCls
under high pressure up to 1.21 GPa in magnetic fields of
up to 5 T [33]. In both theories, the change in the ratio of
Jo to J; was important for the appearance of the field- and
pressure-induced magnetic phases. A quantitative comparison
of the H-P phase diagram of CsCuCl; requires J; under high
pressure which was directly estimated from Hg,. Therefore,
in this study, we investigated the pressure dependence of the
entire magnetization process of CsCuCls over the saturation
field using a proximity-detector oscillator (PDO) system.

The remainder of this study is organized as follows. In
Sec. II, the sample preparation of single crystals of CsCuCls,
experimental methods, and conditions are described. The ex-
perimental results of the pressure dependence of magnetic
susceptibility up to 1.72 GPa and the magnetic-field (H)
versus pressure (P) phase diagram obtained experimentally
are presented in Sec. III. In Sec. IV, the constructed H-P
phase diagram is compared with the calculated phase dia-
gram by Hosoi e al. [32]. The similarities and differences
between them are discussed. Finally, the origin of the anomaly
observed immediately below the saturation field in the ¢ direc-
tion is discussed, followed by a summary of this study.

II. EXPERIMENTAL

Single crystals of CsCuCl; were grown by evaporating an
aqueous solution containing equimolar amounts of CsCl and
CuCl; - 2H,0. Pulsed magnetic fields of up to 51 T with a
pulse duration of 35 ms were generated using a nondestructive
pulse magnet at AHMF at Osaka University. High-field mag-
netization measurements were performed using an induction
method with a pick-up coil at temperatures down to 1.4 K
at ambient pressure. A PDO system [34] was utilized to
measure the change in the PDO resonance frequency (Af),
which corresponded to the field change of the magnetization
(AM/AH), namely magnetic susceptibility, in a magnetic
insulator, as explained below, under high pressures of up to
1.72 GPa. When the magnetic insulator was placed inside
the sensor coil of the LC tank circuit, the change in Af
in the magnetic field was proportional to AM/AH [35]. In
this study, we used a NiCrAl piston cylinder-type pressure
cell (PCC) with the inner and outer diameters of 2.0 and
8.6 mm, respectively, and the pressure medium Daphne 7373
oil (Idemitsu Kosan Co., Ltd.). The pressure in the sample
space was calibrated using the change in the superconducting
transition temperature of Sn [36]. A large field sweep rate
of pulsed magnetic fields induced the Joule heating caused
by eddy currents generated in a conducting material. Based
on our preliminary experiments, we found that the tempera-
ture in the sample space changed slightly until approximately
6.5 ms (approximately 40 T in the ascending process when
the maximum field was 51 T) from the start of magnetic-field
generation.
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FIG. 1. (a) Magnetization (M) and dM/dH curves at 1.4 K observed in CsCuCl; for H parallel to the ¢ axis. The change in resonance
frequencies (A fq,p) against applied magnetic field for the ¢ axis of CsCuCl; at (b) 1.4 K and (c) various temperatures. A fy;, is the frequency
difference obtained by subtracting the frequency at 7 = 20 K as background from that at the measurement temperature. [In panels (a)-(c),
solid and dotted lines are field ascending and descending processes, respectively.]

III. EXPERIMENTAL RESULTS

Figure 1(a) shows the magnetization (M) and its field
derivative (dM/dH) of CsCuCl; for H || ¢ at 1.4 K under
ambient pressure. A small jump at H;; = 12.5 T in M, which
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FIG. 2. (a)M (H)anddM/dH curves for H L cat1.4K. (b) The
change in resonance frequency (A fyp) for H L ¢ at 1.4 K. A fyyp i
the same definition as in the caption of Fig. 1.

corresponds to a peak in dM/dH, indicates the phase tran-
sition from the umbrella to 2-1 coplanar phase. A small
hysteresis in M and dM/dH was observed around H.j, in-
dicating a first-order phase transition, and M was saturated at
H,,. = 30.2 T. These features were consistent with those in
a previous study [19]. Figure 1(b) shows the change in PDO
resonance frequency versus the applied field (A fyup-H ) curves
of CsCuCl; for H || ¢ at 1.4 K under ambient pressure. The
A fab value was obtained by subtracting the PDO frequency
at T = 20 K as the background from that at each temperature.
The A fyb-H curve at 1.4 K under ambient pressure indicates
shoulders at H.; and Hg,, and a sharp peak at H',, = 29.8 T,
just below Hgy [Fig. 1(b) inset]. An anomaly between 18
and 24 T in the field-ascending process was observed below
4.2 K, when the applied magnetic field went beyond H.,
but the field range of the anomaly depends on the maximum
applied field. The reason for this observation is currently
unclear. The temperature dependence of the A fyn-H curve
under ambient pressure is shown in Fig. 1(c). The shoulder at
H., shifted to a lower field with increasing temperature and
disappeared above Ty (= 10.7 K). With increasing tempera-
ture, the shoulder at Hg, and the sharp peak at H'y, shifted
together to a lower magnetic field, merged above 6.0 K, and
disappeared above Ty. H' s, may appear because of a magnetic
phase transition caused by the AC response (MHz region) in
the PDO measurements. In comparison, pulsed-field magne-
tization measurement was the low-frequency AC response at
approximately 25 Hz and no sharp peak at H'g, in dM/dH
was observed with the conventional method.
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FIG. 3. Changes in resonance frequencies A fg,, of CsCuCl; for
H || ¢ at indicated pressures at 1.4 K. A fy, is the same definition
as in the caption of Fig. 1. Each datum was taken from the field
ascending process and shifts arbitrarily making it easier to see except
for the ambient data. The small red circle at 1.67 GPa near H, is an
anomaly which may correspond to the transition to the Y phase. The
data at ambient pressure were taken without pressure cell.

In the M and dM/dH curves for H L c at 1.4 K under am-
bient pressure [Fig. 2(a)], a plateau-like anomaly in M, which
corresponds to adip in dM/dH , was observed between 10 and
14 T, and the M was saturated at Hg,, = 29.3 T. Figure 2(b)
exhibits the A fy,-H curve for H L ¢ at 1.4 K under ambient
pressure. A dip between 10 and 14 T and a peak at H, were
observed. The sharp peak just below Hgy, seen in the A fon-H
curves for H || ¢ was not observed in the A fy,-H curve
forH L c.

The pressure dependence of the Afgp-H curves of
CsCuCl; for H || ¢ at 1.4 K is shown in Fig. 3. The posi-
tion of H;; did not change significantly under P < 0.90 GPa.
However, the shoulder at H.; changed its structure to a dip
with two shoulders when P > 0.90 GPa. We define the low
and high transition fields as H.; and H.,, respectively. H
was nearly constant with increasing pressure even above
0.90 GPa. In contrast, H, shifted to a higher magnetic field
with increasing pressure above 0.90 GPa. The dip between
H. and H., is suggested to be the uud phase reported in
a previous study [19]. The anomaly between 18 and 24 T
at ambient pressure shifted to a lower magnetic field with
increasing pressure and disappeared under P > 0.62 GPa.
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FIG. 4. Magnetic field (uoH) vs pressure (P) phase diagram of
CsCuCl; for H || ¢ at 1.4 K constructed by the PDO measurements.

The H'gy and Hgy shifted together to a higher magnetic field
with increasing pressure and merged into one peak or broad-
ened to form one peak at P > 0.90 GPa. The increase in
Hg,, indicates an increase in the antiferromagnetic interaction
in the ab plane of CsCuCl;, which may be caused by the
shrinkage of the lattice in the ab plane of CsCuCl; under
pressure [37].

The magnetic field (uoH) versus pressure phase diagram
of CsCuCls for H || ¢ at 1.4 K is shown in Fig. 4. The pres-
sure dependence of Hg, is well-fitted by the equation Hgy =
30.2 + 2.14P + 2.14P%. Hg, is mainly determined by the an-
tiferromagnetic exchange interaction in the ab plane, as shown
in Eq. (4). The field range of the uud phase between H.; and
H., expanded to a high-magnetic-field side with increasing
pressure. The dashed lines extrapolated to the lower side from
H. and H,, intersect at approximately 0.7 GPa, which is in
good agreement with the appearance of a magnetic plateau in
M above 0.68 GPa in statice fields observed by Sera et al. [31].
The green magnetic phase near the saturation field in Fig. 4 is
discussed in the next section.

IV. DISCUSSION
A. Magnetic field (uoH) vs pressure (P) phase diagram

We determined the interchain exchange constant J; and
anisotropy parameter A from Egs. (3) and (4), where the fer-
romagnetic intrachain exchange constant Jy/kg = 28K and
Jo = 1.012 Jy were fixed under pressure, and J; (>0) is the
interchain antiferromagnetic exchange constant, as defined in
the introduction. Figure 5 shows the pressure dependence of
J1 and A. The interchain exchange constant (J;/kg = 4.8 K
at ambient pressure) was obtained from the saturation field,
which is almost the same as that in Ref. [24]. J; increased
with increasing pressure, whereas A decreased. The J; /kg and
A were evaluated to be 6.4 K and 0.053 under the maximum
pressure P = 1.72 GPa, respectively. In the pressure range of
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FIG. 5. Pressure (P) dependence of the interchain (in-plane)
exchange constant J; and the anisotropy parameter A, when the
intrachain exchange constant J; is assumed to be constant under high
pressure.

this study, A decreased from 0.070 to 0.053 (4A <« 18). J;
depended strongly on Hg, as shown in Eq. (4), because the
change in A under pressure was quite small. Therefore, the
pressure dependence of J; did not change much in both cases
of Jy/kg = constant and Jy/kg = 28.45-10.49P reported in
Ref. [33]. The magnetic-field normalized by the Hg, versus
pressure phase diagram of CsCuCl; is shown in Fig. 6(a).
The similar calculated phase diagram by Hosoi et al. [32] is
depicted in Fig. 6(b).The pressure dependences of H./Hsy
and H.,/H,, qualitatively agree with the calculation [32], and
similar results were obtained by Yamamoto et al. [33]. The
emergence of the Y coplanar phase was expected at A < 0.05
and H./Hg: < 0.3, as shown in Fig. 6(b). In the A fyu,-H
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curves for H || ¢ at 1.4 K under P = 1.67 GPa, a small peak
indicated by a red circle at H.; corresponds to the transition
field from the umbrella to predicted Y coplanar phase [32].
The Y phase was expected to appear below H.;/Hsy = 0.3 in
Ref. [32] [Fig. 6(b)], but the experimentally observed H.; /Hgy
was approximately 0.3 at the maximum pressure in this study.
Therefore, we plan to perform PDO measurements at pres-
sures above 1.72 GPa. A crystal structural phase transition
in CsCuCls, however, was predicted at pressures between
1.65 and 3.1 GPa [37], and this transition may hinder the
appearance of the Y phase.

B. The anomaly just below the saturation field

The peak at H'g,, observed in the A fy,,-H curve for H || ¢
did not appear in the case of H L ¢. The angular depen-
dences of Hyy and H'g, are shown in Fig. 7, where 6 is the
angle between the applied magnetic field and ¢ axis. Hgy
shifted gradually to a lower magnetic field with increasing
0, but H'y, shifted abruptly to a lower magnetic field with
increasing 6 until 8 = 45°, and then disappeared at 6 >
45°. The angle dependences of Hgy and H'y, were fitted
by the equations Hgy = Acos26 + Bcosd46 + C and H'gy =
A’cos20 + B'cos46 + C'(A, B, C, A’, B/, and C’ are fitting
parameters). The following parameter values were obtained
from the fittings: A = 0.448, B = 0.078,C = 29.8,A’ = 1.69,
B’ = —0.280, and C’ = 28.4. In both cases, the coefficients of
cos26 were dominant, although their magnitudes were largely
different.

In the dM/dH curve of the triangular lattice antiferro-
magnet NiBr, [38], a sharp peak, which corresponds to the
antiferro-fan transition, was observed just below the saturation
field. If the peak at H', indicates a magnetic transition from
the 2-1 coplanar to fan phase, it should be observed in conven-
tional magnetization measurements of CsCuCls;. However, no
anomaly at H'g, was observed in the M and dM/dH curves
[Fig. 1(a)].

ambient pressure

1.0 T * T T T
08¢ 2-1 coplanar |
. 0.6F | F
5 : L
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m ‘\_ : . —
04 - \\l‘\t‘l‘_ B - uud |
0.2} 5 o Y
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(b) 5 -
0.10 0.08 0.06 0.04 0.02 0
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FIG. 6. (a) H/Hgy vs P phase diagram of CsCuCl; for H || ¢ at 1.4 K. Solid, broken, and dot-dashed lines are the phase boundary between
the umbrella and 2-1 coplanar phases, between the umbrella and uud phases, and between the uud and 2-1 coplanar phases, respectively.
(b) Calculated H/Hg, vs A phase diagram constructed by reversing the horizontal axis from the phase diagram in Ref. [32]. The smaller A
means the higher P, and A = 0.07 corresponds to ambient pressure. By comparison, A = 0.055 may correspond to P ~ 1.7 GPa.
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FIG. 7. Angular (0) dependence of H'y, and Hy, of CsCuCl; at
1.4 K. The solid lines are the fitting curves of Hy, and H'y, with
Hg, = Acos20 + Bcosd49 + C and H'y, = A’cos20 + B'cos4d + C’
(A,B,C,A’, B, and C’ are fitting parameters).

Why was the H'g, anomaly observed in the PDO measure-
ments? In the PDO measurements, AM/AH in the insulating
sample CsCuCl; was taken as A f in high-frequency response
(of the order of 10 megahertz). The high-frequency response
in magnetic fields may give rise to a nonlinear magnetic
response owing to the third-harmonic component of x3 in
the AC magnetic susceptibility measurements (M in the AC
magnetic measurements is given by M (H) = My +x1H

+x3H? 4+ ---). To clarify this interpretation, AC magnetic
susceptibility measurements of CsCuCl; in high magnetic
fields are required.

V. SUMMARY

We experimentally performed magnetic measurements of
single-crystal samples of CsCuCl; in pulsed high magnetic
fields under high pressure using the PDO technique. We suc-
ceeded in measuring the shift of the PDO frequency that
corresponds to the field derivation of magnetization over the
saturation field and clarified the pressure dependence of Jy
and A. The magnetic field versus pressure phase diagram
of CsCuClj; constructed from the experimental results agrees
qualitatively with that obtained by theoretical calculations
[32,33]. The anomaly just below the saturation field for H || ¢
at 1.4-4.2 K was observed in the PDO measurements and
not in the conventional magnetization measurements. This
anomaly may correspond to the transition field caused by the
nonlinear AC magnetic response in PDO measurements.
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