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High-field electron spin resonance spectroscopy of singlet-triplet transitions in the
spin-dimer systems Sr;Cr,0g and Ba;Cr,0g
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Magnetic excitations in the isostructural spin-dimer systems Sr;Cr,Og and Ba;Cr,Og are probed by means of
high-field electron spin resonance at subterahertz frequencies. Three types of magnetic modes were observed.
One mode is gapless and corresponds to transitions within excited states, while two other sets of modes are
gapped and correspond to transitions from the ground to the first excited states. The selection rules of the gapped
modes are analyzed in terms of a dynamical Dzyaloshinskii-Moriya interaction, suggesting the presence of
phonon-assisted effects in the low-temperature spin dynamics of Sr;Cr,Og and Ba;Cr,Os.
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I. INTRODUCTION

High-field electron spin resonance (ESR) is a very powerful
mean to study the excitation spectrum and the transition matrix
elements resulting from the coupling between radiation and
matter. In magnetic systems, the transitions do not always
result from the Zeeman coupling of the spins to the magnetic
field of the radiation but may result from indirect processes
[1,2], thus providing information on these couplings.

Magnetic systems consisting of a small number of interact-
ing magnetic moments in a cluster are particularly interesting
in this respect. The simplest cluster is a spin dimer of two
spin-1/2 ions coupled by an antiferromagnetic Heisenberg
interaction Jy > 0, leading to a singlet ground state (S = 0)
separated from a triplet excitation (S = 1) by an energy gap.
In general, because the dimers are regularly arranged in a
crystal and coupled to their neighbors, the triplet excitations
acquire a dispersion. However, the overall simple picture of the
excitation spectrum may remain the same if the interactions
are weak or frustrated.

Singlet-triplet transitions have been observed by inelas-
tic neutron scattering and high-field ESR measurements in
many spin-dimer antiferromagnets, e.g., SrCu,(BOs3), [3,4]
and CuTe,Os [5] based on Cu?* (3d°, s = 1/2) ions, and
Ba;Cr,0g [6-8] and Sr3Cr,Og [9-11] based on Crot (3d!,
s = 1/2) ions. While the dispersion as a function of wave
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vector and energy can be measured, for example, by single
crystal inelastic neutron scattering, photons of the relevant
energy usually probe only the I' point. Moreover, such
direct singlet-triplet transitions with AS = 1 (magnonlike) are
optically forbidden. Their observation implies that the total
spin S is not a good quantum number, i.e., rotation symmetry
in spin space is broken. This naturally arises when spin-orbit
coupling is present, but the effects are weak for 3d transition
metal ions.

A first possibility is to consider the small static spin-orbit
corrections to the Heisenberg coupling (spin anisotropies), the
largest of them in s = 1/2 systems being the Dzyaloshinskii-
Moriya coupling. Such an interaction was suggested to explain
the origin of the observed transitions in Ba;Cr,Og on the
condition of a putative lower crystal symmetry [7], lower
than the observed one. The crystal structure of Sr3;Cr,Og
and Ba;Cr,Og is hexagonal at room temperature with space
group R3m [12,13]. Each Cr* ion with a single 3d electron
is surrounded by an oxygen tetrahedron. The Jahn-Teller
distortion leads to a structural phase transition to a low-
temperature monoclinic structure with space group C2/c; see
Fig. 1(a) [6,14,15]. Two adjacent CrOy4 tetrahedra along the
hexagonal ¢, direction form a spin dimer with an inversion
center [Figs. 1(a) and 1(d)] [14,16,17].

Here we investigate the singlet-triplet transitions both
in Sr;Cr,Og and Ba3Cr,Og by measuring high-field ESR
transmission spectra with different radiation polarizations
and external magnetic field orientations. We argue that these
transitions may occur in the absence of an assumed static
symmetry breaking [7], provided that the Dzyaloshinskii-
Moriya interaction is dynamical, i.e., that dynamical lat-
tice distortions break the symmetry instantaneously. In this
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FIG. 1. (Color online) (a) Unit cell of A3;Cr,Og(A = Sr,Ba) in
the low-temperature monoclinic phase with space group C2/c.
(b) Layered structure of spin dimers with anisotropic exchange
interactions from Ref. [9]. Jj is the intradimer exchange interaction.
Cr pairs are labeled by (12), (1'2"), and (1”2”) in accord with (a). (c)
Symmetry elements of the space group C2/c: inversion center —1,
twofold rotation 2, and glide plane ¢ with glide vector (0,0,1/2)
marked in the crystalline ac plane [29]. (d) The Cr’* (s = 1/2)
spin dimer composed of two CrO, tetrahedra with local inversion
center — /. Green, red, and gray spheres denote Cr, O, and Sr/Baions,
respectively.

case, the transitions would result from exciting the electric
dipoles formed by the ions of the spin dimers by the
electric field of the radiation. Such electric field induced
transitions have appeared in different contexts, e.g., as an
explanation of umklapp q ~ m transitions [18], magnonlike
forbidden transitions in spin-gapped systems [4,19,20], or
electromagnon excitations in multiferroic compounds [21].
In these latter works, the coupling to the phonons plays an
important role and can directly contribute to the spin relaxation
process [22]. An explicit proof of the electric vs magnetic
dipole character is not always possible, but was given in
SI‘CUQ(BO3)2 [4]

II. EXPERIMENTAL DETAILS

High-quality single crystals of Sr3Cr,Og and Ba3;Cr,Og
were grown by the floating-zone method as described in
Refs. [16] and [17], and characterized in detail [9-11,23—
27]. At the Dresden High Magnetic Field Laboratory, a
tunable-frequency ESR spectrometer equipped with a 16 T
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superconducting magnet is employed (similar to that described
in Ref. [28]). Backward wave oscillators (BWOs) and VDI
microwave sources (product of Virginia Diodes Inc.) were
used as tunable sources of mm and sub-mm wavelength
radiation. Polarized ESR experiments were performed in Voigt
geometry with homemade grid polarizers glued directly on
the sample. For the Voigt geometry the propagating vector
of the electromagnetic wave is aligned perpendicular to the
external magnetic field. High-field transmission experiments
in Augsburg were performed in Voigt geometry with BWOs
covering frequencies from 115 GHz to 1.4 THz and a magneto-
optical cryostat (Oxford Instruments/Spectromag) with ap-
plied magnetic fields up to 7 T. Single crystals of Ba3Cr,Og
and Sr3Cr,Og with typical sizes 4 x 2 x 0.2 — 1 mm? were
measured in the high-field ESR experiments. The crystals are
aligned with respect to the hexagonal axes ay, by, and c;,. In
the following, the monoclinic axes are noted as a, b, and c.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Spin triplet excitations

The spin dimers form a layered structure stacked in an
ABAB sequence in the low-temperature phase [Figs. 1(a)
and 1(b)]. The intradimer exchange interaction Jy (5.5 meV
in Sr3Cr,Og and 2.4 meV in Ba3Cr,Og) is larger than
the interdimer interactions [6,9]. Due to the double-layer
structure, the triplet excitations have two branches, i.e., an
acoustic (in-phase) mode w* and an optical (antiphase)
mode w~, corresponding to the “q = 0” and “q = 7 phase
difference between spin dimers of adjacent layers, respec-
tively [30,31]. The excitation energies at the zone center
are given by a random phase approximation calculation

[6,9]
o =/Jg + Joy®, M)
where y* =204+ 1)+ 1)) E[J] + I+ ")+ U+

J; + J;")]. The different exchange constants J; denote intra-
and interlayer interactions as illustrated in Fig. 1(b) and were
extracted from inelastic neutron scattering [6,9]. Both modes
are triplets and split in an external magnetic field with energies
wt(H) = ot + gupHS® with §* =0, & 1 [Fig. 2(a)]. This
picture is confirmed by unpolarized transmission ESR
measurements up to 16 T for Sr3Cr,Og and 13 T for Ba;Cr,Og
as shown in Fig. 2(b) and Fig. 3(a), respectively. Note that
excitations to the $* =0 levels are absent because of the
sweeping field technique. The obtained excitation energies
extrapolated to zero field are o™ = 1.47 THz (6.1 meV) and
™ = 1.24 THz (5.1 meV) for Sr3Cr,Og, and ™ = 563 GHz
(2.3 meV) and w~ = 399 GHz (1.6 meV) for Ba;Cr,Og with
g = 1.94(3) for both compounds. The energies are perfectly
consistent with inelastic neutron experiments [6,9], which also
measured their triplet nature [6]. The acoustic mode has higher
energy than the optical mode in both compounds because
the interdimer couplings are dominated by antiferromagnetic
exchange interactions [6,9]. In the extrapolation, there is no
zero field splitting of the different S* components detectable
within the experimental uncertainty.
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FIG. 2. (Color online) Sr3Cr,Og (a) schematic singlet-triplet ex-
citations in an external magnetic field. 1 and 3 are the acoustic modes,
and 1" and 3’ are the optical modes. The two types of modes originate
from the two inequivalent layers in the unit cell. Mode 2 denotes the
intratriplet excitations. The singlet-triplet excitations are measured
with no polarization analysis (b) and with polarization analysis
(E®,H®) (c)—(f) for different orientations of applied magnetic field
H at 2 K. The vertical dashed lines indicate artifacts due to spark
lines from the BWOs.

B. Polarization analysis

ESR transmission experiments were performed for dif-
ferent directions of the polarization of the electromagnetic
radiation and orientations of the external magnetic field with
respect to the hexagonal axes of Sr;Cr,Og and Ba;Cr,Og
(Figs. 2 and 3). The field dependence of the singlet-
triplet excitations has been determined in the unpolarized
experiments [Fig. 2(b) and Fig. 3(a)]. One can accordingly
identify the excitations in the spectra measured with polarized
radiations.

Figures 2(c)-2(f) show polarized ESR transmission spectra
of Sr3Cr,Og measured with respect to the hexagonal axes. The
acoustic mode 1 and the optical mode 3’ are observed and are
in agreement with the unpolarized spectra shown in Fig. 2(b).
In a finite external magnetic field, the acoustic modes and
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FIG. 3. (Color online) Ba;Cr,Og (a) singlet-triplet excitations.
Polarized transmission spectra measured at 2 K (b) and at 1.4 K
(c),(d). In (c), H® is parallel to the a,b), plane. Inset: enlarged view
of the spectrum for H||c,, E“||c;, and H®||b,.

optical modes exhibit different polarization dependencies: the
acoustic modes are observed for all the polarizations, while
the optical modes are absent for E“||c;, H||c;, [Fig. 2(f)].

Figure 3(b)-3(d) shows the polarized ESR transmission
spectra of Ba3Cr,Og with various polarization configurations.
One can identify the acoustic mode 1, the optical modes 1',3,
and the intratriplet mode 2 in accord with Fig. 3(a). The most
prominent feature is also that the optical modes are absent only
for E®|cy, Hlcp, while the acoustic modes are observed for
all the polarizations in Ba;Cr,Og.

Considering the geometric relations ¢, = (a + 3¢)/2 [32],
b, =(—a+b)/2, and a;, = (a + b)/2 between hexagonal
and monoclinic axes [9], the contribution of the monoclinic
axes a and b are probed simultaneously in the polarization
measurements for E®||b, and for E“||aj,. Thus Sr;Cr,Og and
BasCr,Og exhibit the same polarization dependent selection
rules, which are summarized in Table 1.

TABLE 1. Experimentally observed spin singlet-triplet excita-
tions in the polarized ESR spectra in the hexagonal notations. The
acoustic mode 1 and optical mode 1’, 3’ are noted as “0” and “wr,”
respectively, for short.

Em\H ap bh Cp
ay 0+ 0+
[Fig. 2(c), 3(b)] [Fig. 2(d)]
by 0+ O+
[Fig. 3(c)] [Fig. 3(d)]
Ch 0+ 0+m 0
[Fig. 2(e)] [Fig. 3(c)] [Fig. 2(f), 3(d)]
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C. Discussion

A magnetic dipole singlet-triplet excitation in a single
dimer can be observed when there is an intradimer static
Dzyaloshinskii-Moriya interaction. Since this is forbidden in
Sr3Cr,Og and BazCr,Og due to the inversion center in the mid-
dle of the bonds in the Cr,Og dimers [Fig. 1(d)], the observed
transitions have been ascribed to additional undetected lattice
distortions that break the inversion symmetry [7]. However,
other mechanisms may be at play which do not need to invoke
additional distortions.

One can keep the magnetic dipole mechanism in a pure
magnetic model and consider the weaker dimer-dimer inter-
actions. Static interdimer Dzyaloshinskii-Moriya interactions
along the superexchange paths of Ji, J,, and Js (but not J3
which has an inversion center) can mix the singlet and triplet
states, and allow the magnetic dipole transitions [33]. However,
we consider it more likely that an electric dipole mechanism
dominates the excitation intensities. Indeed, the ratio of matrix
elements of both mechanisms is determined by two factors
that we can roughly estimate [20]. The first factor involves the

b |E1_1(u ~ 200, where

|5| ~10e x 0.1 A, fora displacement og 0.1 A of the charge
10e of the two Cr ions and |E‘“| = c|H®| (c the speed of
light). The second factor is the ratio of the phonon-modulation
superexchange §.Jy over the phonon frequency 2. The lower-
lying phonon was observed at 2 = 10 meV [10,15], while § Jy
is unknown and could be as small as ~0.1-1 meV. In CuGeOs5,
for instance, small static distortions of ~0.01 A [34] below
the spin-Peierls transition led to a superexchange modulation
of 0.8 meV on successive bonds [35], giving a much larger
estimate of § Jy of a few meV for a phonon displacement. Here,
we note another enhancement factor of Jy/J/ ~ 5 because the
dynamical Dzyaloshinskii-Moriya interaction occurs on the
strong bonds and the static one on the weak bonds. Therefore,

even with the low figure of § Jo ~ 0.1 meV, we arrive at a ratio
M % Jo )2

ratio of dipolar energies and is large,

of intensities of (D—ﬁﬁ‘ X
the electric dipole mechamsm domlnates.

Note that a static Dzyaloshinskii-Moriya interaction is
expected to be of order 8gJ//g ~ 0.02 meV (where i = 1,2
or 4). It generally bends the magnetization curves, which is
not observed in the present compounds [7,24], and opens a
zero-field splitting. The fact that it is not observed here at the
current resolution ~10 GHz confirms that the above estimate
is an upper bound.

We consider an electric-dipole coupling between radiation
and spins,

100, suggesting that

W = Z E:;A(xﬁ(sil X Si2)ﬂ7 (2)
i,a,p

where i refers to the spin dimers, and Aqg is a coupling
constant that couples the electric field of the radiation along
the « direction with the vector product of spins along the f
direction, that has the Dzyaloshinskii-Moriya symmetry. This
is the simplest spin operator for s = 1/2 systems that breaks
spin rotation symmetry (but not the time-reversal symmetry),
and allows for a nonzero matrix element for singlet-triplet
transitions.
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FIG. 4. (Color online) Illustration of the coupling constants
A ~0, Ay #0, and A, ~ 0. The spin dimer Cr,Og distorts
in the radiation electric field E“|c with associated instantaneous
Dzyaloshinskii-Moriya vectors d“, d”, and d°.

Operators of the same form have been used to explain
double magnon excitations in several antiferromagnetic sys-
tems [36,37], and similar processes in dimer systems [19,20],
but the microscopic mechanism remains unclear. In the
latter case, it is assumed that an optical phonon breaks the
inversion symmetry within the dimer instantaneously. Since
the electronic hopping is much faster than lattice vibrations,
superexchange takes place in a dimer with no inversion center.
The Dzyaloshinskii-Moriya interaction is therefore generated
thanks to the spin-orbit coupling, and is linear in the ionic
displacements at first order. Typically, Aqs = D*d” where d?
is the instantaneous Dzyaloshinskii-Moriya vector and D* the
electric dipole of the unit cell created by the virtual phonon
(see an example in Fig. 4).

Symmetry arguments. The coupling constant A,g must
be constrained by the crystal symmetries of the lattice in
the presence of the radiation electric field. In particular,
they should be identical from unit cell to unit cell but may
vary within the unit cell. The space group C2/c has four
symmetry elements, namely, identity /, inversion center —1/,
twofold rotation axis 2, and ac-glide plane ¢ with glide vector
(0,0,1/2), as shown in Fig. 1(c) [29]. The last two symmetry
operations always transform the pseudovector T, = S; x S,
of the two dimerized spins in one layer onto one in the next
layer, labeled with primes, as in Fig. 1(b). By using these
symmetries, we constrain the coupling constants as follows.

@) E“’||a c: the ac glide plane leaves E“’ invariant trans-
forms T% onto T},., and T\5° onto —T}5, (Fig. 1). The
coupling constants A,g within the unit cell are therefore not
independent but only the &+ phases appear: the operator W in
Eq. (2) will generate excitations to the acoustic and optical
branches, respectively.
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TABLE II. Theoretically predicted excitations to the S° = +1
triplet components according to the dynamical mechanism in the
monoclinic notations. The acoustic mode and optical mode are noted
here as “0” and “m,” respectively, for short. The responsible matrix
elements are given in the brackets following the corresponding
modes.

E°\H a b ¢

a O(Aah) + JT(Aac) H(AaavAac) O(Aab) + ﬂ(Aaa)
b 0(Ape) + 7 (App) 0(Apas Abe) 0(Apa) + 7w (App)
c O(Arb) + n(Acc) ﬂ(A(:a,Acc) O(ALb) + ”(Aca)

(i) E®||b: the twofold rotation axis is along the b axis.
It leaves E® invariant and transforms T}, onto —T%,, and
T5¢ onto T3 : the operator W will generate excitations to the
optical and acoustic branches, respectively.

Based on the symmetries, this mechanism predicts the
transitions to occur at the energies of the acoustic and optical
modes, in perfect agreement with the energies observed for
both compounds. We emphasize that no static breaking of
inversion symmetry is needed.

A finite external magnetic field H splits the triplet modes
and each mode has its own intensity. If all the involved pseu-
dovectors T;; in the operator W are parallel to the magnetic
field H||z, only the transition to the §° =0 component of
the triplet occurs, but it is invisible in the present high-field
ESR setup. Therefore, only the components of T;; that are
perpendicular to H generate observable transitions. Taking
into account the symmetry arguments given above, we infer
the results given in Table II.

We cannot strictly test experimentally the selection rules
given in Table II, because in the low-temperature phase the
samples have three monoclinic twins rotated about the c;, axis
by an angle of 60° with each other [9]. As a consequence,
a field applied along the hexagonal axis, a, or bj,, has
components along a and b, thus mixing the selection rules.
Furthermore, the hexagonal ¢;, axis is tilted from the ¢ axis by
12°, so that a field applied along ¢; has a main component
along ¢ but also a small component along a. The mixing
of the different components implies that both modes are
predicted to have finite intensities in all the experimental
configurations studied here, if the corresponding couplings
Aqp (given in Table II) are nonzero. However, the optical
mode is not detected in the configuration E“||c,, Hlcp; see
Table I. If we ignore the difference between the ¢, and ¢ axes
(which is small), the extinction of the optical mode for the
configuration E“|c;, H||c, can be interpreted by postulating
a vanishing (or weak) coupling constant A., = 0; see Table II.
Given that all the coupling elements are allowed by symmetry
in the low-temperature phase, it is difficult to prove that A,
vanishes.

We now discuss this extinction as the result of a possible
approximate symmetry, originating from the higher symmetry
of the high-temperature phase. In the high-temperature phase,
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there are three mirror planes at 120° bisecting the basal O-O
bonds and containing the two Cr ions of the dimer. Since E®
along ¢;, does not break these symmetries, the instantaneous
Dzyaloshinskii-Moriya vector should be perpendicular to all,
and hence would vanish. None of these mirror planes are
exact symmetries in the low-temperature phase, but one of
them coincides with the ac plane and contains the two Cr ions
[14,29]. If we assume that this plane remains an approximate
mirror plane, the instantaneous Dzyaloshinskii-Moriya vector
would be along the b axis, when E“|la,c respects this
symmetry, i.e., Ayp 7# 0,A., # 0. Therefore, we would expect
zero couplings (A, = 0,A,. = 0,A,, = 0,A, = 0) if this
symmetry were exactly preserved, or approximately zero if
this symmetry were weakly broken. This gives a justification
for the extinction of the optical mode in both compounds
(Aq &~ 0). It is also consistent with the weak intensity of
the optical mode for the configuration E®|c,, H|a, which
is observed in Sr3Cr,Og [Fig. 2(e)], provided that A.. =~ 0 is
weak. However, in Ba3Cr,Og with the configuration E||cy,
H ||by, [Fig. 3(c)] the optical mode is much stronger. Within the
present mechanism, this can be interpreted only with a finite
Ace # 0 (since A, = 0).

Other mechanisms cannot be completely discarded by
the present study, especially because it is difficult to assess
their relative intensities. The present one, however, gives a
consistent interpretation of the experimental results and would
remain operative in systems with arbitrarily weak coupling
between dimers with an inversion center.

IV. CONCLUSIONS

By performing polarization-dependent high-field spec-
troscopy measurements at low temperature, we have found
that the three-dimensional spin-dimerized antiferromagnets
Ba3Cr,Og and Sr3Cr,Og exhibit the same polarization de-
pendence of spin singlet-triplet excitations, thus confirming
the same spin symmetry in both compounds. Restricting
to the isolated dimer picture, we have explored an electric
dipole active mechanism that provides an explanation for
the occurrence of both the acoustic and optical modes.
In this mechanism, the previously assumed but symmetry-
forbidden static Dzyaloshinskii-Moriya coupling is replaced
by instantaneous couplings to the phonons. From the observed
selection rules, some of these couplings are inferred to vanish
(or to be weak), suggesting that the lattice symmetry that we
have identified may in fact be only weakly broken across the
structural phase transition.
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