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Pressure-induced quantum phase transition in the quantum antiferromagnet CsFeCl;
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We have studied the pressure-induced quantum phase transition in the singlet-ground-state antiferromagnet
CsFeCls. Neutron diffraction experiments under pressure evidence the magnetic long-range order at low tem-
peratures. Magnetic structure analysis reveals a 120° structure with a propagation vector of kp,,, = (1/3,1/3,0).
The estimated critical exponent of the order parameter suggests that CsFeCl; belongs to the universality class of
U(1) x Z, symmetry which is expected to realize the chiral liquid state.
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Quantum phase transition (QPT) rooted in the quantum
uncertainty between kinetic and potential energies has been
a central topic of condensed-matter physics. The extent of the
quantum fluctuation determines the ground state to be or not to
be ordered, and it is controlled by external parameters such as
pressure, magnetic field, and chemical doping [1,2]. One has a
chance to observe an exotic phenomenon in the vicinity of the
quantum critical point (QCP) in which the effect of the quantum
fluctuation is enhanced. To date the QPT has provided unsolved
puzzles in many condensed-matter systems including quantum
spin systems [3,4], high-temperature superconductors [5—8],
heavy fermion metals [9,10], two-dimensional electron sys-
tems [11], and ultracold atom systems [12,13].

The importance of the quantum spin system is an easy access
to the verification of experiments and theories. For instance,
in the spin-dimer compound TICuCls, the QPTs induced by
the magnetic field [14,15] and the pressure [16—19] have
been observed. These experimental works have triggered many
theoretical studies: the interpretation of the field-induced order
as the Bose-Einstein condensation of magnons [20-22], the
Higgs mode near the QCP [23,24], and universality in three-
dimensional (3D) quantum antiferromagnets (AFs) [25-29].
The spin system is thus a good playground for the study of the
QPT.

The spin § = 1 AF of easy-plane type is one of the simplest
systems exhibiting the QPT. The Hamiltonian is expressed by

H=> D(SH)+ > S-S, ()
i ij

where S; is a spin operator at the ith site. The easy-plane
anisotropy D splits the triplet spin S =1 into the singlet
S$* =0 and the doublet S* = 1 as shown in Fig. 1(a),
favoring the disordered singlet ground state. In contrast, the
spin interaction J;; favors a magnetic order. Control of the
competition between the anisotropy and the spin interaction by
an external parameter brings about the QPT. Recent theories
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predict nontrivial phenomena near the QCP: an enhanced
longitudinal magnon in the tetragonal lattice [30] and the
appearance of the chiral liquid state in the triangular lattice
[31]. From the viewpoint of experiment, hydrostatic pressure is
a good external parameter since it tunes the spin interaction and
anisotropy with the system symmetry unchanged. It is noted
that applying magnetic field lowers the symmetry and chemical
doping induces randomness. Nevertheless, pressure-induced
QPT has not been experimentally studied in the easy-plane
type AF having the singlet ground state.

CsFeCl; is a singlet-ground-state AF where Fe?* ions (3d°,
S =2, L = 2) are responsible for the magnetism. The FeClg
octahedra form a one-dimensional chain along the crystallo-
graphic c axis as shown in Fig. 1(b), and the chains form the
triangular lattice in the ab plane in Fig. 1(c) [32]. The low-
energy excitation of the Fe>* ion is described by a pseudospin
s = 1 due to the cubic crystal field and spin-orbit coupling.
Moreover, the pseudospin is split into s° = 0 singlet ground
state and s* = %1 doublet state caused by the easy-plane
type single-ion anisotropy D(s%)?. Inelastic neutron scattering
experiments identified the spin system as the ferromagnetic
chain which is weakly coupled by the antiferromagnetic
interaction in the triangular plane [33]. Combination of the
low dimensionality and the strong easy-plane-type anisotropy
favors the quantum singlet ground state. Indeed, the magnetic
order was not observed at low temperatures [34].

Very recently, the magnetic susceptibility measurement
exhibited a pressure-induced magnetic transition at a low
temperature [35]. The result indicated that applying pres-
sure effectively enhanced the spin interaction, suppressed the
anisotropy gap, and induced a QPT. CsFeCl; is thus a good
model compound for the pressure-induced QPT in the spin
S = 1 singlet-ground-state AF. It is of primary importance to
identify the magnetic structure and to discuss the universality
class of the pressure-induced ordered phase in CsFeCls.

A single-crystal sample was grown by the vertical Bridgman
method [35]. The crystal with the mass of 0.20 g was put in a
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FIG. 1. (a) Schematic diagram of local energy scheme and in-
tersite interaction. (b) Perspective view of the crystal structures of
CsFeCl; with the space group P63;/mmc. (c) Triangular lattice in
CsFeCls.

Teflon cell with a deuterated glycerin as a pressure medium.
The crystal was mounted so that the horizontal plane was the
ab plane. The Teflon cell was installed in a piston-cylinder
clamped cell made of Al alloy. The pressure-induced magnetic
order was observed by a preliminary neutron Laue diffraction
measured at the high-resolution chopper spectrometer (HRC)
in J-PARC/MLEF, Japan. Then neutron diffraction experiments
under pressures were performed at the single-crystal neutron
diffractometer ZEBRA at the Swiss Neutron Spallation Source,
Paul Scherrer Institut (PSI) in Switzerland. A *He cryostat
was used to achieve the base temperature of 1.6 K. A Ge(311)
monochromator was chosen to obtain the neutrons with the
wavelength of 1.178 A. In addition to the in-plane reflections
of (h,k,0), the out-of-plane reflections of (h,k,£1) were col-
lected by using the lifting counter of ZEBRA. The data were
analyzed by the Rietveld method using FULLPROF software
[36]. Candidates for the magnetic structure compatible with the
lattice symmetry were obtained by the SARAK software [37].

The w scans at @ = (1/3,1/3,0) reflection measured at
1.6 K for P = 0.0 and 2.0 GPa are shown in Fig. 2. A new peak
isinduced by applying pressure. Its intensity increases with the
decrease of the temperature below 5 K as shown in the inset of
Fig. 2, which means that the peak is magnetic. The magnetic
Bragg peaks are observed in (h = 1/3,k + 1/3,0), leading to
the magnetic propagation vector of ky,, = (1/3,1/3,0).

The nuclear Bragg peaks at each pressure and at the base
temperature are reasonably fitted by the hexagonal structure
with the space group P63 /mmc which was previously reported
for the room temperature [32]. The Rp factors for 1.4, 1.6, 1.8,
2.0, and 2.2 GPa are 8.2, 4.5, 3.8, 13.2, and 5.2%. We can
thus safely assume that the crystal structure with the space
group P63/mmc is retained at each pressure in the mag-
netic structure analysis. In the representation analysis, the
space group P63/mmc and the magnetic propagation vector
kmag = (1/3,1/3,0) lead to four irreducible representations
I's + I'y 4+ I's + I'g. The basis vectors for I'; and I'4 exhibit the
easy-axis type structures with the magnetic moments along the
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FIG. 2. The @ scans for (1/3,1/3,0) reflection measured at
T = 1.6 K. The blue and red circles are data at 0.0 and 2.0 GPa,
respectively. The inset is the temperature dependence of the magnetic
Bragg peak intensity for (1/3,1/3,0) reflection measured at 2.0 GPa.

¢ axis in which the moments are modulated by the propagation
vector. The basis vectors for I'5 and I'¢ exhibit 120° structures
in the ab plane. The relations of the neighboring moments
along the c axis are ferromagnetic for I'; and I'¢, and those are
antiferromagnetic for I'y and T's.

The magnetic Bragg peaks are observed in the case of [ = 0
and notin the case of [ = 1 aslisted in Table I, which means that
the alignment of the moments along the ¢ axis is ferromagnetic.
Then the models of I'4 and I'5 are excluded. Calculated neutron
intensities at the / = 0 reflections for I'; and I'¢ are the same.
Consider that CsFeCl; has the easy-plane type anisotropy,
the model of the I'; exhibiting easy-axis type structure is not
reasonable, and the model of the I'¢ is selected. As the result
of the Rietveld refinement in Fig. 3, the structure for I'g gives
a good agreement with the experimental data. The magnetic
moments therefore form the 120° structure in the ab plane,
and ferromagnetically propagate along the ¢ axis as shown in
the inset of Fig. 3. The refined magnitude of the moment and
refinement factor for each pressure are listed in Table II.

To discuss the universality class of the pressure-induced
ordered phase, we estimate the critical exponent of the order
parameter. Unlike a typical second-order transition, the order
parameter exhibits a broad transition as shown in the inset of
Fig. 2. We presume that the inhomogeneity of the pressure leads
to the distribution of the transition temperature Ty [38—41].
Then the temperature dependence of the magnetic peak is

TABLE 1. Integrated intensities of the magnetic Bragg peaks at
1.6 K and at 2.0 GPa.

(h,k.,1) |F|? (arb. units)
(1/3,1/3,0) 87.06
(2/3,2/3,0) 43.39
4/3,—1/3,0) 41.88
(1/3,1/3,1) 0
(2/3,2/3,1) 0
(4/3,—1/3,1) 0
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FIG. 3. Magnetic structure factors measured at 1.6 K and at 2.0
GPa plotted against those obtained by the model calculation for I'g.
The inset is an example of the magnetic structure for I'¢.

expressed by
41n(2) / (t — Tn)?
I(T)y=I+A | —= —41n(Q2)————
N=h+ \ 7AT] eXp( n(2) AT?
x (t — T)*Pdr, )

where [ is offset, A is the scaling factor of the intensity, ATy
is the fluctuation of Ty, and B is the critical exponent. ATy
is fixed to be 0.4 K, since the accuracy of applying pressure
is 0.1 GPa and the Ty shifts by 0.4 K with the change of
0.1 GPa in the pressure-temperature phase diagram [35]. We
perform the fitting to the data at 2.2 GPa because the Ty is
the highest and the number of data points is the most among
the measured pressures. The data in therange of 4.5 K < T <
7.0 K are used for the fit, where the [ is evaluated from the
high-temperature data. Fitting parameters are Ty, A, and B.
As a result of the fitting, the transition temperature Ty = 5.6
K and the critical exponent 8 = 0.24(1) are obtained. Using
the value of the critical exponent, the Ty of other pressures are
refined. The refined Ty’s are listed in Table II.

The temperature evolution of the order parameters is shown
in Fig. 4. The scaled temperatures t = T /Ty are used. The
magnitude of the moment at each pressure is scaled by that
at t = 0.56 which corresponds to the base temperature of the
data at 1.4 GPa. The order parameters for all the pressures yield
to the same curve, indicating that the universality class of the
ordered phase is independent on pressure.

The obtained exponent 8 = 0.24(1) is close to 8 = 0.253
which is the theoretical prediction for an XY stacked triangular

TABLE II. The estimated 7y and magnitude of the magnetic
moment | M| at each pressure.

P (GPa) I (K) M| (1uB) Rg (%)
1.4 2.8 2.63(4) 7.23
1.6 3.8 2.87(5) 7.62
1.8 4.5 3.10(6) 10.1
2.0 4.7 3.16(5) 7.63
22 5.6 3.15(2) 3.47

1.0 R

1.4GPa L +
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FIG. 4. Temperature evolution of the order parameter for each
pressure. The temperatures are scaled by ¢t = T /Tn. The order
parameters are scaled by the magnitudes of the moments at r = 0.56.
Yellow, blue, and black solid curves indicate calculation curves having
the critical exponents B of 0.24(1), 0.253, and 0.34, respectively. The
inset is the log-log of (m/m;—gs¢)* vs (Ixn — T)/ Ix.

AF (STA) [42,43]. The temperature dependences of the order
parameter using critical exponents 8 = 0.253 for the XY STA
model and 8 = 0.34 for the 3D XY model [44] are indicated
by the blue and black solid curves in Fig. 4. The parameters
other than B are the same as those at 2.2 GPa. Compared with
the theoretical curves, the XY STA model is more reasonable
than the 3D XY model. Considering the lattice symmetry
and the strong easy-plane anisotropy [33], we can safely
conclude that the universality class in CsFeCls belongs
to the XY STA model. So far, the universality class of
the Heisenberg or XY STA model has been reported in
CsMnBrs [8 = 0.25(1)] [45], CsCuCls [B = 0.25(2)] [46],
and CsNiCls [B = 0.243(5)] [47] even though all of them
exhibit the magnetic long-range order already at ambient
pressure, suggesting the absence of pressure-induced QPT,
and inaccessibility to the QCP.

The XY STA model is characterized by the continuous
U(1) and discrete Z, symmetries, i.e., U(l) x Z, symmetry
[42,43]. In this symmetry, it is predicted that a chiral liquid
state [31,48,49], in which only the Z, symmetry is broken
and the vector chirality x;; = S; x S is ordered, emerges on
the side of the quantum disordered phase. The chiral liquid
state can be detected by the measurement of dielectric property
because the vector chirality is related to magnetoelectric effect
based on the spin current mechanism [50-52]. The chiral liquid
state in the XY STA model has not been observed in CsMnBr3,
CsCuClj, and CsNiCls, which exhibit the magnetic long-range
order at ambient pressure. CsFeClj is thus a candidate that is
accessible to the chiral liquid state in the vicinity of the QCP
in the disordered phase.

In conclusion the 120° structure with the propagation vector
of ke = (1/3,1/3,0) was evidenced in the pressure-induced
ordered phase of CsFeCls by the combination of the neutron
diffraction experiments under pressures and magnetic structure
analysis. The critical exponent of the order parameter was
estimated to be 8 = 0.24(1), which was consistent with that
for the XY STA model 8 = 0.253. This criticality belongs to
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the universality class U (1) x Z; in which the chiral liquid state
is predicted. The study on the spin dynamics under pressure
has a chance to observe a nontrivial magnon in the vicinity
of the QCP in the frustrated triangular lattice for a future
perspective.
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