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Spinons and damped phonons in spin-1/2 quantum-liquid Ba,Ir;0; observed by
Raman scattering.
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In spin-1/2 Mott insulators, non-magnetic quantum liquid phases are often argued to arise when
the system shows no magnetic ordering, but identifying positive signatures of these phases or related
spinon quasiparticles can be elusive. Here we use Raman scattering to provide three signatures for
spinons in a possible spin-orbit quantum liquid material BasIrsO10: (1) A broad hump, which we
show can arise from Luttinger Liquid spinons in Raman with parallel photon polarizations normal
to 1D chains; (2) Strong phonon damping from phonon-spin coupling via the spin-orbit interaction;
and (3) the absence of (1) and (2) in the magnetically ordered phase that is produced when 2% of
Ba is substituted by Sr ((Bag.osSro.02)4Ir3010). The phonon damping via itinerant spinons seen in
this quantum-liquid insulator suggests a new mechanism for enhancing thermoelectricity in strongly
correlated conductors, through a neutral quantum liquid that need not affect electronic transport.

I. INTRODUCTION

Spin-1/2 magnetic insulators can avoid the conven-
tional fate of magnetic order, by instead forming one
of various types of exotic quantum liquid states. Such
quantum liquids in 2D spin systems come in variously
many flavors: gapped spin liquids such as the toric code
[1-5], gapless spin liquids such as a spinon Fermi surface
[3-5], sliding Luttinger liquids [6], and yet other exam-
ples whether recently discovered or yet to be discovered
[3-5, 7]. Their common features include a high degree of
quantum entanglement, and (typically) exotic “spinon”-
type excitation. But beyond mere lack-of-ordering, pos-
itive signatures that identify a particular material as a
quantum liquid state are difficult to access. Theoretical
treatments of the strongly spin-orbit coupled honeycomb
iridates and, more recently, a-RuClz have inspired a large
body of experimental work that anticipates a spin liquid
[2, 8-15]. However, there has been no clear-cut material
realization of a quantum spin liquid thus far, suggesting
that a different material approach may also be fruitful.

Here we report on our observation and analysis of
signatures of fractionalized spinons, through low tem-
perature Raman spectroscopy of a recently discovered
[16] quasi-2D spin-1/2 material, BayIrsO19. BagIrsOqg
adopts a monoclinic structure with a P2; /c space group,
which consists of Ir3Ojo trimers (with Ir4*(5d%) ions)
of face-sharing IrOg octahedra that are vertex-linked to
other trimers, forming 2D sheets of a distorted square lat-
tice in the bc plane, that are stacked along the a-axis with
weak connectivity between the sheets (Fig. 1a). Electri-
cal resistivity shows a clear insulating state across the
entire temperature range measured up to 400 K. The
strong spin-orbit-coupling and frustration of the Ir spin-
1/2 moments conspire to form an unusual kind of highly
frustrated quantum liquid state: Baylr3O;¢9 shows no

magnetic order down to 0.2 K, despite strong antifer-
romagnetic interactions with Curie-Weiss temperatures
ranging from 100 K to 700 K [16]. This quantum liquid
state shows a sizable linear heat capacity with a constant
offset at very low temperatures, C' ~ T+Cj implying that
the absence of magnetic ordering is accompanied by gap-
less quantum-fluctuating excitations. Linear (and sur-
prisingly small) thermal conductivity is also observed at
low temperatures, again consistent with the quantum lig-
uid state. Finally, this quantum liquid state is evidently
quite fragile and disappears upon slight perturbations to
the crystal: experimentally, a mere 2% Sr substitution
for Ba ((Bag.ogSrp.02)4Ir3019) precipitates conventional
AFM order below 130 K, thereby eliminating the linear-
T heat capacity and drastically changing magnetization
and thermal conductivity.

Raman spectroscopy of the pure compound shows two
unusual features at low temperature (Fig. 1b). First,
phonon peaks are extremely broad corresponding to short
lifetimes. Second, a broad hump centered near 180 cm™*
is present underneath the phonons. The hump persists
across the range of all measured temperatures, 10 K to
170 K. Interestingly, slight Sr substitution for Ba, which
induces antiferromagnetic order below 130 K, makes the
phonons narrow and eliminates the broad hump (Fig. 1c).
This suggests that the hump and the reduced phonon life-
times are associated with the spin-1/2 excitation sector.
At higher temperatures above the (Bag.ggSro.02)4Ir3O10
magnetic transition T, the broad hump is restored (Fig.
2).

Raman spectra presented here were obtained with a
671 nm solid state laser. All experiments were performed
on a McPherson custom triple spectrometer equipped
with a LN3 cooled charge-coupled device (CCD) detector.
It was configured in a subtractive mode with 1200 grooves
per mm gratings in the filter stage and 1800 g/mm in
the spectrometer stage. The sample was mounted in a
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FIG. 1. Raman spectra of quantum liquid Ba4IrsOso,

and the Sr-doped magnetically ordered sister compound
((Bao.98Sr0.02)4Ir3010). (a) BaalrsOig is a 2D layered spin-
1/2 magnet, featuring 1D zigzag chains coupled via trimers.
BaslrsOq0 is a 2D layered spin-1/2 magnet, featuring 1D
zigzag chains coupled via trimers as originally shown in [16].
Note the angle theta and the coordinator are added to the
figure for the convenience of discussion. (b,c) show Raman
scattering spectra in bb photon polarization. The pristine
compound features broadened phonon peaks on top of a broad
hump, which is captured well by a four-spinon continuum in
quantum liquid mean field theories with Jog/kp = 75 K (R:
dashed, blue; R dot-dashed, cyan). Non-magnetic Sr substi-
tution in (Bag.9sSro.02)4IrsO10 produces non-frustrated mag-
netic order and eliminates the phonon broadening and the
4-spinon hump.

top-loading closed-cycle refrigerator. Phonons were ob-
served only in the spectra measured with incident and
scattered photon polarization parallel to the crystallo-
graphic b-axis (bb geometry) (Fig. 1a).

II. BROAD HUMP

We begin by discussing the broad hump feature in
the Raman signal. As evident from Fig. 1b,c and Fig.
2, the spectral weight of the hump, as a function of
Sr-substitution and temperature, is anticorrelated with
the magnetic order parameter. This correlation already
strongly implies that it is associated with excitations of
the non-ordered quantum liquid of spins. Indeed it is
reminiscent of the broad feature reported in the Raman
spectra of the 1D magnet CuGeQOgs, which is character-
ized by 1D spin chains with spinon excitations [17-23].
A multi-magnon mechanism for the hump is ruled out
by the absence of magnetic ordering where the hump
is present. Moreover a two-magnon continuum of free
magnons at zero field (particle-hole symmetry) would
host a Van Hove singularity of magnon joint density of
states, as has been recently observed [24], but in con-
trast to the featureless hump seen here. The observed
hump necessarily arises from a fractionalized excitation,
which we will refer to as a spinon, and thus represents a
four-spinon continuum.

III. THEORETICAL MODEL VIA SPINONS OF
Ji1-J2-ZIGZAG CHAINS

To test this hypothesis, we construct a concrete the-
oretical model and use it to compute the expected Ra-
man spectra of a four-spinon continuum. The theoretical
model we use entails decoupled 1D zigzag chains. Even
though BayIrsOqg is a quasi-2D magnet and clearly not a
collection of 1D chains (neither microscopically nor phe-
nomenologically; e.g., in its lack of Bonner-Fisher peak in
susceptibility), it has been argued to be fruitfully mod-
eled in terms of coupled 1D Heisenberg chains [16], pro-
viding a tractable theoretical model for spinons. Since
these spinons are 1D spinons, and not necessarily the
true 2D quantum liquid spinons, we expect the result-
ing model to approximately capture low energy physics
but fail at higher energies or temperatures. Raman sig-
nals from decoupled 1D Tomonaga-Luttinger liquids have
been computed in bosonization [22], which captures only
the low-energy power-law onset of the four-spinon hump;
numerically in small systems [25]; and in certain types of
spinon mean field theories [18, 26, 27].

Here we compute the four-spinon Raman response in
mean field, following Ref. [18] but also compute the mean
field for an alternative equally-correct treatment, which
has not been done before, and additionally point out an
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FIG. 2. Temperature dependence of Raman spec-

tra in the bb photon polarization for both compounds.
The BayslrsOi0 broadened phonons and broad 4-spinon
hump at 10 K (shaded) persist up to 170 K, but
are absent in the magnetically-ordered sister compound
((Bag.osSr0.02)4lrs010) at all temperatures below its Néel
temperature of 130 K.

important restriction related to the bb parallel photon
polarization used here. To derive the Raman response,
we proceed as usual [22] by relating the inelastic Ra-
man scattering spectrum I(w) to the dynamical suscep-
tibility of the relevant mean field operator R: I(w) =
5= [%_dt €“'(R(t)R(0)). The scattering spectrum I is
related to the dynamical susceptibility x” by the fluctu-
ation dissipation theorem: I(w) = x"(w)/(1 —e~/T).
Here, w is the energy of the incident or scattered photon,
and the operator R is the Loudon-Fleury photon-induced
superexchange operator [28]

R= (& f12)(&-F12)A(r12)Ss, - S, (1)

ry,ra

For brevity, we will refer to R as a Raman operator. In
(1), £1,2 is the unit vector pointing from lattice site ry
to lattice site ry, and &; (respectively &;) is the polar-
ization vector of the incoming (outgoing) photon. The
factor A(rie) is difficult to compute, but it is known

that the ratio of A on different bonds is on the or-
der of the spin-exchange couplings on the bonds (e.g.
A(I‘j,j+2)/A(I‘j7j+1) is O(JQ/Jl)) [22] Given a bare
Hamiltonian H for a system, it is clear from the defi-
nition of I(w) and (1) that two Raman operators R, R’
yield the same spectrum if there exists some real constant
C such that R’ = R—CH. If such a C exists, we will say
that R and R’ are spectrally equivalent. Having reviewed
some preliminary results on inelastic Raman scattering,
we may consider the particular case of an isolated 1D
magnetic chain.

Using the coordinate system of Fig. 1, a transverse bb
polarization corresponds to 6; = 8; = —7 /2. In this case
the Raman operator is R = R;  sin? 6, >.iS; - Sjt1.
For a spin-1/2 nearest neighbor Heisenberg Hamiltonian,
however, Ry produces no spectrum (since it is propor-
tional to the Hamiltonian) for this choice of polarization.
By considering a next nearest neighbor interaction (2),
the Raman operator is spectrally equivalent to R; and
R = Ry x Zj S; - Sj4o for the bb polarization. In the
limit of a straight chain (6p — 0), the Raman operator
vanishes (up to spectral equivalence), and no spinons are
seen in the spectrum. Hence, both second neighbor in-
teractions and a zig-zagged chain are sufficient conditions
to observe spinons in the scattering spectrum for photon
polarizations transverse (bb) to the chain axis.

We thus model the spinons with an antiferromagnetic
J1-Jo Hamiltonian:

HO = Z Jlsj . Sj+1 + JQSj . Sj+2 (2)
J

with Jy, Jo > 0. The quasi-1D chains of Baglr O zigzag
with a relative angle 6y as in Fig. la.

IV. RESULT OF THEORETICAL
COMPUTATION

Within the minimal J;-J5 model (2), we compute the
inelastic Raman scattering spectrum using a mean field
theory of free 1D fermionic spinons [18]. We compute
this spectrum using two equivalent choices of mean field
(amounting to a choice between R = R; or Ry). The free
spinon Hamiltonian is given by Ho = >, ekézék, where
€x = —tcosk = —FJogcosk. Here, we introduce an en-
ergy scale Jog, which is a function of Hamiltonian param-
eters (J1, Ja) scaled so that, in the J; — 0 limit, it repro-
duces the exact Bethe ansatz result of e, = —7.J; cos(k)
[29]. Wavevectors k are in units of inverse bond length
projected onto the chain axis. The resulting inelastic
scattering spectrum is then given by (3)
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where f is the Fermi function, h")(k, &, q) = cos(q) and
R (k, k', q) = cos(2q) — cos(2k 4 q) — cos(2k’ — q), and
the sum over &’ is taken for all ¥’ € [—m, 7] which satisfy
2tsin(q/2) sin(k’ — q/2) = €pyq — €1 — w.

The associated mean field four-spinon Raman suscep-
tibility x%, g, (w) is plotted in Fig. 3 for v = 1,2 at vari-
ous temperatures. Here, X/Il-?,,,, g, 1s the imaginary part of
the dynamical susceptibility of R,. The low temperature
hump feature agrees with experiment (Fig. 1b); at higher
temperatures (kpT/Jeg > 1) the central frequency of the
feature is lower, and the susceptibilities obtained from R
and Ry become different. This difference quantifies the
self-consistency breakdown of the theory at high temper-
atures.
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FIG. 3. Spinon Raman response computed within two
mean field choices Ry,=12, with Jgf)/kg =7 Kat T =
10,50,90,130 and 170 K (same vertical scale). The differ-
ence between R; and R at higher temperatures quantifies
the self-consistency breakdown of the Raman mean field the-
ory.

The agreement between the mean field susceptibility
and experiment at low temperature allows one to extract
Jost/kp = 75 K. The J1-J2 mean field self-consistency

S(@/D)? + (g — o6 — @)

3)

(

equation derived in Ref. [18] relates Jog to a difference
between Jy, Jo in Hy: Jeg ~ 1.042J7 — 0.8106J3, and the
minus sign in this expression (arising from the sublattice-
rotated Jordan-Wigner transformation into spinons) al-
lows for a given Jeg to arise from substantially larger
J1, Jo. For example, taking Jog/kp = 75 K as a reason-
able energy scale for BayIr3Oqg, mean field self consis-
tency permits Jy/kg = Jo/kp = 324 K. This scale for
J1, Jo is consistent with Curie-Weiss measurements. For
alpha. =Jo/J; | 0.241, our result permits J; | 88.6 K.
This is closer to the lower end of the Curie-Weiss mea-
surements (100-700 K), but arguably reasonable.

At higher temperatures the spinons are incoherent but
nevertheless remain as the magnetic excitations. This is
consistent with the broad damping feature persisting as
temperature increases (Fig. 2). Now consider the sister
magnetic material with Sr replacement. Where this mag-
net exhibits magnetic order, no broad peak is observed,
but above Ty a broad peak similar to the pure case at
high temperature appears. This interpretation suggests
an intriguing possibility for the sister sample: the pres-
ence of the peak above Ty suggests that its magnetic
transition could be considered as an instability of an inco-
herent parent quantum liquid state, “existing” (incoher-
ently) at the high temperatures above Ty ; strictly speak-
ing this high temperature state is just a paramagnet, but
here it evidently shows an unusually dense spectrum of
strong short-ranged spin fluctuations, which could be in-
terpreted as high-temperature relics of spinons.

As to using Raman to characterize the observed
spinons, the model’s agreement suggests they could be
consistently modeled as 1D spinons within a low temper-
ature effective theory, though we expect the spinons of
any type of 2D quantum spin liquid phase to produce
a similar four-spinon continuum hump. One intriguing
possibility for a 2D quantum liquid phase with spinons
closer to our model is the 2D “Bose-Luttinger Liquid”
phase, a 2D bosonic generalization of 1D Luttinger Liqg-
uids recently introduced in Ref. [7]; its relevance would
be resolved by observing appropriate singularities away
from the Brillouin zone center.

V. PHONON LINEWIDTH BROADENING
THROUGH SPIN-PHONON COUPLING

Due to the large unit cell and many allowed Raman
modes, assignment of all observed phonon peaks to spe-
cific zone center vibrations requires detailed calculations
and isotope substitution, which is outside the scope of
this study. Still the origin of some of these peaks can be
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FIG. 4. Raman spectra in Fig. 2 with nonphononic contri-
butions (background+electronic) subtracted. Dark solid lines
show results of fitting of all phonon peaks to gaussians.

inferred based on correlating the phonon energies with
particular features of the crystal structure. Ba is heavy
and most loosely bonded atom, so we assign the peak at
the low energy of 50 cm ™! to the Ba vibration. This peak
is sharp in both samples (Fig. 1). Energies of the peaks
between 100 and 250 cm™! suggest that these phonons
are associated with vibrations of the atoms belonging
to the IrOg octahedra. They are expected to couple
to magnetic excitations, and, therefore, show sensitiv-
ity to magnetic order and the quantum liquid behavior.
Phonon broadening due to pseudospins that show short
range correlation without long range magnetic order,
combined with spin-orbit interaction [30], is well known
e.g. in SroIrO4 at higher temperatures [31]. A similar
effect is seen in our Sr-substituted (Bag.ggSrg.02)4IrsO1g:
Phonons gradually broaden and soften as the tempera-
ture is raised towards and above Tl .

Quantitative analysis of phonon lineshapes (width, in-
tensity, and energy) as a function of temperature is com-
plicated by the presence of the spinon continuum under-
neath the phonons as well as many overlapping peaks.
In order to perform this analysis we first subtracted the
background and the broad hump from the data, which
isolated scattering intensity from the phonons only. Then
the phonon intensities were fit to Gaussian lineshapes
(Fig. 4). Lorentzian lineshapes give similar results for
linewidths and peak positions, but fit quality is some-

what inferior. Because of some peak overlaps at some
temperatures, we were able to obtain unambiguous re-
sults at all temperatures only for two peaks — at 140
em~! and 200 cm™! as shown in Fig. 5.
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FIG. 5. Energies and linewidths of the phonon near 140 cm™*

and of the phonon near 200 cm ™!

Two types of behavior of phonon linewidths in our
samples are illustrated in Fig. 5. The phonon at 140
em~! is typical of the first type where the linewidths
of the phonons are similar in the doped and undoped
samples at low temperatures, but the linewidth in the
undoped sample increases faster as the temperature is
raised. Qualitatively, the phonon at 175 cm™! behaves
similarly, with the caveat that its linewidth could not be
reliably extracted at all temperatures due to its overlap
with nearby modes. The phonon at 200 cm~* (Fig. 5)
characterises the second type. The peak is a factor of 2
narrower in the doped sample at low temperature with
the difference between the two samples becoming smaller
as the temperature is raised (about 20% at 170 K). The
phonons at 90 and 160 cm™! (Fig. 4) behave similarly
at least qualitatively. The other phonons do not show
strong temperature or doping dependence.

Most interestingly, broad phonons persist down to the
lowest temperatures in pure BayIrsOq¢ (Fig. 2). The
strongest effects occur in the phonons between 100 and
250 cm~!. At low temperatures many phonons in the
undoped sample are a factor of 2-3 broader than in the
doped sample. This difference is far less dramatic at
elevated temperatures where both samples are not mag-
netically ordered. This result is very striking because
increased disorder presumably introduced by Sr substi-
tution is expected to make the phonons broader, not nar-
rower. In our interpretation, the electronic damping of
the phonons due to magnetic fluctuations associated with
the quantum liquid should not change much with tem-



perature in the undoped sample. The small broadening
on heating is presumably due to reduced anharmonic-
ity, which is not uncommon in oxides. This relatively
small relative broadening with increasing temperature
contrasts with a much stronger broadening (by as much
as a factor of 4) in the doped sample where the effect
is caused by a combination of increased magnetic fluc-
tuations and anharmonicity. The low temperature nar-
rowing of the phonon peaks upon Sr substitution, and in-
deed the broadened lineshapes in pure BayIrsO;¢ down to
the lowest temperature, provide additional evidence for
a quantum liquid with spinon excitations in BayIrsOqg.

Fig. 5 shows that bigger linewidths are associated with
lower phonon energies in agreement with standard self-
energy effects. Beyond the particular quantum liquid
state here, this behavior shows that strong coupling be-
tween magnetic degrees of freedom and phonons when
the spin-orbit interaction is strong, exists at the low-
est temperatures, not just near and above Ty as previ-
ously observed in SroIrOy4. Interestingly here the broad-
ened phonon peaks are symmetric and do not show any
significant Fano lineshape. Thus the broad hump does
not have a measurable interaction with phonons; in-
stead, it appears that phonons are broadened by mag-
netic fluctuations that are not Raman active. This be-
havior dramatically illustrates that fluctuating disorder
of the pseudospins in the quantum liquid phase domi-
nates phonon damping at low temperatures for a large
subset of phonons.

VI. THERMAL CONDUCTIVITY AND FUTURE
OUTLOOK FOR THERMOELECTRICITY

The preceding discussion on phonon linewidth broad-
ening by spinon-phonon scattering suggests that the sup-
pressed phonon lifetimes should also be reflected in a re-
duced phonon contribution to thermal conductivity. In-
deed the thermal conductivity shows this type of behav-
ior with a surprisingly small value and an increase, within
a window of low temperatures, upon Sr substitution [16].
That this observed thermal conductivity behavior can be
mostly ascribed to phonon lifetimes is shown by the weak
dependence of the thermal conductivity on applied mag-
netic fields within the quantum spin liquid state.

Such a quantum liquid with distinct phonon damp-
ing also presents a new direction for studies of ther-
moelectrics, in which poor phonon thermal conductivity
is essential. Attempts to control thermal conductivity
are focused on engineering structures that produce flat
phonon bands [32]. Alternatively, phonon lifetime can be
reduced via damping by interactions with other phonons,
defects, or electrons [33]. But this type of phonon damp-
ing necessarily accompanies an unwanted consequence
of reduced electrical conductivity. It is also established
that spin-phonon coupling via magnetostriction can re-

duce the phonon lifetime, thus suppress phonon thermal
conductivity [34]. Here we demonstrate that spin-orbit
interaction, rather than magnetostriction, can be an effi-
cient driver of phonon damping, which extends possible
thermoelectricity to a new class of materials: magneti-
cally non-ordered 4d and 5d transition metal materials
with strong spin-orbit interaction. When these exhibit
strongly correlated conducting phases, rather than Mott
insulators, the spin sector of the conducting electrons
may still damp phonons in analogy to the spinon-phonon
coupling mechanism in the present Mott insulator case.
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