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Spin-phonon coupling mediated by single ion anisotropy was investigated using optical spectroscopy
and first-principles calculations in the all-in—all-out pyrochlore magnet Cd,0s,0;. Clear anomalies were
observed in both the phonon frequencies and linewidths at the magnetic ordering temperature. The
renormalization of the phonon modes was exceptionally large, signifying the presence of an unconven-
tional magnetoelastic term from large spin-orbit coupling. In addition, the relative phonon frequency shifts
show a strong correlation with the modulation of noncubic crystal field by the corresponding lattice
distortion. Our observation establishes a new type of spin-phonon coupling through single ion anisotropy, a

second-order spin-orbit coupling term, in Cd,0s,0;.

DOI: 10.1103/PhysRevLett.118.117201

Novel spin-lattice coupling via the spin-orbit (SO) inter-
action is essential for stabilizing peculiar magnetic ordering
in 5d transition metal oxides (TMOs). The collective order-
ing of spins on a periodic lattice and their mutual interaction
have long been a central theme in condensed matter physics.
Most of these phenomena could be understood by consid-
ering the exchange interactions between spins. However,
recent studies on 5d TMOs have revealed the critical role
SO coupling plays in their magnetism. Since the orbitals are
generically coupled to the lattice, the large SO coupling
present in 5d orbitals creates strong and inevitable inter-
actions between spin and lattice, causing the spin to reflect
characteristics of the lattice and thereby stabilize peculiar
magnetic order. In Sr,IrQOy, for instance, the spins follow the
rotation of the octahedra via the Dzyaloshinskii-Moriya
(DM) interaction [1,2]. Particularly, such spin-lattice cou-
pling can be more important in the frustrated lattices, i.e.,
pyrochlore iridates and osmates [3-8], where long-range
ordering is stabilized by SO-mediated interactions [9—12].
Although intensive studies have been performed to inves-
tigate the unusual magnetism in 54 TMOs, a detailed
understanding of spin-lattice coupling mediated by SO
interaction has not yet been achieved.

The 5d pyrochlore Cd,0s,0; represents an excellent
material in which to study unconventional spin-lattice
coupling. In this compound, the superexchange (SE)
interaction between magnetic Os spins is highly frustrated
as the spins are arranged on tetrahedra. On the other hand,
large single ion anisotropy (SIA), a second-order SO
coupling effect, induces the Os spins to align preferentially
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along the local trigonal distortion axes [11,12]. This
preference stabilizes the peculiar all-in—all-out (AIAO)
magnetic ordering, where all spins point inward in one
tetrahedron and outward in the adjacent one, below T =
227 K [6,7]. Cd,0s,0; therefore represents an opportunity
to study unconventional magnetoelastic effects mediated
by SO coupling beyond the conventional mechanism based
on the modulation of SE interactions.

Here, we demonstrate using optical spectroscopy and
first-principles calculations that SIA leads to strong spin-
phonon coupling in Cd,0s,0,. We observed clear anoma-
lies in the frequencies and linewidths of the infrared (IR)
phonon modes at T, indicating a strong coupling between
lattice dynamics and the AIAO magnetic phase transition.
The broadening and frequency shift is exceptionally large,
implying an enhanced magnetoelastic coupling due to the
SO interaction. Based on the phonon eigenmodes from
first-principles calculation, we found a strong correlation
between the relative phonon frequency shift and crystal
electric field (CEF) modulation by the corresponding
phonon modes. Our finding establishes a new type of
spin-phonon coupling mechanism through SIA.

Temperature (7')-dependent optical spectroscopy and first-
principles calculations were used to investigate the evolution
of IR-active phonon spectra through 7'y in Cd,0s,05. The
real part of the optical conductivity, o, (), was obtained
from near-normal reflectance and ellipsometry measure-
ments [13]. The first-principles calculations were performed
using density functional theory + U with the PBEsol
exchange correlation functional implemented in VASP [14].

© 2017 American Physical Society
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FIG. 1. T-dependent o,(w) below 800 cm~!. Seven phonon
modes are highlighted by solid triangles. The black solid line
indicates the best fitting results for the 227 K data with Lorentz
and Fano oscillators. The asymmetry parameter g for the two
asymmetric modes are indicated.

The frozen phonon method was used to calculate the zone-
center phonons, and Uy = 1.5 eV was chosen to simulate
the local Hubbard interaction in Os. AIAO magnetic ordering
was considered within a noncollinear density functional
theory formalism.

In Fig. 1, o;(w) shows the T-dependent IR phonon
modes of Cd,0s,05. The increase in intensity of the broad
background with T corresponds to the emergence of
free carriers via the Lifshitz metal-insulator transition
[13]. The sharp peaks marked by triangles (from phl to
ph7) correspond to the seven IR phonon modes expected
for the pyrochlore structure [15]. Among them, phl and
ph6 are visible only at low T due to their weak intensity
while the other five phonons are clearly seen at high 7. ph5
and ph7 show an asymmetric Fano line shape [16] at high
T, indicating considerable electron-phonon interaction.
ph2, ph3, and ph4, on the other hand, remain symmetric.
All phonon modes show a sizable 7' dependence of the
linewidth and frequencies.

To quantify the T evolution of the phonon modes, we
fitted o;(w) using a minimal model. Drude and CPM,
models were utilized to fit the broad electronic background
[13]. Because the intensities of phl and ph6 are too weak,
these modes were not analyzed. We used two Fano
oscillators for the asymmetric phS and ph7 modes and
three Lorentz oscillators for the ph2, ph3, and ph4 modes.
The black solid line in Fig. 1 is the best fitting result for the
227 K data. The T-dependent phonon frequency [w(T)],
the linewidth [I'(7)], and the phonon plasma frequency
[Q(T)] were obtained from the fitting for each phonon
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FIG. 2. Eigenvectors, (T), ['(T), and Q(T) of the (a) Cd-O2 bending, (b) Os-Os stretching, (c) Os-O1 polar, (d) Os-O1 bending, and
(e) Os-0O1 stretching modes. The black solid arrows in the top panels indicate the displacement of the ions by each phonon mode. The

red dashed lines indicate T'y.
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TABLE 1. Phonon frequencies (cm™!) from o, () at 100 K,
from first-principles calculations, and eigenmodes from first-
principles calculations.

o1(w) DFT Eigenmode Remark
phl 88.7 84.6  Cd-OsOg stretching  Weak intensity
ph2  109.5 107.1 Cd-O2 bending e
ph3  202.3  200.2 Os-Os stretching
ph4 348.0 3674 Os-O1 polar e
phS 373.0 3639 Os-0O1 bending Asymmetric
ph6 4455 4444 Cd-O2 stretching Weak intensity
ph7 615.6 6185 0Os-O1 stretching Asymmetric

mode, as shown in Fig. 2. All phonon parameters show a
clear kink at Ty, indicating that the lattice dynamics of
Cd,0s,0; are strongly coupled to the AIAO magnetic
phase transition.

For further understanding of the phonon renormaliza-
tion, first-principles calculations were used to assign the
observed phonon modes. Table I shows the phonon
frequencies from the experimental o;(w) at 100 K and
from the calculations. Experimental and theoretical values
show good agreement. By analyzing the main modulation
of ions in the calculated eigenmodes, the seven modes were
denoted as Cd-OsOg stretching, Cd-O2 bending, Os-Os
stretching, Os-O1 polar, Os-O1 bending, Cd-O2 stretching,
and Os-Ol1 stretching modes in the order of increasing
phonon energies. The displacements of the ions near one
Os ion in the five phonon modes are shown in the top
panels of Fig. 2(a)-2(e). Here, O1 and O2 indicate oxygen
that does and does not form OsOg octahedra, respectively.
For the Os-O1 polar and bending modes, it is difficult to
distinguish the two modes by frequency alone because they
are close to each other. As the calculated intensities (dipole
moment) of the Os-O1 polar mode is much larger than that
of the Os-O1 bending mode, we assigned the ph4 (ph5)
phonon to the Os-O1 polar (bending) mode. This assign-
ment is also consistent with the fact that the Fano
asymmetry exist only in ph5 and ph7; Os-Ol bending
and stretching modes modulate the electron hopping path
significantly and so should strongly couple to the electronic
background.

In general, we can write down the phonon self-energy X
as follows:

=2, +Zp+ Iy (1)

where X, ¥, and X, are the self-energies from phonon-
phonon, electron-phonon, and spin-phonon interactions,
respectively. X, is a smooth function of 7 and cannot
explain the anomalies at Ty. Note that Re[X,,] is generally
negative [17-19], while Re[Z,] can be positive or negative
depending on the detailed magnetic Hamiltonian and
phonon modes. In Cd,0Os,07, the metal-insulator transition
is accompanied by magnetic ordering; thus, both X, and

%, could, in principle, be the origin of the observed
anomalies at Ty.

There are at least four reasons why X, is the dominant
effect, rather than Zp- First, the absence of a Fano line
shape in ph2, ph3, and ph4 indicates weak electron-phonon
coupling in these modes [16]. Second, if the phonons are
well screened by free electrons, then Q should decrease
with the increasing number of free carriers at high 7' [20].
The increase in Q in ph2, ph3, and ph4 in Figs. 2(a)-2(c)
indicates a poor electron screening effect. Third, as Re[Z,]
is always negative, X, cannot explain the softening of ph5
and ph7 with decreasing 7. One plausible explanation is
that X, softens phS and ph7 to a larger magnitude than %,
even in the asymmetric ph5 and ph7. Finally, the linewidth
broadening is also inconsistent with Z.,. The linewidth
broadening by X, is proportional to a matrix element of the
electron-phonon interaction [19]. Given their asymmetric
line shapes, we would expect this effect to be most
pronounced in phS5 and ph7. However, the linewidth
broadening of phS5 and ph7 is in fact smaller than in the
more symmetric ph2, ph3, and ph5 modes. This implies
that Zg,, not X, is the main contributor to the phonon
anomalies at Ty.

The renormalization of the optical phonons at T in
Cd,0s,05 is unusually large, implying the presence of
peculiar magnetoelastic coupling mediated by SO cou-
pling. Figure 3(a) shows Aw/w, and AT/ w,, of five phonon
modes, where o, is the frequency at 100 K and Aw and AT’
are the differences between the 100 and 227 K data. Both
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FIG. 3. (a) Aw/w, (solid squares) and AI'/w, (open circles)
of five phonon modes. (b) Normalized trigonal and hexagonal
crystal field change with the corresponding lattice distortion.
The inset shows a schematic diagram of the orbital states of the
Os ions.
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linewidth broadening and frequency shift in ph4, for
example, are over 5%. These values are unusually large,
in that Aw/@q and AT/ w, are generally 1% or less in many
3d and 4d TMOs [21-25], where spin-phonon coupling
mainly originates from the modulation of SE interactions.
Similarly large renormalizations have been reported only in
special cases where unconventional spin-phonon coupling
mechanisms were proposed [26-29]. The most plausible
mechanism here is the strong SO coupling in 5d systems,
because the orbital contribution to the magnetism by SO
coupling can lead to an enhanced magnetoelastic coupling.
The known magnetic Hamiltonian shows that a SO-
mediated magnetoelastic coupling term should emerge
from the modulation of SIA [12]. The Hamiltonian is

H= J; Si°8;+ DY (S A+ d(z; éij 18i x 8],
i,j ! i.j

(2)

where the first, second, and third terms correspond to the
SE, SIA, and the DM term, respectively. According to
quantum chemistry calculations and x-ray scattering mea-
surements, the values of J, D, and d are about 6.4, —6.8,
and 1.7 meV, respectively [12,30]. Ignoring the small
DM term, we can express the renormalization of the
frequency as

I (=Pl = = L
Aw~—— i (S §, i
@ 2,Lta)<<l]> aﬁz <Sl S]>+ 8*2 <(Sl 1) >>5

where u and y are the atomic displacement and reduced
mass of phonon modes, respectively [21]. Beyond the first
SE term, the additional second term emerges from the
modulation of SIA. We expect that the second term should
govern the phonon renormalization here, because (i) it is an
orbital contribution which generically couples to the lattice
and (ii) the first SE term is expected to be suppressed in
Cd,0s,07 as we will discuss later.

A simple CEF calculation was employed to elucidate the
spin-phonon coupling via SIA. The microscopic origin of
SIA is noncubic CEF in the presence of SO coupling [12]:
noncubic CEF cause orbital anisotropy which is then
transferred to the spin degree of freedom via SO coupling.
According to a previous quantum chemistry calculation
[12], the SIA in Cd,0s,0; is mainly caused by trigonal
crystal fields (E,;) due to the O ions and hexagonal crystal
fields (E}.x) due to the Cd ions. Therefore, if the spin-
phonon coupling is mostly caused by SIA, there should be a
strong correlation between the size of the renormalization
at Ty and the change in CEF energy associated with a given
phonon modes.

To calculate the CEF change due to each phonon, we

displaced each atom about the order of 0.01 A along a

direction determined by the DFT eigenmode. Then, we
used hydrogenlike atomic d wave functions with effective
nuclear charge Z = 8 to describe the Os wave functions and
a point charge model for the O and Cd ions. First-order
perturbation theory in the a,, and e, orbital basis was then
employed to calculate the modulation of E; (AE;) and
Eiox (AE},) in the distorted structures. Figure 3(b) shows
the calculated AE,;/Ey; and AE,../E,.x by each phonon
mode. A positive (negative) value indicates that the energy
difference between the a;, and e, orbitals is decreased
(increased) by the phonon mode. Since D is roughly
proportional to the a;, — e, splitting with a negative sign
[12], positive (negative) changes induce a hardening
(softening) of phonon mode below Ty [see the Eq. (3)].

Indeed, this calculation mostly explain the direction and
relative magnitude of the phonon renormalization. The Os-
Os stretching and Os-O1 polar modes are seen to strongly
increase the trigonal CEEF, consistent with the fact that these
modes show strong hardening behavior. For the Os-Ol
bending and stretching modes, AE,,;/ E,; is negative, which
explains the softening of these two modes in experiment.
Note that the magnitude of AE,;/E,; in the Os-O1 bending
mode is quite large in contrast to weak energy shift in
experiment. Since this mode show the most anisotropic
Fano line shape, the discrepancy between the calculation
and the experiments can be understood in terms of the
competition between spin-phonon and electron-phonon
coupling discussed above. Compared to AE;/E,
AE} .,/ Epe 1s orders of magnitude smaller so it is unlikely
to be the main contributor to the phonon renormalization.
However, the small AE}.,/Ejpex could be important for the
Cd-0O2 bending mode because of the small phonon energy
and the absence of other possible interactions. AE.,/ Epex
by this phonon shows a small positive values, consistent
with the hardening seen in Fig. 2(a). Overall, our crystal
field calculation clearly show that the phonon renormali-
zation at Ty in Cd,0s,0; mainly originates from the
unconventional, STA-mediated mechanism.

Before finishing, we want to briefly discuss the reduced
effect of the SE term [first part of Eq. (3)] on the phonon
renormalization in this compound. There are twelve non-
equivalent Os-O1-Os bonds in the pyrochlore unit cell
and the SE interactions are sensitive to their angles and
lengths. We found that, although a given mode can
modulate each angle and length significantly, it barely
alters the average values. As a result, the SE terms are
canceled out to first order. For a quantitative comparison,
we calculated the modulation of the SE interaction with the
distorted structure we used above for the Os-O1 bending
mode, because this mode strongly modulates the SE
interaction. We adopted an empirical expression for the
SE interaction, J(¢) = Joosin?[¢] + J goc0s?[¢)], where
Joos J150, and ¢ are J for 90, 180 degrees, and bond angle,
respectively [31]. Using the known structure and J of
NaOsO; [32] and Cd,0s,0;, we estimated Jo, and Jgq as
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—7.29 and 18.7 meV, respectively. AJ/J with the distorted
structure is only about 0.3%, 1 order of magnitude smaller
than the trigonal crystal field terms. This further supports
our claim that the SIA term governs spin-phonon coupling
in Cd205207.

In summary, a new type of spin-phonon coupling in
Cd,0s,0; was investigated by optical spectroscopy and
first-principles calculations. We observed large renormaliza-
tions of the phonon modes below T’y and a strong correlation
between the phonon shift and the CEF modulation, which
consistently supports spin-phonon coupling through SIA,
one of the SO coupling terms. We emphasize that the
observed spin-phonon coupling mediated by SO coupling
is not specific to Cd,0s,05, but is a characteristic feature of
5d TMOs. Beyond SE interactions, spin, orbital, and lattice
degrees of freedom in 5d TMOs should be strongly coupled
to each other via various SO-mediated interactions, such as
DM, SIA, and pseudodipolar interactions. Our results
motivate further systematic studies including high magnetic
field or pressure experiments on 5d layered perovskite,
honeycomb, and pyrochlore compounds.
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