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We report thermodynamic and neutron scattering measurements of the triangular-lattice quantum Ising
magnet TmMgGaO, in longitudinal magnetic fields. Our experiments reveal a quasi-plateau state induced
by quantum fluctuations. This state exhibits an unconventional non-monotonic field and temperature
dependence of the magnetic order and excitation gap. In the high field regime where the quantum fluc-
tuations are largely suppressed, we observed a disordered state with coherent magnon-like excitations
despite the suppression of the spin excitation intensity. Through detailed semi-classical calculations,
we are able to understand these behaviors quantitatively from the subtle competition between quantum
fluctuations and frustrated Ising interactions.

© 2021 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Ising model is a stereotype model in modern statistical physics
and has revolutionarily advanced our understanding of phase tran-
sitions [1]. It can be realized in quantum magnets with a strong
easy-axis anisotropy that pins the spin moments towards a fixed
axis. Due to the pinning effect, the quantum effect is suppressed,
and the physics becomes rather classical [2]. To introduce quantum
effects, one usually applies an external magnetic field along the
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transverse direction and creates a quantum Ising model [3-7]. Rep-
resentative examples of this type include the quasi-one-
dimensional magnets CoNb,Og (Ref. [8]), BaCo,V,05 (Refs. [9-
11]), and SrCo,V,0g (Refs. [12,13]), in which quantum criticality
and novel transitions have been reported. Nevertheless, the exper-
imental realization of quantum Ising model in two dimensional
systems is rare despite decades of theoretical efforts [4,14-18]. In
contrast to this conventional route, nature provides a distinct
example of quantum Ising magnets that build quantum mechanics
intrinsically in the system. The observation is that, although the
exchange interaction is primarily Ising like, the intrinsic crystal
electric field (CEF) splitting of the Ising moment naturally creates
quantum effects out of these classically interacting degrees of free-
dom [19-21]. These systems are quoted as “intrinsic quantum
Ising magnets”.
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https://doi.org/10.1016/j.scib.2021.08.012
mailto:gangchen.physics@gmail.com
mailto:zhaoj@fudan.edu.cn
https://doi.org/10.1016/j.scib.2021.08.012
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

Y. Qin et al.

Science Bulletin 67 (2022) 38-44

(a)

Energy
C,/T (J mol'" K?)

0T
01T

(e)

T 07T Phase I: zero-field phase

1T

XYY XREE

(b) I

1.5 1

-
o

(-K, K, 0) (r.l.u.)
Temperature (K)

e
[6)]
T

0

0.4
(H, H, 0) (r.l.u.)

0.6

HoH (T)

Fig. 1. (Color online) Heat capacity and magnetic phase diagram of TmMgGaO,. (a) Schematic of the low energy CEF levels of Tm?

* ions in TMMgGa0,. The ground-state

quasi-doublet is well separated from the high-energy excited state (A ~ 38 meV), indicating an effective spin-1/2 state at low temperature [23,29]. (b) Sketch of the reciprocal

space in xy plane. The dashed lines denote Brillouin zone boundaries and the wavevector is defined as Q = Ha* + Kb + Lc*;

r.l.u., reciprocal lattice unit. (c) Magnetic heat

capacity in various longitudinal fields (H||z). The phonon contributions were subtracted by measuring the non-magnetic iso-structural LuMgGaO, single crystal. The transition
temperatures are marked by black triangles. (d) Magnetic phase diagram consisting of field dependent Ty determined from heat capacity, and spin gaps at K points
determined from INS data below 0.15 K. The phase diagram can be divided into three parts. Phase I: zero-field phase; Phase II: intermediate phase; Phase III: high-field phase.
The dashed line is a guide to the eye. (e)-(g) Schematics of the semi-classical spin structures regarding the three phases in (d). The dashed lines denote the virtual y direction

and different colors indicate three different sublattices.

The triangular-lattice antiferromagnet TmMgGaO, (Ref. [22]) is
a promising candidate for such requirements. Due to the strong
spin-orbit coupling (SOC) and CEF splitting, the CEF ground state
wave function of Tm>* ions is dominated by J* = +6, leading to a
large magnetic moment of 6.59 w;/Tm** and Ising spin nature
[23]. Thus, quantum effects are expected to be significantly sup-
pressed. Interestingly, however, the TmMgGaO, CEF ground state
is a quasi-doublet composed of two singlets separated by a small
energy gap that can be mapped into an effective transverse field
h, (Fig. 1a). In this case, the transverse field, which is intrinsic in
origin and homogeneous in general, leads to quantum tunneling
effects among various Ising spin configurations and strongly com-
petes with the Ising-type interactions [19-21]. Different from the
coherent quantum fluctuations in quantum spin liquids that lead
to long-range entanglement [24-27], the quantum effects here
are of single-ion level and will potentially stabilize three-
sublattice ordering. Meanwhile, short-range quantum entangle-
ment emerges from the non-commutativeness between transverse
field and Ising interactions, which may renormalize the magnetic
interactions. The magnetic properties can be effectively described
by the transverse field Ising model (TFIM) [23,28]

ijfsfsz > (hyS +B.S)),
i

where the Ising exchange interactions can be kept within the first
few neighbors and are geometrically frustrated. Intriguingly, due
to the large g-factor in TmMgGaO, (g, ~ 13.18) [29], the contribu-

(1)

39

tion from external longitudinal field, B, = g 143B, is comparable to
the Ising interactions and quantum fluctuations so that the inter-
play between quantum and classical contributions can be easily
tuned by external field. Therefore, TmMgGaO4 provides a unique
platform to manipulate the quantum effects in a controlled manner.
Moreover, in rare-earth materials, due to the complex SOC and
CEF splitting, the pseudo-spins can host multipolar behaviors [30-
32]. In the case of TmMgGaO,, we find that the transverse compo-
nents of the pseudo-spins, S* and S, behave as multipoles that can-
not be directly detected by neutron diffraction while the
longitudinal one, S?, remains dipolar. Its zero-field magnetic
ground state is an intertwined dipolar and multipolar order in
which the dipolar S* forms a three-sublattice clock phase and the
multipolar S*/S” components are ferro-aligned [23,28]. The
observed spin excitations are in a reasonable agreement with the
linear spin wave (LSW) theory, in which, however, only S,, channel
is detectable, arising from the coherent spin wave excitations and
fluctuations of the multipolar components [32,33]. In this paper,
we continue this research and study the evolution of intrinsic
quantum properties of TmMgGaO, in longitudinal fields.

2. Results
2.1. Heat capacity and neutron diffraction

We start by reviewing the phase transitions of TmMgGaO,4 in
absence of external field. Although no /-shaped transition is pre-
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Fig. 2. (Color online) Neutron diffraction data as a function of field and temperature. (a), (b) Temperature dependence of the peak intensities and full-width at half-maximum
(FWHM) of the magnetic Bragg peak at K; point. (c) Qscans near the magnetic peak, Q = (1/3, 1/3, 0), in different longitudinal fields. (d) Field dependence of the fitted
amplitude of the magnetic peaks at different temperatures. (e) Representative Qscans near the magnetic peak at different temperatures in external field of 1.5 T. (f)
Temperature dependence of the fitted peak amplitude at Q = (1/3, 1/3, 0) in different fields. The solid lines in (c) and (e) are the fitting results with Gaussian profiles and a flat
background, which are also used to evaluate the peak intensities and FWHM in (a), (b), (d) and (f). Data in (c), (e) and (f) are collected at FLEXX spectrometer. a.u., arbitrary

unit; cts/s, counts per second; cts/min, counts per minute; error bars, 1 s.d.

sent in the heat capacity data (Fig. 1c), well-defined magnetic
Bragg peak associated with the three-sublattice spin order is
observed at the K point, Q = (1/3, 1/3, 0), at low temperature
(Fig. 2c). With temperature decreasing from 20 K, the intensity
gradually increases with reduced peak width (Fig. 2a, b). The most
abrupt change takes place around 1 K, which corresponds to a
shoulder-like anomaly in the heat capacity (Fig. 1c). Both the peak
intensity and peak width saturate below ~0.4 K. When a small
magnetic field is applied along the longitudinal z direction, the
heat capacity shows a sharp anomaly, indicating a new magnetic
phase transition (Fig. 1c). The transition temperature, Ty, increases
with increasing field, reaches a maximum at ~1.5 T, and then
decreases with further increasing field (Fig. 1d). The transition
completely vanishes above ~2.7 T.

To elucidate the nature of the phase transitions in longitudinal
fields, we performed neutron diffraction measurements at various
temperatures. As shown in Fig. 2¢, d, the magnetic Bragg peak
intensity at K point with temperatures of 0.04, 0.12 and 0.8 K also
shows a maximum around 1.5 T, and disappears at ~2.7 T. This
indicates that the phase transition seen in heat capacity measure-
ments is also associated with the K point order. Moreover, the peak
intensities in magnetic fields of 0.5, 1, and 1.5 T are enhanced in
the intermediate temperature range (0.2 <T <0.8 K) below Ty, dis-
tinct from a conventional order parameter behavior (Fig. 2e, f). The
unusual enhancement of the magnetic peak on warming is due to
the competition between thermal and quantum fluctuations, as
will be discussed subsequently.

2.2. Inelastic neutron scattering

The enhancement of magnetic order in longitudinal fields has
been interpreted either as the consequence of quantum fluctua-
tions in TFIM [28], or large CEF randomness induced by structural
disorder [29]. To further distinguish these two scenarios, we used
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inelastic neutron scattering (INS) to measure the detailed field
dependence of the spin excitations in TmMgGaO,. Fig. 3a-e exhibit
a series of neutron spectra along the high symmetry directions in
various fields. Compared with the zero-field data in Fig. 3a, the
overall spin excitations in external field of 1.5 T tend to shift
towards higher energies, leading to an enlarged spin gap
(Fig. 3b). This is clearly inconsistent with the CEF randomness pic-
ture in which it was suggested that the system would be gapless in
external field [29]. Instead, it can be readily understood without
introducing much structural disorder. Below 1.5 T, the spin gap
increases with increasing field (Fig. 1d). Thus, the system needs
more energy to excite the quasi-particles from the magnetic
ground state, implying a more stable order. Consequently, the
magnetic Bragg peaks at K points are getting stronger and Ty is
higher. Above 1.5 T, the spin gap gradually decreases with field
and both the magnetic peak intensity and Ty are reduced
(Figs. 1d, 2d). When the external field goes across the transition
of ~2.7 T into the high-field regime, the spin gap reappears, indicat-
ing that the external field overcomes the spin-spin correlations
and the Zeeman term dominates the spin dynamics, making the
excitations less dispersive (Fig. 3e). The relatively sharp excitations
observed in various fields suggest that the structural disorder is not
significant in TmMgGaO,.

The Ising interactions arise from the exchange and dipole-
dipole interactions among Tm>* local moments. For a classical Ising
model, the excitations correspond to Ising spin flipping and are
non-dispersive. In TmMgGaO,, due to the presence of intrinsic
transverse field, the excitations become dispersive. To further
determine the nature of the spin excitations, we carried out polar-
ized neutron scattering measurements on TmMgGaO,. It is shown
that the spin excitations are essentially longitudinally polarized in
the S,, channel while the transverse S,  component is absent
(Fig. 4a) (Supplementary materials). This is completely different
from the classical spin wave with only transverse excitations at
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Fig. 3. (Color online) Spin excitations in different longitudinal fields at 0.12 K. (a)-(e) INS spectra of the spin excitations in TmMgGaO, along the high symmetry directions
marked by the black arrows in Fig. 1b in the indicated fields. (f)-(j) Calculated spin wave dispersions using the model specified in the main text. Intensities in (e) and (j) are
multiplied by 6. The intensity scale for the inelastic spectra is uniform throughout the text.

low energies. Therefore, the longitudinal channel of INS spectra, S,
manifests the quantumness of the excitations that are strictly for-
bidden for classical spins.

2.3. Phase diagram

After confirming the quantum fluctuations in TmMgGaO,4, we
can understand the phase diagram comprehensively. Due to the
single-ion quantum fluctuations, the dressed Ising moments are
no longer homogeneous but modulated from site to site, the order
of which resembles the spin density wave in quantum spin chains
[34]. In zero field, the competition between classical Ising interac-
tions and quantum fluctuations drives the system into a three-
sublattice phase with up-down-zero configuration in each triangle
(Phase I in Fig. 1d). The quantum fluctuation in this phase is so
strong that the magnetic moments are significantly reduced. In
weak longitudinal fields, the classical triangular-lattice Ising
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magnet would evolve into a two-up-one-down 1/3-plateau state
[35-39]. In TmMgGaO,, the quantum fluctuations turn it into a
quasi-plateau phase with modulated spin moments (Phase II).
Here, the external field acts as an extra classical contribution and
suppresses the quantum effects. As a result, the magnetic order
is enhanced with stronger magnetic peaks at K points, higher Ty
and a larger spin gap. Since the spin dynamics here are of quantum
origin, the INS intensity is weaker (Fig. 4b, c). Moreover, at higher
temperatures, the quantum effects are partially quenched due to
the thermal fluctuations, leading to enhanced magnetic Bragg
peaks at higher temperatures (Fig. 2e, f). When the field is further
increased towards the transition field y,H. ~ 2.7 T, the quantum
fluctuation is enhanced again and the rebuilt quantum effects sup-
press the static magnetic order, reduce the spin gap and lower the
transition temperature while the quantum excitations grow in
intensity (Figs. 1d, 4b, 4c). Above u,H., the three-sublattice mag-
netic order is completely eliminated and the system enters the
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Fig. 4. (Color online) Polarized neutron scattering data and the field dependence of the spin excitations. (a) Energy scans at K;, 0 T and 1.7 K in all the three spin-flip (SF)
channels which correspond to different excitation components (Supplementary materials). The tiny peak in SFz channel may come from the leakage of non-spin-flip channel.
(b) Energy dependence of the scattering function integrated through the whole Brillouin zone (—0.5 < L < 0.5) in different external fields at 0.12 K. (c) Field dependence of the
total local moment (m?) (All) and the separated elastic and inelastic contributions (Supplementary materials). (d) The external field term, 8 UyB, used during the LSW
calculation versus the experimentally applied field values, u,H. The dashed red line denotes the linear fitting of the data points in Phase III, which gives the g-factor along the

z direction.

nearly polarized state (Phase III), making the magnetic state more
classical. Meanwhile, the spin gap increases with field and the
quantum excitations are progressively suppressed (Fig. 3c-e).

2.4. Spin wave calculation

To quantitatively describe the field tuned quantum effects, we
utilize mean-field approach to solve TFIM by introducing the vir-
tual y axis, which lies in the structural ab plane but does not corre-
spond to any real direction, and can even vary from site to site. In
this semi-classical picture, the pseudo-spin has a uniform size but
becomes tilted from the Ising axis to y direction owing to the trans-
verse field. The effective spin structures of the three phases are
illustrated in Fig. 1e-g. Since the transverse components of the
effective spins, S and &, transform as multipoles, only the moment
projection in the z direction contributes to the magnetic Bragg
peak, making the peak intensity at K point vary with longitudinal
field (Fig. 2d). Regarding the INS process, measuring S° moment
will flip the multipolar components and trigger coherent spin wave
excitations in S,, channel [32,40], consistent with our polarized
neutron measurements. Based on this, we use LSW theory through
the spinw program to simulate the quantum excitations of TFIM in
longitudinal fields [41]. The Ising interactions and transverse field
term are determined by fitting the zero-field spin excitation spec-
tra, which are J¥ = 0.54 meV, J¥ = 0.026 meV, h, = 0.62 meV [23].
We show that the LSW theory can describe the observed quantum
excitations throughout the phase diagram (Fig. 3f-j). The field-
dependent evolution of the magnetic Bragg peak, spin gap, overall
spectra intensity and dispersions are reproduced reasonably well
by the LSW theory (Supplementary materials).We note that the
simulated magnetic field is slightly smaller than the applied field
(Fig. 4d); this is probably due to the collective quantum effect that
is not considered in the LSW calculations. More sophisticated cal-
culation such as the renormalized spin wave theory that takes into
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account the quantum correction to ordered moments may further
refine this analysis. A recent quantum Monte-Carlo (QMC) calcula-
tions actually suggested slightly larger exchange coupling
constants than the LSW theory calculations, but the ratio of J,/J;
remains nearly the same, which is not surprising and does not
qualitatively change the magnetic structure and phase diagram
based on semi-classical calculations [28,42]. When the external
field is relatively large, collective quantum effects are largely sup-
pressed and the LSW calculation becomes more accurate. We can
extract the effective g-factor of 13.79 from the high field fitting
(Fig. 4d), which is close to the reported value determined by
magnetization measurement [29].

3. Discussion and conclusion

It has been suggested theoretically that Phase I will melt in a
two-step manner through two Berezinskii-Kosterlitz-Thouless
(BKT) transitions and the intermediate BKT phase hosts an emer-
gent U(1) symmetry [15-17,28,42]. Furthermore, it is predicted
that in the BKT phase the magnetic susceptibility will diverge in
the small longitudinal field limit with a unique scaling behavior
[16,17]. However, this is not observed in our magnetization mea-
surements (Supplementary materials). A recent work reports sus-
ceptibility data and numerical simulation showing BKT behavior
between 0.6 and 0.9 T [43] which, however, lies deep into Phase
II of our phase diagram. It has been well established that as a
quasi-long-range ordered state, the BKT phase is fragile to pertur-
bations and can be easily killed by external field (<0.1 T) as indi-
cated by QMC calculations [44]. Thus, the claimed evidence for
BKT physics for the up-down-zero phase and the comparison are
then irrelevant. In addition, no divergence of susceptibility was
found in Ref. [43] near the zero-field regime. It should be noted
that according to QMC simulation [44], the upper BKT transition
would involve into a second-order transition in longitudinal field,
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which is also inconsistent with Ref. [43]. An earlier calculation sug-
gested that a new magnetic peak at M point should appear at high
temperatures owing to proliferated vortex-antivortex pairs [42],
which is not observed in our neutron scattering measurements
(Supplementary materials).

To summarize, we have performed neutron scattering measure-
ments on the intrinsic quantum Ising magnet TmMgGaO, in longi-
tudinal fields. In weak field, the zero-field three-sublattice order is
replaced by an intermediate quasi-plateau phase, in which both
the static moments and spin gap behave in a non-monotonic man-
ner as a function of external field. In high field, the system is driven
into the field-induced polarized state. Through a semi-classical
analysis, we show that the observed magnetic order and the asso-
ciated quantum excitations can be well described by TFIM
throughout the phase diagram with the subtle competition among
quantum fluctuations, frustrated Ising interactions, and thermal
fluctuations. Our results demonstrate that TmMgGaO,, as a rare
experimental realization of 2D TFIM, is a remarkable platform to
illustrate the interplay between quantum and classical interac-
tions, and that the associated quantum states can be manipulated
through external fields in a highly controlled manner.
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