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Strong coupling of lattice and orbital excitations in the quantum magnet
Ca;Cr;0,5: Anomalous temperature dependence of Raman phonons
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We report low-temperature Raman signatures of the Heisenberg quantum magnet Ca;oCr;0,3, showing
clear anomalies in phonon mode frequencies and linewidths below ~100 K. This crossover temperature lies
in between the Jahn-Teller (JT) temperature scale (>room temperature) and the temperature scale associated
with the spin exchange interactions (<12 K). Our experimental observation is well captured by a secondary JT
transition associated with a cooperative reorientation of the orbitals giving rise to anomalies in the temperature
dependence of Raman frequencies and linewidths. Such orbital reorganization, in turn, affects the spin-spin
exchange interactions that decide the fate of the magnet at lower temperatures and hence provide important clues
to understand the energetics of the possible lower-temperature quantum paramagnetic phase.
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Recent advances have invigorated vitality to the intricate
interplay of different degrees of freedom giving rise to inter-
vening coupling schemes in frustrated spin systems [1-3]. In
particular, the role of these couplings in shaping the fate of
geometrically frustrated spin—% antiferromagnets—originally
conceptualized [4] as suitable platforms for realizing quantum
spin liquid (QSL) states [5—8]—have been thoroughly inves-
tigated both experimentally as well as on theoretical grounds
on a large number of known geometrically frustrated motifs
such as triangular [9-12], kagome [13-15], or pyrochlore
[16,17]. One important factor bearing the potential to alter the
spin exchange interactions in these frustrated magnets with
complex structures is orbital interactions [18]. Some of the
magnetic perovskites such as KCuF3, LaMnOs3, and BaVS;
had been studied previously for their coupling between the
magnetic and orbital orderings responsible in minimizing the
destabilizing two-electron two-orbital interactions [19-21].

In this regard, the quasi-two-dimensional Heisenberg quan-
tum magnet Ca;oCr;0,5 [22-25] on bilayer kagome lattice
presents a rather unique case disparate from the previously
studied candidate geometrically frustrated QSLs. The com-
pound with actual stoichiometry Ca;o(Cr” O4)s(Cr¥/0y) [26]
contains magnetically isolated distorted kagome bilayers of
spin—% Cr’* ions with both ferromagnetic (FM) and antifer-
romagnetic (AFM) isotropic Heisenberg exchange couplings
[22-24]. The magnetic Hamiltonian constructed as a com-
bination of experimental phenomenology and first principle
calculations that accounts for the inequivalent FM (signif-
icantly stronger) and AFM isotropic Heisenberg couplings
(ZJ < 1 meV) [24] results in a mean-field Curie-Weiss tem-
perature of Ocy ~ 4 K that is corroborated by experiments
which show a broad cusp like feature around 7 ~ 3.1 K in the
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magnetic specific heat [22,24,25,27-29]. However, the system
shows no sign of long-range magnetic order or any spin-glass
freezing down to 19 mK with a fluctuating spin liquid ground
state as confirmed from bulk susceptibility, heat capacity,
uSR, or neutron scattering measurements [22-24,28,30] as
well as from theoretical studies [28,31,32]. Due to the com-
plex structure of this compound, more careful observation
needs to be performed to disentangle the contribution of spin
and orbital moments to the underlying magnetic Hamiltonian,
and also possibly the role of lattice degrees of freedom.

In this Letter, we report our Raman scattering results on
polycrystalline samples of Ca;oCr;0,5 [see Supplemental
Material (SM) [33] for details on sample synthesis] down
to ~4 K, revealing that strong anomalies in the tempera-
ture dependence of phonon frequencies and linewidths, at
the crossover temperature 7 ~ 100 K, much above the tem-
perature scale (~10 K) associated with the spin exchange
interactions, hence cannot arise from nontrivial spin-phonon
coupling, since the spins, for all practical purposes, are deep
inside the thermal paramagnet, i.e., effectively at infinite
temperature (7 /®cw > 1). Therefore, these Raman anoma-
lies are very much different from the temperature-induced
magnetic ordering transitions [34,35] which are strictly ab-
sent in the CajoCr;0,g system [23]. This raises the central
question about the origin of this energy scale and the as-
sociated Raman-active phonon renormalization, and here we
show that this is naturally attributed to phonon-orbital cou-
pling via a cascade of Jahn-Teller effects, both single ion and
cooperative.

To begin the search for the physics of the 100 K energy
scale, it is worth noting that the system contains Jahn-Teller
(JT)-active [36] Cr>* ion sites offering moderately distorted
CrV0y tetrahedra even at room temperature and down to
2 K without any further structural distortion throughout the
temperature range as reported in earlier studies [23,37].

©2023 American Physical Society
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FIG. 1. The two panels show phonon fits to the Raman spectra
at 295 and 4 K. Experimental data are indicated by black curves.
Blue and red curves are individual phonon modes and the cumu-
lative fits, respectively. The asterisk (*) represents the new mode
appearing at 4 K.

Therefore, the 100 K phonon anomalies cannot be attributed
to the thermal order-disorder crossover from a static to
dynamic JT effect which is associated with symmetry-raising-
type structural transitions [38—40]. Hence, we turn our focus
on the cooperative JT effect driven by the interaction between
localized orbitals and the crystal lattice [41,42]. Such Raman
fingerprints in terms of the splitting of Raman bands for the
cooperative JT effect have been reported previously in rare-
earth compounds such as DyVO,, DyAsO,, and TbVO, [43],
where the transitions are associated with only small lattice
strains and the splitting of the ground electronic states of the
active ions. Here, we present our detailed experimental ob-
servation of these intermediate-temperature phenomena and
support it with theoretical calculations under the framework of
the cooperative JT effect to derive the phonon renormalization
induced by an orbital reordering phenomenon [44-46] emerg-
ing from the significant coupling between the vibrational and
orbital degrees of freedom. Such reordering has direct im-
plications on the spin physics of this frustrated magnet at
even lower temperature via a drastic renormalization of the
spin-spin exchanges.

Raman spectra of Ca;oCr;0,5 at 4 and 295 K are shown
in Fig. 1 along with the phonon fits. A factor group anal-
ysis of trigonal (R3c¢) Ca;oCr;0,g yields 139 Raman-active
phonon modes (I'kaman = 46A 1 + 93E,) among which nine
modes could be detected at 295 K in the frequency range 75—
1000 cm~!. From earlier reports on compounds containing
Cr¥ 0y tetrahedra [47,48], we assign the low- (M1-M4) and
high- (M5-M9) frequency vibrational bands of Ca;yCr;05s
as bending and stretching modes of the CrY¥ Oy tetrahedra, re-
spectively. More details on mode assignment using polarized
Raman scattering [49] are given in the SM [33].

The phonon modes are fitted with a symmetric Lorentzian
profile function for the entire range of temperature. The
phonon spectrum remains unchanged with decreasing tem-
perature except only at the lowest temperature of 4 K where

one new weak mode at ~640 cm™' [indicated by (*) in the
lower panel of Fig. 1] could be detected. The appearance of
a new phonon mode in the Raman spectrum can indicate a
possible symmetry-lowering structural transition, but for the
present Ca;oCr;0,g system, we can discard this possibility
owing to the neutron time-of-flight (TOF) powder diffraction
studies reported by Balz et al. [23] which confirmed the ab-
sence of any structural phase transition or lattice distortion
down to 2 K. This temperature scale rather lines up with the
anomalous cusplike feature observed in earlier heat-capacity
studies [22,24,25,27-29] where it has been associated with
the presence of coherent quantum fluctuations and the onset
of short-range spin correlations during the crossover from
a high-temperature paramagnetic to a low-temperature spin
liquid regime [22]. Later in their semiclassical model, Biswas
et al. [31] also pointed out that the specific heat anomaly
can be explained in terms of the average of two crossover
temperatures associated with the unbinding of the effective
S = % moments into three independent S = % moments (since
there exist two different ferromagnetic couplings in the two
kagome layers of each bilayer).

The temperature evolution of frequencies and full width at
half maxima (FWHM) for selected phonon modes is shown
in Figs. 2(a) and 2(b). The solid orange curves are fits from
100 to 295 K to the simple cubic anharmonic model [50]
(see SM [33] for fitting details). The dashed ones are their
extensions to lower-temperature ranges. It is worth noting that
except for M8, frequencies and FWHM of all other modes
exhibit anomalous behavior with temperature. While frequen-
cies of M1, M2, and FWHM of M1, M2, M5, and M6 show
clear deviations from the expected cubic anharmonicity below
~100 K, frequencies of M5 and M6 modes are anomalous
throughout the entire temperature range and hence could not
be fitted with the cubic anharmonic model. While M5 fre-
quency shows a discontinuity around 100 K with a change in
the slope, M6 frequency experiences a slope change around
100 K with a striking similarity in its temperature profile
with that of its linewidth. Apart from the strong anomalies
in frequencies and linewidths, the phonon modes show subtle
anomalous behavior in the temperature dependence of their
integrated susceptibilities as shown in SM [33] (see also
Ref. [51] therein).

As remarked above, the crossover temperature of ~100 K
associated with the strong phonon anomalies in the
Ca;oCry0,g system is too high to be linked with the spin
exchange interactions with a temperature scale of ~10 K and
below. Also, as discussed earlier, the neutron TOF studies [23]
confirmed the absence of any structural changes down to 2 K.
However, an interesting observation regarding the CayCr705g
crystal system is that its Cr¥Oy tetrahedra are distorted at
room temperature, bearing four different Cr-O bond lengths
(see SM [33]). This can be understood by noting that the
Cr’* in a tetrahedral crystal field has one electron in the e,
orbitals and hence is a Jahn-Teller (JT)-active ion [36]. The
degeneracy of the atomic orbitals is therefore susceptible to
JT splitting associated with the distortion of the tetrahedra (see
Fig. S2 in SM [33]).

The above experimental phenomenology poses the fol-
lowing question: Is the ~100 K scale seen by the phonons
related to the JT rearrangement of the orbitals due to various
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FIG. 2. Temperature dependence of (a) frequencies and (b) linewidths of selected phonon modes. The orange curves are fits to the cubic

anharmonic model with wf\gl)] =

orbital-lattice couplings? Indeed, the different vibrational
modes allow for such secondary cooperative JT distortions.
Below, we explore the possibility of such physics to explain
the phenomenology of Ca;¢Cr;O,3 via minimal symmetry-
allowed Hamiltonians.

A minimal model that captures the above JT distor-
tion includes the spin-l, S¥, and the two e, orbitals
[(Jd32—p2), |de—y2)) = (|+), |=))] 7/ on the Cr7 sites as well
as the Raman-active phonons ef’ (p denotes the normal modes)
with appropriate symmetries. The associated spin-orbital-
phonon Hamiltonian is given by H = Hs ;  + H, where H,
is the harmonic phonon Hamiltonian and

HS,‘E.GZZ[KZ'ﬂ +JZI3S1S 'L'a'l,' +Zr‘Pﬂ Pr ﬂ (D)
(i)

with Jf;ﬂ and Ki"]‘.ﬂ denoting the bare spin-spin and orbital-
orbital exchange interactions, respectively, between two
neighboring Cr°* ions; I'”# is the coupling of the orbitals
with the phonon modes. Note that, due to the absence of
atomic spin-orbit coupling (expected to be small for 3d
transition metals), the spin-spin interactions are rotationally
symmetric while the dependence on the orbital labels is con-
strained by lattice symmetries. The second term denotes the

wo +A[1l + 2n(%)] and Hf\” = T + B[1 + 2n(%)]. Details of the parameters are given in the SM [33].

symmetry-allowed linear coupling between the orbitals and
the phonon modes that is present in a JT-active ion and is
responsible for the distortion via €” = —mtﬂ (Cp is the

spring constant of the phonon) along the dlrectlon determined
by the largest JT coupling I'”# for the softest elastic mode.
This in turn decides the specific splitting of the orbitals, i.e.,
(%) #0.

Below the temperature scale of this primary JT splitting,
the other JT coupling constants, as well as the orbital-coupling
scale, can induce further secondary JT transitions which can
be rendered cooperative due to Kf;ﬂ . These successive JT
transitions therefore lead to a rearrangement of the orbital
ordering which, as explained below, we attribute to the ex-
perimentally observed Raman anomalies around 7 ~ 100 K.

Orbital fluctuations at intermediate temperatures. Consider
the intermediate-temperature range where the Raman anoma-
lies are observed, Ocw(~10 K) « T < Ty (>300 K), where
®Ocw ~ 10 K and Ty are respectively the Curie-Weiss and the
primary JT transition temperatures. In this temperature range,
the spins form a thermal paramagnet, i.e., (S;) = 0, and are
completely incoherent. Therefore, their only effect is to renor-
malize the couplings K;ﬂ in Eq. (1) via short-ranged spin-spin
correlations. However, the orbital ordering has set in due to the
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primary JT effect. Let us assume that this ordering is along t*
(we do not know the actual direction of distortion from the
powder samples). Therefore, the effective Hamiltonian in the
intermediate-temperature range is given by

H= ZICzﬂtlf)‘tf + A Z i+ Z r*fefef + A, (2)
(i) i i

where IC;.".ﬁ = Ki‘;ﬂ + JI.OJ‘.'B (S; - §;) is the effective exchange for
the orbitals; A; characterizes the splitting of the orbitals due
to the primary JT effect. In principle, there will also be a
symmetry-allowed term of the form A, )", 7/ coming from
the lattice distortion at the primary JT transition, but the effect
of such terms is straightforward—they smear out the sharp
features of phase transitions arising from Eq. (2) which makes
way for a smooth crossover as seen in experiments [35,38,40].

In Eq. (2), the sum p now runs over the other phonon
modes that can potentially lead to secondary cooperative JT
mediated reordering via IC?‘.ﬁ , and H, is the harmonic phonon
Hamiltonian for the phonons in the distorted state below the
primary JT transition. Assuming a single secondary mode
favoring an ordering along 7*, the mean-field phase diagram
[52] is easy to work out and is given in the SM [33] (see
Fig. S3). In the mean-field approximation, the orbital reorder-

ing sets in below a temperature 7, = (™ — I@“)m,

where § = Ay /(W™ — Ky, £ = KD (D = coordination
number), and pu** = % are effective coupling constants
P

[or below the dimensionless temperature 7, /(W™ — K*)]. We
associate 7, with ~100 K with the experimentally observed
onset scale of the phonon anomalies.

Phonon anomaly due to secondary JT transition. In the
intermediate-temperature regime, the phonon anomalies ob-
served in our vibrational Raman scattering experiments can
be analyzed using the phonon-orbital coupling Hamiltonian
which is given in detail in the SM [see Eq. (S5)]. For this,
we note that in addition to I'”“, the orbital-phonon coupling
has another source, i.e., the coupling constant le;ﬂ , which is
dependent on the dynamic distortions of the tetrahedra and
hence we have, similar to the usual magnetoelastic coupling,

K = RS + ANl 4 o) + BN, @)

where A?‘jﬁ ” and Bf‘jﬂ 74 are coupling constants whose differ-
ent components are constrained by the residual symmetries.
Using this in the orbital Hamiltonian H,y,, we obtain the
orbital-phonon coupling that is central to the vibrational Ra-
man scattering (see SM [33]). The phonon renormalization
can then be computed perturbatively due to these interactions.

The renormalization of phonon frequency and linewidth
are respectively given by

AP = 0P — vy = Ao?) + Ao, 4)
N7 = [ + M. )
where the subscripts “anh” and “orb” represent the

contributions due to the anharmonic effects and orbital
reordering, respectively. While the anharmonic contributions
to the phonon parameters are usually determined from
the fitting of the experimental data at high temperatures
(see SM [33]), the orbital contribution can be computed
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FIG. 3. (a) Frequency shift due to the orbital reordering.
Blue, black, red, and magenta curves are obtained by choos-
ing (B B¥PP BYPP) /@, to be (0.1,0.1,0.1), (0.1,0.1, —0.1),
(-0.1,0.1, —0.1), and (0.1, —0.1, 0.1), respectively. (b) Linewidth
renormalization of the phonon. For blue and red curves, we choose
Iy = 0.01K*, M, = M,, = —0.7K* and I’y = 0.01K*, M,, =
—0.6Kx, M, = —0.4K, respectively, and set all other parameters
to zero. For both panels, § = 0.5. In the x axis, the temperature is
scaled with respect to (u** — IC”).

within the Einstein (independent bond) approximation. The
leading-order renormalization of the frequency is given by
Aa)(P) o BZV;PP<TiIS.E]}’>’ (6)

orb

where (- --) denotes the averaging over a Gibbs ensemble at
temperature 1/8. The phonon frequency renormalization
due to orbital reordering, therefore, is determined by
the equal-time orbital correlators on nearest neighbors.
Within our minimal model, approximating (tj'tj) ~ (T%)2,
(rf;f) ~ (1%)2, and (t,?‘;f) ~ (t%)(t%) below T., we obtain
results that are plotted in Fig. 3 (top panel) as a function of
temperature for various representative choices of the coupling
constants. In particular, as is clear from these plots, the soft-
ening or hardening of the phonon is determined by the sign of
the coupling Bf}jy PP We see both these behaviors for different
phonons that are consistent with the experimental observation
[see Fig. 2(a)]. An estimate of these coupling constants, how-
ever, requires a more microscopic calculation which is beyond
the purview of the present symmetry-based arguments.

Turning to the linewidths, we calculate them via well-
known methods of diagrammatic perturbation theory from
which the linewidth is given by the imaginary part of
the phonon self-energy arising due to its scattering with
7’s and determined by, to the leading order, the dynamic
orbital correlation functions C,,(r, t) = (f"(rr"(t)r‘;’(O))) —
(zr (1)) (74(0)).

The resultant leading-order Raman linewidths are given
by [53]

MR@) ~ Y M ImlCuk=0,0+i09)], (7

WV=X,2

where CNW(k,  + i0™) is the Fourier transform of Cuv(r,7)
and M, is the form factor whose form can be found in the
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SM [33] [see Eq. (S8)]. For simplicity, in Fig. 3 (bottom
panel) we plot the temperature dependence of the linewidth
assuming these coefficients to be temperature independent,
and therefore this is now completely controlled by the two-
point dynamic correlators of the orbitals. We note that such
behavior is in direct conformity with the experimental obser-
vation [see Fig. 2(b)].

In conclusion, we have explored temperature-induced Ra-
man anomalies in polycrystalline samples of the Heisenberg
quantum magnet Ca;yCr;0,5. The phonon mode frequencies,
linewidths, and integrated intensities reveal clear anomalies
across ~100 K, a temperature scale much higher than the one
associated with the spin exchange interactions of the system
(<10 K). Considering the fact that the system is Jahn-Teller
distorted above room temperature, we develop our theoretical
understanding to realize the Raman anomalies to originate
from an orbital reordering phenomenon, renormalizing the
phonon self-energy via a cooperative Jahn-Teller effect. As
we have used polycrystalline sample in our studies, we could
not do an extensive assignment of different phonon modes to
different vibrations (symmetries). In the future, polarization-
dependent Raman studies on single crystals can help to

understand the origin of the different natures of anomalies
for different phonon modes. Also, resonant inelastic x-ray
scattering measurements can be performed on the system as
a function of temperature to capture the orbital ordering. In
passing, we note that, once the orbitals are ordered at low
temperature (7' < 100 K), the effective spin Hamiltonian is
obtained from Eq. (1) as Hyyin = Zij JijSi-S;+ -+, where

Jiji=2, P Jlf';.ﬂ (ri"‘)(r]/.3 ) are the effective low-temperature
spin-spin exchanges and - -- refers to other constant terms.
This should result in a variation of the Curie-Weiss tempera-
ture and can account for the low effective spin-spin exchanges
observed in Ca;(Cr;0,g, which in turn dictates the fate of
the spin state at lower temperatures. Thus, the secondary JT
physics plays an important role in ultimately deciding the
possible QSL state in the material.
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