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Amplitude modes in three-dimensional spin dimers away from quantum critical point

M. Zhu®,! M. Matsumoto,? M. B. Stone,’> Z. L. Dun,* H. D. Zhou,* T. Hong,3 T. Zou,! S. D. Mahanti,! and X. Ke!-"
' Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
2Department of Physics, Shizuoka University, Shizuoka 422-8529, Japan
3Quantum Condensed Matter Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
4Department of Physics and Astronony, University of Tennessee, Knoxville, Tennessee 37996, USA

® (Received 18 October 2018; revised manuscript received 24 September 2019; published 19 November 2019)

Magnetic excitations of long-range ordered localized spin systems are generally well described by the linear
spin-wave theory which accounts for phase fluctuations of the order parameter. In contrast, quasiparticles
associated with amplitude fluctuations are only observed in a few quantum antiferromagnets close to a quantum
critical point (QCP), where the ordered moment is suppressed significantly from its fully saturated value. Via
inelastic neutron scattering measurements and extended spin-wave calculations, we present the observation and
explanation of amplitude modes in the magnetic excitation spectra of three-dimensional S = 3/2 spin dimers
Cr, TeOg and Cr,WOg, which nevertheless are away from the QCP with the ordered moment reduced by only
~24%. We show that the large spin of Cr** and narrow bandwidth of the amplitude modes render their detection
even in polycrystalline samples. This paper suggests that amplitude modes are not the privilege of ordered spin
systems in the vicinity of a QCP, but may be common excitation modes that can survive even away from the QCP,
paving a way to search for and understand the physics of amplitude fluctuations in antiferromagnets beyond the

quantum spin limit (S = 1/2).

DOI: 10.1103/PhysRevResearch.1.033111

I. INTRODUCTION

Quasiparticles in condensed-matter systems can behave
analogously to those investigated in nuclear and particle
physics. In recent years significant efforts have been invested
to search for condensed-matter analogs of Majorana fermions
[1] and Higgs bosons [2]. The idea of a Higgs boson was
proposed by Anderson [3] even earlier than the prediction
of such bosons in particle physics [4,5]. In condensed-matter
systems Higgs-like quasiparticles, sometimes referred to as
Higgs modes although the analog may be partially complete,
are collective excitations associated with amplitude fluctua-
tions of the order parameter. They have been found in certain
superconductors [6-9], collections of ultracold atoms [10],
density-wave systems [11-13], and quantum antiferromagnets
[14-22].

For localized spin systems, in general, excitations of a
long-range ordered state can be well described by the lin-
ear spin-wave theory (LSW), which gives rise to transverse
Nambu-Goldstone modes (7 mode) arising from phase fluc-
tuations of the order parameter. When ordered spin systems
are close to a quantum critical point (QCP), longitudinal
modes (L mode), also known as amplitude modes, have
been predicted to emerge in the magnetic excitation spectra

“Corresponding author: ke @pa.msu.edu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2019/1(3)/033111(9) 033111-1

[23-27]. A prototypical example is an S = 1/2 spin dimer
system consisting of two nearest-neighbor spins coupled an-
tiferromagnetically. If the intradimer exchange dominates,
the system exhibits a singlet (S, = 0) ground state with a
gapped triplet (Syr = 1) first excited state [28]. As interdimer
interactions become stronger, the system undergoes a phase
transition from a quantum disordered state to a long-range
magnetically ordered state, in which longitudinal fluctuations
in the magnitude of the sublattice magnetization give rise to
amplitude modes. However, the experimental realization and
observation of amplitude modes in quantum spin systems is
rare, particularly limited to quasi-one-dimensional § = 1 spin
chains [23,29,30], two-dimensional coupled S = 1/2 two-leg
spin ladders [20], and S = 1/2 spin dimers [15,16,18]. This is
in part because it is rare to have spin systems with the ground
state close to a QCP and excitations within an appropriate en-
ergy range accessible using spectroscopic probes, and in part
because amplitude modes have a finite lifetime, decaying into
a pair of transverse Goldstone modes making an experimental
observation difficult [31-34].

In this paper, we present an unanticipated observation
of amplitude modes in the magnetic excitation spectra of
Cr,TeOg and Cr, WOg, both of which are away from a QCP,
via inelastic neutron scattering (INS) measurements. The
measured amplitude modes and transverse Goldstone modes
can be well described using the extended spin-wave (ESW)
theory [35]. Although these two compounds are not close to
a QCP, the large spin quantum number of Cr’* (S = 3/2)
and the narrow bandwidth of amplitude modes make the
detection of amplitude modes possible in polycrystalline
samples. This work provides insights into the search for
quasiparticles involving Higgs-like amplitude fluctuations in
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FIG. 1. Schematics of the crystal and magnetic structures of (a) Cr,TeOg and (b) Cr,WOs. (c) Exchange interactions between Cr>* ions.
Two spins within a dimer are coupled by an antiferromagnetic exchange interaction (J; > 0). The dimers interact with each other by interdimer
interactions (J, and J3). The magnetic structure in the ordered phase indicates that J; < 0 (ferromagnetic) in both Cr, WOg¢ and Cr, TeOg, while
J, is ferromagnetic (J, < 0) in Cr,WOg and antiferromagnetic (J, > 0) in Cr,TeOg, respectively.

condensed-matter systems, particularly in spin dimers beyond
S=1/2.

Cr,TeOg and Cr,WOg crystallize in an inverse trirutile
structure composed of edge-sharing CrOg octahedra separated
by TeOg or WOg octahedra. As shown in Figs. 1(a) and 1(b),
the nearest-neighbor Cr** ions with S = 3/2 separated by
~3 A are coupled antiferromagnetically (J; > 0), which is
much stronger than the further-neighbor interactions (~3.8 A)
[36]. Thus, the two nearest-neighbor Cr** spins form § = 3/2
dimers, whose dominant exchange interactions between Cr3t
spins are illustrated in Fig. 1(c). Both compounds exhibit a
long-range antiferromagnetic order with Néel temperatures
Tn = 93K for Cr,;TeOg and Ty = 45K for Cr,WOg, respec-
tively, implying the important role of interdimer interactions.
Interestingly, though the lattice parameters, bond lengths, and
bond angles are very close, these two materials display very
distinct ground-state magnetic structures [Figs. 1(a) and 1(b)],
i.e., the interdimer interaction in Cr,TeOg is antiferromag-
netic (AF) (J; > 0) whereas that in Cr, WOy is ferromagnetic
(J» <0) [37,38]. In spite of a highly insulating therefore
ionic electronic ground state, the ordered moments of these
two compounds are ~2.3 ug, which are reduced from the
fully saturated value of Cr3t B up) [38] only by ~24%.
This implies that they are not in the vicinity of a QCP,
therefore the observation of amplitude modes is naively not
anticipated.

II. MATERIALS AND METHODS

Polycrystalline samples of Cr,TeO¢ and Cr,WO¢ were
synthesized using the solid-state chemistry reaction method
reported earlier [37]. The quality of the samples has been
verified by powder x-ray and powder neutron diffraction
measurements. The lattice parameters of Cr,TeOg are a =
b=4545A and ¢ = 8.995A and of CroWOQOg are a =b =
4.584 A and ¢ = 8.853 A, respectively. Inelastic neutron scat-
tering (INS) measurements were performed using the SE-
QUOIA time-of-fight spectrometer at the Spallation Neu-

tron Source at Oak Ridge National Laboratory. The incident
neutron energy of most of the INS data presented in this
paper was fixed as E; = 65 meV in order to cover a large
enough area in energy and momentum (E —|Q|) transfer space.
The energy resolution is ~1.9 meV at elastic scattering [de-
termined by the full width at half maximum (FWHM) of
incoherent scattering]. Samples of ~4 g each were loaded
in a standard aluminum sample can with helium exchange
gas and mounted onto a closed-cycle refrigerator. At each
temperature, an identical empty sample can was measured for
background subtraction.

III. RESULTS

A. Magnetic excitation spectra at T < Ty

Figures 2(a) and 2(b) show the powder-averaged magnetic
excitation spectra of polycrystalline Cr,WOg and Cr,TeOg as
a function of energy transfer E and momentum transfer |Q| at
T = 4 K measured by INS. In Cr, WOg, excitations have been
observed at 0 < E < 10 meV emanating from the magnetic

Bragg reflection (001) (|Q] ~ 0.72 A_l) and equivalent |Q|
positions in the reciprocal space. No spin gap is observed
within an energy resolution ~0.92 meV at elastic scatter-
ing measured using a lower incident energy E; = 30 meV
(Fig. S1 [39]). The intensity of these excitations is strongest

around |Q] ~ 1.27A" and E ~ 9.0 + 0.4 meV. Strikingly,
an additional gapped mode centered at E &~ 12.0 £ 0.4 meV
is also observed. Cuts through the data are presented in
Figs. S2(a) and S2(b) of the Supplemental Material (SM) [39].
This mode is less dispersive [Fig. 2(a)], and the dependence
of its intensity on |Q| indicates that it is magnetic in origin
[Fig. 3(a)]. Furthermore, there is another excitation mode
around E ~ 21.0 & 0.4 meV as shown in Fig. 3(b). To better
visualize these two additional modes, Fig. 4(a) shows cuts of
the INS intensity as a function of E with |Q| integrated from

1.2to 1.5 A_l. At T = 4K, three distinct modes are observed
at E ~ 9, 12, and 21 meV, respectively.
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FIG. 2. (a), (b) Powder-averaged magnetic excitation spectra as a function of energy transfer E and momentum transfer |Q| of Cr,TeOg and
Cr,WOg at T = 4 K, respectively. Powder-averaged magnetic excitation spectra calculated by (c), (d) the LSW theory, and (e), (f) the ESW

theory. Vertical dashed lines represent the |Q| integration range in Fig. 4.

Similarly, in Cr,TeOg there are modes in the magnetic
excitation spectra but with a higher-energy scale 0 < E <
19 meV as seen in Fig. 2(b). In spite of the difference in
the sign of J, in these two compounds, a gapped mode is
also observed at E &~ 23.0 £ 1 meV in Cr,TeOg¢ as shown in
Figs. 3(c) and 4(b).

B. Magnetic excitation spectra at 7' > Ty

We have also measured the powder-averaged magnetic
excitations of Cr,WQOg and Cr,TeOg at T > Ty, as shown

in Figs. 4 (red symbols) and 5. For Cr,WOg measured at
T = 60K, a broad peak is seen at low E which might be
ascribed to short-range correlations of the antiferromagnetic
order persisting above Ty [Fig. 5(a)]. At temperatures (i.e.,
T = 160K) well above Ty (Fig. S3 [39]), short-range corre-
lations of the antiferromagnetic order disappear. The triplet
excitations of the dimers propagate via interdimer interactions
and form gapped magnon modes. Similarly, a broad distribu-
tion of magnon intensity associated with short-range magnetic
correlation is also observed in Cr,TeOg when measured at
120 K [Fig. 5(b)], which is slightly above 7y. In contrast,
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FIG. 3. Powdered-averaged magnetic excitation spectra measured by INS in Figs. 2(a) and 2(b) with a different color scale to highlight
the modes at (a) E ~ 12 meV and (b) E ~ 21 meV in Cr,WOy and (c) over 20-28 meV in Cr,TeOg. Vertical dashed lines represent the |Q|

integration range in Fig. 4.
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FIG. 4. INS intensity as a function of energy transfer £ at 7 = 4 K (black square) and T > Ty (red circle) of (a) Cr, WOg and (b) Cr,TeOg.
Insets display the zoom-in view of 15 < E < 28 meV for Cr,WOg, and 20.5 < E < 28 meV for Cr, TeOg. Solid curves show the INS intensity

calculated by the ESW theory at T = 0 K. |Q)| is integrated from 1.2 to 1.5 A for Cr,WOg and 1.3 to 1.6 A for Cr, TeOg.

the higher-energy modes at E & 12 and 21 meV observed in
CryWOg and at E =~ 23 meV in Cr,TeOg at low temperature
have been completely suppressed, affirming their magnetic
character.

IV. DISCUSSIONS

A. Linear spin-wave theory without anisotropy

To understand the magnetic excitations in Cr,WOg and
Cr,TeOg measured by INS, first, we discuss the results cal-
culated by the linear spin-wave theory (LSW). As shown in
Fig. 1(c), there are four Cr atoms in the tetragonal unit cell.
The Heisenberg Hamiltonian of the systems with a minimum
of three exchange parameters J;, J», and J3 [39] has the form

of
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FIG. 5. Powder-averaged magnetic excitation spectra measured
at T > Ty in (a) Cr,WOg at T = 60K, and (b) Cr,TeOq at 120 K,
respectively, with incident neutron energy E; = 65 meV.

for Cr,WOg and

H= leZ[s(”A SOE 4 ;{

—i—JzZZ [SA . 5@P 4 SO 5]

n
5y 2 [S . §(A 1 g g

S(S)B S(3)B

m

S(2)B A

in—1

. S8

(4A
+5S in in+1

l

2B o(2)B
S S s ]
@)
for Cr, TeOg, respectively. n represents the nth unit cell along
the ¢ direction. (i, j) implies that each bond is counted once.
A and B are indices for sublattices A and B. For example, S(l)A
represents the spin of Crl at site i in the nth unit cell. The
powdered-averaged magnetic excitation spectra calculated us-
ing an isotropic Hamiltonian are shown in Figs. 2(c) and 2(d).
Ji, J», and J3 have been chosen to reproduce the dominant
features (e.g., bandwidth, spectral weight maximum) in the
powdered-averaged magnetic excitation spectra measured by
INS (see Ref. [39] for more discussions).

The magnetic excitations below 10 meV can be well
explained by the LSW theory taking into account exchange
interactions Ji, J,, and J3 defined in Fig. 1(c), where the
powder average of two magnetic excitation branches accounts
for the observed spectra [Figs. 2(c) and S5(a) [39]]. Thus, the
magnetic excitations at 0 < E < 10 meV are characteristic
of the transverse Goldstone modes originating from spon-
taneously broken rotational symmetry in the magnetically
ordered state. Similarly, in Cr,TeOg, the excitations in the
energy range 0 < E < 19 meV can also be described by the
LSW theory [Figs. 2(d) and S5(b) [39]].

Itis important to point out that the additional gapped modes
at 12 and 21 meV in Cr,WOg¢ and at 23 meV in Cr,TeOg
cannot be captured by these LSW theory calculations with an
isotropic Heisenberg Hamiltonian [Figs. 2(c) and 2(d)].

B. Linear spin-wave theory with anisotropy

Next, we consider the LSW theory with an anisotropy term
in the spin Hamiltonian. We have performed LSW calcula-
tions for Cr,WOg and Cr,TeOg with a single-ion anisotropy
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FIG. 6. INS intensity as a function of energy transfer E of Cr, WOg and Cr,TeOg measured by INS (black symbols),
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12t0 15A ' in Cr;WOg and from 1.3 to 1.6 A" in Cr,TeOg, respectively. The black curve is calculated by the ESW theory. The red curve
is calculated by the LSW theory with an anisotropic term in the Hamiltonian: (a), (c) Single-ion anisotropy D = 1.2 meV for Cr,WO4 and
D = 2.5 meV for Cr,TeOg, respectively; (b), (d) XXZ-type exchange anisotropy y = 0.7 for both compounds. Insets show the mode at ~21
meV that can be reproduced only by the ESW theory. A linear background has been added in (a) and (b).

D and an XXZ-type exchange anisotropy y [defined in the
spin Hamiltonian Jn(S)’;S){ + SiS{ + yS;SZ ), where J, repre-
sents the intra- (n = 1) and interdimer (n = 2, 3) interactions],
respectively. In both compounds, inclusion of an easy-plane
type anisotropy D or an exchange anisotropy y leads to a
splitting of the transverse modes.

For Cr,WQg, the exchange parameters Ji, J>, and J3 and
anisotropy constants D or y have been finely tuned to capture
(i) transverse modes with an intensity maximum around
9 meV, and (ii) gapped transverse modes with an intensity
maximum around 12 meV. However, the calculated magnetic
intensity around 12 meV is much stronger than that observed
in Fig. 2(a), as shown in Figs. 6(a) and 6(b) where E cuts
of the powdered-averaged magnetic spectra measured by
INS, and the calculated results given by LSW theory with an
anisotropy term and by ESW theory (to be discussed next)
are plotted for a quantitative comparison. In addition, very
importantly, the second gapped mode at E ~ 21 meV shown
in Fig. 3(b) is absent in all LSW calculations. These two
points are difficult to improve by adjusting the strength of
exchange coupling or anisotropy.

The effect of anisotropy on the LSW results of Cr,TeOg
is qualitatively similar to Cr,WOg. The exchange parameters
Ji, J», and J3 and anisotropic coefficients D or y have been
finely tuned to capture (i) transverse modes with an intensity
maximum at ~16 meV, and (ii) gapped transverse modes at
~23 meV. To compare the INS intensity quantitatively, E cuts
of the powdered-averaged magnetic spectra measured by INS,
together with the calculated results given by the LSW theory

with an anisotropy term involved and the ESW theory, are
shown in Figs. 6(c) and 6(d). Though LSW theory can give
rise to modes at ~23 meV, the intensity is too strong compared
with that observed experimentally.

Therefore, we conclude that the single-ion anisotropy or
XXZ-type exchange anisotropy cannot account for all the
experimental observations.

C. Extended spin-wave theory

Since the weakly dispersing high-energy gapped modes
in the magnetic excitation spectra of Cr,WOg and Cr,TeOg
cannot be fully explained within LSW approximations where
only phase fluctuations of the order parameter have been
involved, these gapped modes might potentially be attributed
to amplitude modes associated with fluctuations of the magni-
tude of ordered moments. In order to understand the nature of
these magnetic excitations, we have extended the linear spin-
wave calculations for interacting spin dimer systems [35]. The
extended spin-wave (ESW) theory was originally introduced
to study multipole dynamics of quadrupole ordered phases in
CeBg [35]. It is equivalent to the bond operator formulation
introduced to study excited states in bilayer spin systems [40]
and interacting spin dimers [27,41]. The present formulation
has an advantage for investigating magnetic excitations in
complicated systems such as S = 3/2 spin dimers, where
there are 16 local states.

Starting from the crystal structure of Cr, WOg and Cr, TeOg
shown in Fig. 1(c), the Hamiltonian for interacting S = 3/2
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TABLEI. Exchange parameters and sublattice magnetic moment
of Cry,WO4 and Cr,TeOq obtained by ESW theory calculations
(Sec. VD [39]). The ordered moment has been normalized to the
full moment of Cr3* (M, = 3 ug).

Ji (meV) J, (meV) J3 (meV) M /M
Cr,WOg 5.25(67) —0.475(20) —0.10 0.794
Cr,TeOgq 9.40(54) 1.035(46) —0.10 0.820

spin dimers is given by the following general form,

H=Y "> Huali. )+ Y Hueli g, jo ). (3)
i W (i, jort)
The first term Hip, (i, 1) represents a Hamiltonian of a dimer
on the (= A, B) sublattice [Fig. 1(c)] in the ith unit cell. It is
written as

Hinga (i, 1) = ]lsiul : Si;/.r~ 4)

Si.y represents the S = 3/2 spin operator at the y [=1,r
top and bottom spins of the dimer in Fig. 1(c)] site in a
dimer. The second term Hipe (i, i, j, 1) is the Hamiltonian
for interdimer interactions between dimers on the w and u’
sublattices in the ith and jth unit cell, respectively. It is
expressed as

I-Iinter(i, M, j7 I’L/) = Z ‘]iIle./H/V/Si/’vV : Sij’)/'? (5)
y.y'=Lr

where Ji,,, juy 1s the exchange coupling constant. In Eq. (3),
the summation ) ( is taken over pairs of spins interacting
via J2 and J3 .

First, we solve the Hamiltonian with a mean-field approxi-
mation on the basis of dimer states,

inji')

Hy = J18a; - Sar + 402841 - (Spr) + 41284, - (Smi1)
+ 443841 - (Sar) + 45384 - (Sar),

Hp = J\Sp - Spr +4128p1 - {Sar) + 418 - (Sar)
+ 4J38p; - (Sp1) + 45388 - (Spr)-

Here, (- - -) represents the expectation value of the spin oper-
ator obtained in the mean-field ground state. We diagonalize
the local mean-field Hamiltonians (H4 and Hp) in a 16x16
matrix form for an § = 3/2 dimer and calculate the expecta-
tion values of the ordered moments in the mean-field ground
state. We solve this mean-field problem iteratively until the
expectation values converge at both dimer sites. We retain
all 16 eigenstates of the mean-field solution to describe the
magnetic excitations.

TABLE III. Mode energies, intensity ratios, and normalized or-
dered moments of Cr, TeOg obtained by INS measurements and ESW
calculations.

Cr2T606 ET (meV) EL (meV) IL/IT M/MS
Expt. 15.4(4) 23.7(8) 0.08 0.76
ESW 15.8(1) 23.0(1) 0.29 0.82

For weak interdimer interactions, we obtain a singlet
(Stot = 0) local ground state with no magnetic moment. When
interdimer interactions increase, magnetic states of a dimer
(Stot # 0) participate in the ground state and finite magnetic
moments appear. The ordered phase is realized for

200121 + 51 = J1, (6)
and a QCP is obtained when
20(12] + [51) = Ji. (7

The finite Néel temperatures of Cr,WO¢ and Cr; TeOg indi-
cate that the exchange interactions of these two compounds
satisfy Eq. (6). On the basis of a dimer lattice, the ordered
moment is staggered in Cr, WOg, therefore the ordering wave
vector is Q = (001), whereas in Cr,TeOg, the ordered mo-
ment is uniform and the ordering wave vector is Q = (000).

We now discuss the magnetic excitations calculated by the
extended spin-wave (ESW) theory for interacting spin dimer
systems. The detailed ESW theory calculations can be found
in the SM [39]. Figures 2(e) and 2(f) show the calculated
powder-averaged magnetic excitation spectra based on the
ESW theory for Cr,WOg and Cr,TeOg, respectively, which
are in very good agreement with the experimental data pre-
sented in Figs. 2(a) and 2(b). The exchange parameters used
to obtain the best fit between measured and calculated spectra
are tabulated in Table I, together with the calculated ordered
moments (see Ref. [39] for how the exchange parameters
are determined). A more quantitative comparison between the
ESW theory calculated results and INS data has been given
in Tables II and III, showing that the energy of the spectral
weight maximum, the bandwidth of 7 modes, the energy of
high-energy gapped modes, and the ordered moment relative
to the full moment of Cr** [38] can be reasonably well repro-
duced. Based on the ESW theory, the low-energy excitations
in both compounds are indeed transverse Goldstone modes
which can be also reproduced by the LSW theory as discussed
previously. The additional gapped modes that cannot be cap-
tured by the LSW theory with or without anisotropy are better
described by the ESW theory compared with other scenarios

such as two-magnon excitations (Sec. VI [39]).

In the framework of the ESW theory, the excitation modes
at £~ 12 meV in Cr,WOg and £ ~ 23 meV in Cr,TeOg

TABLE II. Mode energies, intensity ratios, and normalized ordered moments of Cr,WOg obtained by INS measurements and ESW

calculations.

Cr,WOg Er (meV) E; (meV) Es = (meV) I /Iy Is =2 /It M/M;
Expt. 8.9(4) 12.0(4) 20.6(4) 0.20 0.021 0.74
ESW 9.1(1) 11.9(1) 21.2(1) 0.34 0.063 0.79
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FIG. 7. Local energy levels of an § = 3/2 dimer in paramagnetic and AF ordered phases for Cr,WOg and Cr,TeOg. Sy represents the
value of the total spin and classifies the energy eigenstates in the paramagnetic phase. In the ordered phase, the AF moment appears and the
degenerate levels split. GS represents the ground state, whereas L (red line) and T (blue line) represent the L and T modes, respectively. The
L mode is singlet, while the 7 mode is doubly degenerate. St”m means the component of the total spin parallel to the moment. The energy
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levels.

with a narrow bandwidth are interpreted as amplitude modes,
which stem from fluctuations in the magnitude of the sublat-
tice magnetic moment in the ordered state (with the ground
state being a mixture of both the Sy, = 0 spin-singlet state
and Sy = 1 spin-triplet state). Note that the intensity of
longitudinal modes relative to transverse modes is weaker in
the experimental data compared to the calculated value. The
overestimated intensity of the longitudinal modes might be
due to the fact that the ESW theory calculations are done on
the basis of a harmonic theory where the magnon-magnon
interaction is not taken into account. In reality, the presence
of this interaction would lead to a decay of the longitudinal
mode into a pair of transverse modes, resulting in a broadened
linewidth and reduced intensity.

An important prediction of the ESW theory is that there
are additional higher-energy gapped modes around 21 and
40 meV in Cr,WOg4 and Cr,TeOg, respectively [Figs. 2(e)
and 2(f)]. These are attributed to the S;,; = 2 excited state
stemming from the Sy, = 2 local energy state of an § = 3/2
spin dimer. In the presence of a staggered molecular field in
the ordered state, the degeneracy of the Sy = 2 local dimer
states is lifted, giving rise to local L and T states (Fig. 7),
accompanied by longitudinal and transverse fluctuations of
the ordered moment, respectively. The interdimer interactions
enable these local excited states to move and dispersive excita-
tion modes are formed. For Cr, WOg, the Si,; = 2 energy level
splits into two T states and an L state around 21 meV, leading
to almost flat excitation modes as the dispersion is weak. This

. in the ordered phase. The numbers +3, £2, &1, and O represent the values of S‘”m for the corresponding energy

is in contrast to the 7 mode around 9 meV originating from
the Syt = 1 state which has a stronger dispersion. Although
the INS intensity of the S, = 2 mode is weak, this mode
has been convincingly observed in Cr,WOg, as shown in
Figs. 3(b) and 4(a). This observation cannot be explained
within the LSW theory, thus strongly favoring the ESW theory
to describe the magnetic excitations and the interpretation
of the 12- and 23-meV modes in Cr,WOg and Cr;TeOg,
respectively, as amplitude modes. We have tried to look for
the Sy = 2 excitation modes in Cr,TeOg using an incident
neutron energy E; = 90 meV, but the phonons around 40 meV
prevent the observation of this weak magnetic signal
(Fig. S4 [39]).

It is known that in quantum antiferromagnets longitudinal
excitations may emerge together with transverse modes in
the same energy range when the ground state of a system
is in the vicinity of a QCP where the ordered moment is
suppressed significantly by quantum fluctuations. The obser-
vation of amplitude modes in the magnetic excitation spectra
of Cr;WOg and Cr,TeOg even in the polycrystalline form is
striking, considering that their ordered moments are reduced
by only ~24%. A natural question is, are the ground states
of these two compounds close to a QCP? To quantitatively
evaluate the exchange interactions of Cr,WOg and Cr,TeOg
with respect to a QCP, in Figs. 8(a) and 8(b) we show |J»|/J;
dependence of the excitation gap and sublattice magnetic
moment with fixed J; and J3 listed in Table 1. In the dis-
ordered phase, the excitation gap is analytically given by
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FIG. 8. (a), (b) |/2]/J; dependence of the normalized ordered moment M/M, and the excitation gaps, where all the 16 local states of an
S = 3/2 spin dimer have been taken into account. The black line represents the excitation gap in the disordered state. The excitation gap of
the longitudinal modes (L mode) and the transverse mode (7 mode) in the ordered state are plotted by red and blue solid lines, respectively.
The |J»|/J; ratios of Cr,TeOg and Cr, WOg estimated from the INS data are denoted by vertical green lines. The calculated ordered moments
are represented by magenta lines. The black spheres denote the measured sublattice magnetic moments from Ref. [38] where the error bars are

smaller than the symbols.

Egp = V. J12 — 20J1(|J2] + |/3]), which is threefold degener-
ate and decreases with increasing |J,|/J; as represented by the
black lines. In the ordered phase, the excitation modes split
into two T modes and one L mode. The T modes stay gapless,
reflecting the global rotational symmetry of the spin Hamilto-
nian. The gap of the L mode scales with |J»|/J;, corresponding
to the Higgs mass in high-energy physics. In the meantime,
the sublattice magnetic moment increases with |J>|/J;, as
illustrated by the magenta curves. According to Eq. (7), the
QCP is located at |J5|/J; = 0.031 for Cr,WOg¢ and 0.040 for
Cr,TeOg. The ratios of Cr,WOg and Cr, TeOg estimated by
the INS data have been indicated by the green dashed lines
in Fig. 8, which are |/;]|/J; = 0.0905 and 0.101, respectively.
Correspondingly, the calculated ordered moments normalized
to the fully saturated value of Cr** agree reasonably well with
the observed reduction of ~24% (black sphere).

As a system goes away from the QCP, the energy of the
amplitude modes increases and the INS intensity weakens.
This, together with the tendency of decaying into transverse
modes, makes amplitude modes difficult to be detected ex-
perimentally. Our observation brings about another question:
What makes it feasible to observe the longitudinal modes in
these two compounds? There are several contributing factors:
(i) These compounds are dimers with spin S = 3/2. Similar
to S = 1/2 spin dimers, the low-lying states here are Sy, = 0
singlet and Sy = 1 triplet. However, the matrix elements
of spin operators (between the singlet and triplet states) are
different between S = 3/2 and S = 1/2 dimer systems, with
the matrix element enhanced by /5 for the § = 3/2 dimer
(Sec. VII [39]). As a result, the intensity of the amplitude
modes is enhanced relative to that of the transverse modes
in the case of S = 3/2. (ii) The dispersion of the amplitude
modes in both Cr,WOg and Cr;TeOg is weak and the INS
intensity stays in a narrow energy range separated from the

transverse mode (Figs. S8 and S9 [39]), which makes it
possible to distinguish these modes even with polycrystalline
samples by gaining INS intensity in a narrow energy region.

V. CONCLUSION

In this paper, we have studied magnetic excitations of
S = 3/2 spin dimers Cr, WOg and Cr, TeOg by inelastic neu-
tron scattering. In addition to the transverse modes corre-
sponding to phase fluctuations of the order parameter, we have
observed additional gapped modes arising from amplitude
fluctuations of the sublattice magnetization. These findings
are better described by an extended spin-wave theory com-
pared to the linear spin-wave theory. The large ordered mo-
ment relative to the fully saturated moment of Cr** indicates
that these two compounds are not close to a quantum critical
point. Therefore, our results suggest that amplitude modes are
not the privilege of ordered quantum spin dimers in the vicin-
ity of a QCP, but may be common excitation modes that can
survive even away from the QCP. Our study paves an avenue
to search for and understand the physics of amplitude modes
in other interacting spin dimer systems beyond S = 1/2.
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