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Spin-phonon coupling suppressing the structural transition in perovskite-like oxide
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Multifunctional properties in quantum systems require an interaction between different degrees of freedom. As
such, spin-phonon coupling emerges as an ideal mechanism to tune multiferroicity, magnetism, and the magneto-
electric response. In this Letter, we demonstrate and explain, based on theoretical and experimental analyses, an
unusual manifestation of spin-phonon coupling, i.e., prevention of a ferroelastic structural transition, and locking
of the high-temperature R3m phase in a magnetically frustrated perovskitelike oxide Ba,NiTeOs. We present
Ba,;NiTeOg as a prototype example among its family where a long-range antiferromagnetic structure couples
with a low-frequency E, mode (at ~55 cm™") that exhibits a large anharmonicity. Our findings establish that
spin-phonon coupling clearly suppresses the phonon anharmonicity, preventing the structural phase transition

from the R3m to the C2/m phase in Ba,NiTeOg.

DOLI: 10.1103/PhysRevB.109.L060104

A nonlinear interaction between spins and phonons is
critical not only for application-oriented phenomena such
as multiferroicity, magnetoelectricity, superconductivity, etc.,
but to stabilize or melt specific magnetic and structural phases
as well [1-7]. This has invigorated intense investigations
on the cross-coupling between electron, spin, and phonon
degrees of freedom in the realm of recent condensed mat-
ter research [8—11]. Spin-phonon coupling (SPC) provides
a spin-relaxation channel to exchange energy between spin
excitation and the thermal bath of the lattice [ 12]. Broadly, two
fundamental mechanisms describe SPC in transition metal ox-
ides. The conventional approach explains SPC mediating via
an exchange pathway (J) modulated by the dynamical bond
distance or bond angle during the vibration of the phonon
mode [13]. Alternatively, it is understood through single-
ion anisotropy that dominates in highly spin-orbit coupled
4d/5d systems [14]. Magnetic frustration is well known to
further catalyze this coupling [15]. Thus, SPC manifests into
physical phenomena that involve predominantly magnetism.
Historically, spin-phonon coupling has been known to pro-
mote a structural transition/distortion, especially when there
is magnetic frustration [4,16—19]. Moreover, in StMnO3, for
example, SPC is responsible for the emergence of strain-
induced multiferroicity [20-22]. Nevertheless, there are no
studies so far, to the best of our knowledge, that establish SPC
as a potential mechanism to prevent structural transition in
transition metal oxides.
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Perovskite Ba;NiTeOg with a buckled honeycomb-type
spin lattice offers an excellent platform to investigate SPC
and its effect on the structural properties. The unique bi-
layer triangular arrangement of spins results in competing
J’s that induce strong magnetic frustration which eventu-
ally gets relieved to an antiferromagnetic (AFM) state below
Ty ~ 8.6 K [23,24]. Unlike conventional transition metal
oxides, Ba;NiTeOg exhibits an unusual long-chain superex-
change mediated via multiple ions in between the two nearest
magnetic ions (Ni>*). Consequently, SPC is expected to be
extremely weak to cause any significant effect on the lat-
tice dynamics. Ba;NiTeOg crystallizes into trigonal symmetry
(R3m) that remains stable down to ~2 K [24-26]. On the con-
trary, its isostructural nonmagnetic counterpart Ba,ZnTeOg
undergoes a concomitant ferroelastic and structural transition
to a monoclinic phase (C2/m) below ~150 K due to a soft
mode instability arising from strong anharmonicity [27,28].
Thus, a distinction in the two structural dynamics despite their
close similarities has remained a puzzle to date and needs to
be addressed.

In this Letter, we demonstrate the crosstalk between mag-
netic and structural dynamics of Ba,NiTeOg using Raman
scattering, x-ray, and magnetic measurements as well as first-
principles calculations. We find that most of the phonon
modes deviate from the expected cubic-anharmonic trend
below ~100 K where a spin-spin short-ranged interaction
emerges, indicating the onset of SPC. The SPC reduces the
anharmonicity of the phonon mode at ~55 cm~' (which oth-
erwise is a soft mode in Ba;ZnTeOg) and magnetic frustration
in Ba;NiTeOg, thereby preventing the R3m to C2/m structural
transition [28].

All the experiments were performed on polycrystalline
pellets of Ba;NiTeOg and Ba,ZnTeOg grown using the
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FIG. 1. (a) DFT calculated and room-temperature x-ray diffrac-
tion profiles of Ba,NiTeOq displaying the lattice parameters.
(b) Temperature evolution of the lattice parameters fitted (solid red
line) using the Debye equation (see Supplemental Material [29]).
(c) Raman spectra of Ba;NiTeOg at a few temperatures showing
deconvolutions of phonons as N1-N16 and N'11 at 300 K.

solid-state synthesis method as described in the Supplemental
Material [29]. The experimentally recorded and density-
functional theory (DFT)-calculated x-ray diffraction pattern
of Ba;NiTeOg, shown in Fig. 1(a), confirm the trigonal crys-
tal structure. The evolution of the lattice parameters with
temperature was recorded by a PANalytical X-ray diffrac-
tometer attached to an Anton Paar TTK 450 heating stage,
as shown in Fig. 1(b) [30]. The temperature evolution of
the phonon modes was captured using an HR Evolution
Raman spectrometer (Ajpser = 532 nm) coupled to an at-
toDRY 1000/SU cryostat and a Linkam heating stage (model
HFS600E-PB4). Magnetic measurements were performed us-
ing a Quantum Design superconducting quantum interference
device vibrating-sample magnetometer (SQUID-VSM). The
experimental results were verified using first-principles calcu-
lations implemented in the VASP code [31-42]. The methods
used are further detailed in the Supplemental Material [29].
Figure 1(c) presents the Raman spectra of Ba;NiTeOg at
~300 and ~5 K. The spectra reveal a total of 16 Raman active
modes N1-N16 (9E, + 7A;,), identified using a Lorentzian
multifunction fit [see Fig. 1(c)]. The irreducible representation
and the associated frequencies are included in Table SI in the
Supplemental Material [29]. An additional broad band N'11
appears in the spectra at ~450 cm™! which is not expected as

per group theory and may be assigned to disorder-induced Ra-
man activity. Raman measurements show anomalies for most
of the phonon modes appearing at intermediate temperatures
(<100 K) where interatomic distances and magnetization also
exhibit deviation from the expected trend (see Supplemental
Material [29]). On the other hand, N1, N8, and N9 exhibit
anomalous responses in frequency in the entire measured
temperature range [refer to Figs. 2(a) and 2(b)], the origin of
which is discussed later.

In general, various factors contribute to phonon anomalies
over temperature (7) including spin-phonon, phonon-phonon,
and electron-phonon couplings [43,44]. We analyze the T
dependence of phonon frequencies () illustrated in Fig. 2(a)
using a standard cubic-anharmonic formalism given by [44]

Ao™(T) = wy+ Al 1+ 2 (D
= wo o 1)
where x(T) = % with 7 as the reduced Planck’s constant

and kg as the Boltzmann coefficient. Moreover, wy and A
are the fitting parameters. Aw®®"(T') expects the phonon
frequency to decrease with increasing temperature. On the
contrary, our analysis reveals that phonon frequencies in
Ba,NiTeOg deviate from Aw™™(T) at temperatures below
~100 K. The insulating nature of the system excludes the
possible contribution from electron-phonon coupling to cause
this deviation. Therefore, we explore other possibilities to
address the observed phonon anomalies.

Previous reports and our data suggest that Ba;NiTeOg
demonstrates a variety of magnetic properties, including mag-
netic frustration (Ty < T < |0cw|), a short-ranged ordering
(at ~35 K), and an AFM order below Ty (~8.6 K) [23,24].
A careful investigation of the magnetization data, displayed
in Fig. 2(c), suggests that similar to the phonons, x ! also
deviates from Curie-Weiss behavior below ~100 K, implying
a reduction in magnetic frustration and the onset of spin-spin
correlation. We note that the temperature regime of phonon
and magnetic anomalies largely coincides with each other.
Therefore, temperature-dependent phonon anomalies below
~100 K can be attributed to spin-phonon coupling. Since
spin-spin correlations exist for this system even above the Ty,
we combine Cottom and Lockwood’s models along with the
conventional mean-field approach to quantify the SPC con-
stants () (see Supplemental Material [29]) [44—48], which are
found to be comparable to those in MnF,, HoCrO3, Ca;RuQOy,
Fe3GeTe,, and Ni;NbBOg lying in the range of 0.3-1.5 cm™!,
as listed in Table I [46,49-52]. It may be noted that the modes
N1, N8, and N9 exhibit anomalous softening upon cooling
for the entire temperature range in our experiment. Therefore,
these models may not be suitable for an accurate estimation of
the values of A for these modes. More details on the analysis
of the spin-phonon coupling for N1, N8, and N9 modes can
be found in Sec. V of the Supplemental Material [29]). We
believe that such a coupling arises from an indirect superex-
change interaction (Ni*T-0?~-Te®"-0%>"-Ni**) mediated via
corner- and/or face-shared TeOg octahedra, as discussed later.

Unlike other phonon modes, the cubic-anharmonic model
could not explain the behavior of N1, N8, and N9 modes
since their frequency decreases upon cooling in the entire
temperature range [see Figs. 2(a) and 2(b)]. In particular, the
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FIG. 2. (a) Phonon frequency as a function of temperature showing deviation from the cubic-anharmonic trend (solid red line) below 100
K. Error bars are included to show standard deviation in phonon frequencies. (b) Square of frequency (w) of the phonon mode (N1/Z1) with
temperature in isostructural systems Ba,NiTeOg and Ba,ZnTeOQg. Solid (red) lines are fit to Cochran’s relation w®> = A(T — T.). The inset
shows the thermal response of phonon frequency of mode N1/Z1 across the transition temperature (shown with a vertical dashed red line)
of Ba,ZnTeOg. (c) Temperature-dependent magnetization (M) and inverse susceptibility (x ~') of Ba;NiTeOgq showing Ty ~ 8.6 K. The inset

shows x !

lowest-frequency phonon mode N1 exhibits a large softening
of % = % ~ —70% upon cooling, as opposed
to a typical hardening of ~1%-2% (see Sec. IV in the
Supplemental Material for more details [29]). The fact that
the contribution from SPC manifests only below intermedi-
ate temperatures (~100 K) and the electron-phonon coupling
is absent, we ascribe the anomalous large softening of the
phonon mode (N1) upon cooling (7 > 100 K) to strong
anharmonicity. In general, the total lattice anharmonicity
[Aw®(T')] carries the contribution from both quasiharmonic
and intrinsic anharmonic components. We estimate the quasi-
harmonic contribution to be small (~0.7%) for N1 from the
temperature-dependent x-ray diffraction (see Supplemental
Material [29]). This implies that a strong intrinsic phonon
anharmonicity exists in Ba;NiTeOg but does not lead to a
structural transition such as the one in Ba,ZnTeOg.

TABLE I. The spin-phonon coupling coefficients, A in cm™!,
extracted theoretically and experimentally for the Raman phonon
modes in Ba,NiTeOg.

Mode (w in Cmil) )"expt. )"lheon Mode (w in Cmil) )Lexpl. )‘theor.
NI (55) 4 34 NO9 (391) 4 0.1
N2 (92) 07 0.1 N10 (409) 09 @
N3 (109) 0.8 1.6 N11 (482) 1.5 07
N4 (121) 0.6 0.1 N12 (581) 1.3 0.1
N5 (180) 0.6 02 N13 (613) 02 0.1
N6 (226) 05 13 N14 (684) 1.1 53
N7 (252) 0.8 4 N15 (746) 5.1 57
N8 (378) 4 0.9 N16 (752) 0.5 a

“Refer to text and Supplemental Material [29] for more details.

vs T representing an onset of deviation from the Curie-Weiss linear fit below 100 K.

Unprecedented softening is typical of soft modes in the
vicinity of the structural transition due to lattice anhar-
monicity. Similar to the soft mode Z1 (E,) at ~30 cm~!in
Ba,ZnTeOg, we have modeled the phonon N1 (~55 cm™')
in BayNiTeOg with Cochran’s relation w? = A(T — T,), as
shown in Fig. 2(b) [27,28]. We find that Cochran’s fit to N1
phonon frequency does not tend to zero at any finite tem-
perature, unlike the mode Z1 in Ba;ZnTeOg. Therefore, N1
does not qualify to be a soft mode despite exhibiting a large
softening. All these observations suggest that the phonon-
phonon interactions may not be sufficient to drive a structural
transition in Ba;NiTeOg, and it is important to consider the
effects of other competing interactions (such as the active
magnetic response).

In order to obtain an understanding of the distinction be-
tween the lattice dynamics of Ba;NiTeOg and Ba;ZnTeOg, we
made use of first-principles calculations, in the framework of
density-functional theory, including different magnetic con-
figurations. After full electronic and structural relaxation, the
lattice parameters are found to be a = b = ¢ = 10.072 A and
a =B =y =33.39° in the trigonal primitive cell reference
[see Fig. 3(a)]. These are equivalent to a = b =5.787 A,
c=128504 A, and o = =90.0° and y = 120.0° in the
hexagonal unit cell reference and in full agreement with our
experimentally measured values. In order to compute the cou-
pling between the lattice dynamics and the magnetic structure,
we have explored possible magnetic ground states in the
Ba;NiTeOg. The ferromagnetic (FM) ordering was considered
initially for reference followed by three different antiferro-
magnetic orderings, labeled as AFM1, AFM2, and AFM3
(see Supplemental Material [29]). In the AFM1 state, all the
first neighbors are aligned antiferromagnetically and the prop-
agation g vector can be represented as g = (0, 0,0) in the
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FIG. 3. (a) Primitive (1x1x1) structural unit cell of Ba,NiTeOg
without considering the magnetic ordering. (b) Calculated frequen-
cies of the F; mode (N1) for different magnetic (FM, AFMI,
AFM2, and AFM3) orderings with different propagation g vectors.
The unstable (i.e., imaginary) frequencies are shown as negative
values by notation. (c) Total energy wells obtained as a function
of the rotational oxygen frozen displacements yo (i.e., condensa-
tion of the eigendisplacements associated with the N1 mode) and
computed at different magnetic orderings. The latter total energy
values are shown with reference to the undistorted structure. The
displacements are measured as the averaged distortion of the oxy-
gen sites involved in the octahedral rotation. (d) (2x2x2) supercell
in which the corner-shared TeOg octahedra couple magnetism and
phonon anharmonicity. The red and blue planes represent the mag-
netic planes in the AFM3 ordering. Additionally, the ferromagnetic
NiO4-TeOg-NiOg path can be observed in the magnetic plane; mean-
while the antiferromagnetic interactions are mediated by the TeOg
octahedra.

trigonal primitive cell (i.e., 20-atoms reference). In the AFM2
phase, the Ni-Ni interaction is ferromagnetic along Ni-Te-Ni
face-shared octahedra (z axis) for the first two layers whereas
the third layer is aligned antiferromagnetically. It can again be
represented by a g = (0, 0, 0) in the hexagonal unit cell (i.e.,
60-atoms reference). Finally, the AFM3 state (akin to AFM2)
shows a ferromagnetic alignment along the z axis in the Ni-
Te-Ni octahedra. However, the overall magnetic structure is
AFM along the [1,1,0] family of planes, as shown in the Sup-
plemental Material [see Fig. S4(e)] [29]. As such, the AFM3
ordering can be considered with a ¢ = (1, 1, 0) magnetic
propagation vector with respect to the (2x2x2) primitive
unit cell reference and it is equivalent to the (0,0.5,1.0) ¢
vector in the (1x2x1) hexagonal unit cell reference, con-
sistent with the previous report by Asai et al. based on a
neutron diffraction analysis [24]. The latter cells and order-
ings are shown in Fig. S4 in the Supplemental Material [29].
The full structural relaxation under all of the above mag-
netic orderings indicates that the AFM3 has the lowest-energy

configuration, agreeing to the magnetic ground state predicted
in Ref. [24].

After defining various magnetic ground states, we esti-
mated the phonon frequencies at the I" point considering each
magnetic configuration. Interestingly, we obtained an unsta-
ble (i.e., negative frequency value by notation) phonon mode
(N1) at O K associated with TeOg octahedral rotation with a
F;* irreducible representation. In the FM state, the phonon
mode N1 shows a negative frequency of wg, = —44 cm~!.
Surprisingly, when the antiferromagnetic orderings (AFM1,
AFM2, and AFM3) and larger magnetic cells are considered,
the unstable phonon frequency is reduced and becomes stable,
wg, = 31 cm™!, for AFMB3, as presented in Fig. 3(b). These
observations confirm the strong correlation between phonon
anharmonicity and magnetism in Ba;NiTeOg. The phonon
mode (N1) is also observed in the isostructural compound
Ba;ZnTeOg in our previous work (labeled as Z1) [28] and is
found to be responsible for the structural transition from R3m
to the C2/m crystal symmetry when the temperature is low-
ered. Nonetheless, as commented before, we do not observe
the structural transition in our experiments and theoretical
calculations for Ba;NiTeOg.

In order to establish coupling between phonon anhar-
monicity and magnetism, as indicated above, we have
condensed or frozen the E, (i.e., I';) mode by including the
eigendisplacements, associated with the phonon mode, into
the high-symmetry R3m phase. As expected from the values
of the unstable modes, the gain in energy in the energy-well
profile is considerably reduced when larger magnetic cells
are considered up to a point at which we obtain a single
energy well for AFM3, indicating no gain in energy and a
high-symmetry stable phase, as shown in Fig. 3(c). As in
the FM, AFM1, and AFM2 cases, the energy well (i.e., AE
vs yo) for the AFM3 phase is better fitted with the relations
up to quartic terms. Further, to highlight the deviation of the
obtained curve, we have also included the second-order fitting
considering the quasiharmonic approximation. We find the
quasiharmonic fitting relation as AE = (105.5y% — 2.7y) in
contrast to the quartic relation AE = (4920.2y* — 288.8y3 —
7.7y% 4 3.0y). Note that the pure harmonic approximation
implies AE o 2. This highlights the importance of the quar-
tic fourth-order terms supporting the strong anharmonicity of
the F; mode in Ba;NiTeOg, as also observed in VO, [53]
and ScF3; [54]. As such, these results clearly indicate that
the interactions between the spins and the lattice prevent the
R3m to C2/m phase transition in Ba,NiTeOg, as opposed to
the one observed for the isostructural compound [28]. As a
computational experiment, we also relaxed and computed the
phonon modes in the nonmagnetic (NM) phase at 0 K. As ex-
pected, the I'J is strongly unstable with a negative frequency
value of —385 cm™! confirming that magnetic interactions
are crucial to lock in the R3m phase through spin-phonon
coupling in Ba;NiTeOg. Moreover, in terms of geometrical
considerations and tolerance factor, the only (negligible) dif-
ference between the two compounds relies upon the atomic
radius of Ni and Zn, which in the case of the 2+ oxidation
state is almost identical with ry; = 87 pm and rz, = 88 pm,
respectively [55]. This further ascertains spin-phonon cou-
pling to be responsible for preventing the structural transition
in Ba;NiTeOg.
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We have included the calculated Raman frequencies
for perovskite Ba;NiTeOg considering the AFM3 magnetic
ground state in the Supplemental Material [29]. The frequency
values are in good agreement with our experimental Raman
data. Moreover, the symmetry-mode assignment as well as
the atomic species and atomic displacements involved are
included for each mode. We have also estimated the spin-
phonon coupling parameters (1) for each of the modes, as
listed in Table I (see more details in the Supplemental Ma-
terial [29]). To computationally estimate the paramagnetic
reference, we have taken the averaged FM, NM, AFMI,
AFM2, and AFM3 frequency values as performed before for
the MnF,, ABF;, and Mn3;NiN compounds [56-58]. Since
different approaches are used for the estimation of X in exper-
iment and theory, it is likely to give a difference in their values
which is considerable. Moreover, the difference in the values
of X can be reduced with the consideration of the short-ranged
interaction in theory.

Finally, our experiments and calculations indicate that the
rotation of the corner-shared TeOg octahedra [along with
Ba/Ni(Zn) displacements], involved in the lowest-frequency
phonon [N1 (Z1)], produces unprecedented anharmonicity.
Interestingly, the same TeOg octahedra connect the antiferro-
magnetically aligned adjacent face-shared NiOg-TeOg-NiOg
layers (Ni-Te-Ni layers) of Ba;NiTeO¢ and mediate the
superexchange interaction J through the Ni*t-0?~-Te®"-0?~-
Ni?* pathway to favor spin-phonon coupling [see Fig. 3(d)].
In this way, the structural stability of the R3m phase is ensured
through entanglement (coupling) with the magnetic response
in Ba;NiTeOg. The mediation of the spin-phonon coupling
for the anomalous N8 and N9 modes is discussed in the
Supplemental Material [29].

To conclude, an unconventional mechanism has been
identified to prevent structural transition in Ba;NiTeOg us-
ing temperature-dependent Raman spectroscopy, x-ray, and
magnetic measurements as well as first-principles calcula-
tions. We observe phonon anomalies to appear well above

the Ty (~8.6 K) wherein short-ranged magnetic interac-
tions are initiated (below ~100 K), depicting the onset
of spin-phonon coupling. Our calculations establish the
rare phenomena that spin-phonon coupling suppresses the
strong phonon anharmonicity and magnetic frustration in
Ba,NiTeOg, thereby preventing the R3m to C2/m structural
transition (unlike in Ba;ZnTeOg). We emphasize that ex-
ploring such coupled structural and magnetic phenomena
(spin-phonon coupling) that can control phase transitions is
important to induce multiferroic or magnetostrictive prop-
erties in nonmultiferroic systems, thus opening up alternate
avenues.
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