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We report measurements of thermal conductivity (k) on single crystals of the quasi-one-
dimensional antiferromagnetic spin-chain compounds, AB2Og¢ (A=Ni, Co; B=Sb, Ta) in the tem-
perature range 5K < T < 300K. We find that x for all crystallographic directions is substantially
suppressed in the Ta compounds in comparison to those of the Sb compounds despite their very
similar magnetic and crystallographic structures. The data are well described by resonant scattering
of phonons from two-level systems, with energy splittings of ~ 100 — 150 K and scattering strength
an order of magnitude greater in the Ta compounds. We distinguish the effects of phonon-spin
interactions from those related to changes in the low-energy phonon spectra caused by the different

B-site ions.
I. INTRODUCTION

The predominance of spin-phonon damping in low-
dimensional spin systems for which there is significant
overlap in the spin and phonon excitation spectra (J <
©) makes them particularly interesting for study. Ther-
mal conductivity is a sensitive probe of these interac-
tions through the scattering of long wavelength, heat-
carrying phonons via magnetic excitations as observed in
the spin-Peierls compound CuGeOs,! quasi-2D spin sys-
tem SrCuz(BO3)2,? and spin-1 chain® and ladder? com-
pounds.

The AB2Og (A=Co, Ni; B= Sb, Ta) compounds form
a class of quasi-one-dimensional AF chain compounds
with spin 1 (Ni) and 3/2 (Co). Very similar to the spin-
1/2 CuSbyOg analog,®5 !0 these compounds are char-
acterized by the development of short-range, quasi-one-
dimensional (q1D) magnetic order at temperatures far
above their long-range, three-dimensional ordering tem-
peratures Ty = 13.45 K for CoSbyOg (Ref.’s 5 and
11), 6.6 K for CoTaxOg (Ref. 12), 6.7 K for NiShoOg
(Ref. 9), and 10.5 K for NiTagOg (Ref.’s 12 and 13).
They have trirutile crystal structure with tetragonal unit
cell (P4a/mnm space group), the transition metal ions
residing in an octahedral environment. The dominant
exchange pathways defining their AF chains,'* [A-O-O-
A, are along the [110] and [110] directions, with their
orientation rotating by 90° between neighboring layers
along the crystallographic ¢ axis, thereby giving rise to a
two-sublattice description of the magnetic structure.®®
Long-range ordering at Ty in these compounds can be
viewed as a 1D to 3D transition realized through align-
ment of q1D regions and further alignment of stray mag-
netic moments,> with differing magnetic unit cells*® and
values for Ty reflecting variations in the weak inter-chain
exchange coupling.

The spin correlations for half-integer and integer (Hal-
dane) spin chains are qualitatively different,'%17 with the
latter decaying exponentially due to the presence of a gap
in the excitation spectrum. This difference might man-

ifest itself in spin-phonon coupling as probed through
thermal conductivity measurements. OQur prior study?® of
k in CuShsOg revealed a substantially suppressed ther-
mal conductivity in comparison to the nonmagnetic ana-
log compound ZnSbyOg, and the additional scattering
was attributed to resonant phonon scattering from two-
level systems associated with the short-ranged spin or-
der. The Ni and Co compounds, as we report here,
show a more complex behavior: compounds with Sb on
the B site exhibit negligible or relatively weak resonant
phonon scattering and those with Ta show dramatically
enhanced resonant scattering. We model the lattice ther-
mal conductivities to extract the resonance energies and,
by comparing the approximate phonon and magnetic ex-
citation spectra, attempt to distinguish effects of phonon-
spin coupling from changes in the phonon spectrum as-
sociated with the Ta ion. We conclude that the strong
resonant scattering in the Ta compounds is not due to ex-
citations of the spin system, but rather a consequence of
interaction between a low-lying optic-mode phonon with
heat-carrying transverse acoustic modes.

II. EXPERIMENT

Single-crystals studied in this work were grown by
chemical vapor transport (Sb compounds) and optical
floating-zone method (Ta compounds) as described in
detail elsewhere.® 7 Specimens were oriented by x-ray
diffraction for heat flow along the principal crystallo-
graphic axes and along the chains ([110]), and pol-
ished into thin parallelopipeds with typical dimensions
1.5 x 0.18 x 0.18 mm?3. A standard steady-state method
was employed for measuring thermal conductivity, with
temperature gradient produced by a chip heater and
monitored by a 25-um diameter chromel-constantan dif-
ferential thermocouple. In most cases for each of the
four compounds, at least two specimens were measured
with heat flow along each direction, confirming the repro-
ducibility of (T") within uncertainties (~ 15% dictated
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FIG. 1. (Color online) Thermal conductivity vs.
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temperature along several direction for (a) NiSb2Os, NiTa2O¢ and (b)

CoSb20g, CoTaz0g. Vertical arrows indicate T for each compound. Solid curves are computed from the model described
in the text. The dash-dotted curve in (b) represents the fit to the CoSb2Og [001] sample with resonant scattering decay at

T < Tn (see text).

by the geometric factor). Corrections for radiation losses,
which would reduce x by 10-15% at T' > 200 K, have not
been applied.

III. RESULTS AND ANALYSIS

Figure 1 shows k(T') for the four compounds along dif-
ferent crystallographic directions. Any spin contribution
to k would tend to enhance x within the ab plane — the
absence of such anisotropy indicates that x is predom-
inantly phononic. The key observations are: (1) k is
substantially suppressed in the Ta-containing compounds
relative to those with Sb, (2) The Ta compounds exhibit
a sharp upturn in &(T) for T < Ty (vertical arrows)
whereas no discernible influence of T is detected in the
Sb compounds, and (3) the CoSbyOg compounds have
k(T') suppressed relative to NiSbOg (the latter is repro-
duced by the dashed curve in the right panel for com-
parison) — the shoulder or dip in the CoSbaOg k(T in
the range 50-60 K is typical of resonant phonon scatter-
ing, i.e. an energy-dependent scattering rate character-
ized by a maximum at a particular phonon energy. As
we now discuss, this feature in £(T") for CoSbaOg and the
more dramatic suppression of x(T") for the Ta compounds
are modeled well by resonant scattering rates with en-
ergy scales 100-150 K. Observation (2) above indicates
the strong scattering characterizing the Ta compounds
is coupled to short-range quasi-one-dimensional AF or-
der, developing at T' > Ty, that is rapidly diminished

with the onset of long-range order at T' < Tl. That this
resonant scattering occurs for all transport directions in-
dicates that, insofar as spin excitations are involved, they
are likely localized since otherwise the constraints on mo-
mentum conservation within the ab plane would yield
anisotropy in the scattering rate for phonons.

Callaway model'® fitting to the data was employed to
quantify the resonant phonon scattering. «(T") was com-
puted as:

4 ©/T

A kB kBT / 11,'46m (w T)di[:

Foorze U (e — 1)2T ’ ’
0

where z = hw/kpT, w is the phonon angular frequency,
and 7(w,T') is the phonon relaxation time. The Debye
temperature is computed from the average phonon ve-
locity (v) as © = (hw/kp)(67%n/V)Y/3, where n is the
number density of atoms (n = 18) and V' ~ 2004 is the
unit cell volume (2 formula units).

We first fitted the x(T) data for NiSbeOg by incorpo-
rating phonon scattering terms representing boundaries,
dislocations, point defects, and Umklapp processes, re-
spectively:

m(w, 7)™ = Z_o + Aw + Bw* + Cw?T exp (—%) ,

where ¢y = 2v/a/m (a is the specimen cross-sectional
area), and A, B, C and b are fitting parameters. Since



TABLE I. Fitting parameters for x(7') data. The resonance scattering parameters in parentheses for the Ta compounds were
determined using a modified Callaway model using a dispersing phonon (see text). Values for the intrachain exchange constant
(J) were determined from fits to the magnetic susceptibility (Ref.’s 6, 7, 9, 13, and 27).

Specimen  fLo(mm) A(107°) B(107*s%) C107®¥sK™Y) b  O(K) R(10"s%)  hwo/ks(K) c J(K)
NiSb [100]  0.23 1.49 5.46 1.87 2.6 440 0 26
NiSb [110]  0.16 2.75 10.0 1.58 2.6 440 0 26
NiSb [001]  0.14 1.84 4.20 1.14 2.6 440 0 26
NiTa [100]  0.24 1.38 0 0.88 2.6 320 19.2 (3.60) 160 (120) 0.44 (0.37) 18.9
NiTa [110]  0.33 1.49 0 1.23 2.6 320 24.0 (5.30) 160 (120)  0.37 (0.33) 18.9
NiTa [001]  0.18 3.75 0 1.05 2.6 320 29.2 (6.50) 175 (135)  0.51 (0.42) 18.9
CoSb [100]  0.22 0.99 9.56 1.64 2.6 440 0.36 95 0.85 10.6
CoSb [110]  0.14 1.11 4.44 1.46 2.6 440 0.29 101 0.92 10.6
CoSb [001]  0.18 0.14 2.39 1.17 2.6 440 0.17 85 0.82 10.6
CoTa [100]  0.18 0 0 1.72 2.6 320 5.30 (1.60) 108 (90)  0.48 (0.43) 6.1
CuSb [100]  0.26 1.53 2.39 12.6 2.6 440 7.50 74 0.90 97

only the Sb and Ta masses differ significantly, the acous-
tic phonon dispersions are expected to be quite similar
for the Sb compounds and separately for the Ta com-
pounds. By exploring the parameter space, sound veloc-
ities that successfully fit each series of compounds were
determined to be v = 3.3 km/s (Sb) and 2.4 km/s (Ta),
corresponding to Debye temperatures © = 440 K (Sb)
and 320 K (Ta). Following observations'? that the effec-
tive temperature scale for Umklapp scattering in multi-
atom unit cells scales as ©/n'/3, parameter b was fixed
to be 18'/3 = 2.6 for all compounds.

Fitting to data for CoSbyOg and the Ta compounds
required an additional resonant scattering term appro-

priate for a two-level system,?%:2!
W
Tres(, T) = R———— [1 — ctanh® (fwo/2kpT)] ,
(w? = wg)

where R is the scattering strength, wg is the resonance
frequency, and c is the concentration (per site) of two-
level systems.

To model the upturn in &(7) for the Ta compounds
at T < Tn we added an empirical factor (T/Ty)? in
the resonant scattering rates to simulate the rapid de-
cay of this scattering in the long-range AF ordered state.
Examples of the fitting are shown by the solid curves
in Fig. 1. Modeling this upturn provides an extra con-
straint on the strength of the resonant scattering and
solidifies the connection between the resonant scattering
and short-range spin order. It is noteworthy that no such
feature is observed for CoSbyOg — the dash-dotted curve
in Fig. 1 (b) represents the effect, in fitting to the [001]
specimen, that the same (T'/Tx)? decay of resonant scat-
tering would predict.

Parameter values for fits to all specimens are listed in
Table I. The values for A, B, and C are similar to those
employed for the CuSb and ZnSb compounds® and other
complex oxides??. For the Ta compounds the resonant
scattering predominates throughout most of the temper-

ature range, so the fitting is insensitive to the point-defect
scattering term (B). To compare to the present work
we also include in Table I new fitting parameters for
the CuSb data since Ref. 3 employed a different form
for 7.1 (w,T). Note that the concentrations of resonant
scatterers for CoSb and CuSb (¢ ~ 0.8 — 0.9) are about
twice the values employed for the Ta compounds. Along
with their different behaviors at T < T, these observa-
tions suggest that the resonant scattering in the Sb and
Ta compounds may arise from different mechanisms, a
possibility we discuss further below.

The use of dispersionless phonons in the Callaway
model overestimates the thermal conductivity at temper-
atures for which the dominant phonons in the x integral
have energies exceeding those of the actual acoustic spec-
trum at the Brillouin zone boundary. Based on the mea-
sured phonon dispersions of rutile?32* we anticipate the
energies of the transverse acoustic modes in the present
compounds?® to be near ~ 12 — 16 meV, close to the fit-
ted values of fwg for the NiTa specimens, thus raising a
question as to the sensitivity of the latter to this aspect
of the modeling. To assess this uncertainty, we re-fitted
the data for the Ta compounds employing a dispersive
phonon (x sing with v = 2.8 km/s, see Fig. 2) within a
modified Callaway formalism.?S The resulting resonance
energies are also included in Table I in parentheses, with
the difference providing an estimate of uncertainties.

We also note that, though the NiSb data was mod-
eled successfully without a resonant scattering term, the
presence of weak resonant scattering with energy scale
similar to that of NiTa cannot be excluded given that
such a term can mimic the effects of the modest defect
scattering terms employed in the fittings shown in Fig. 1.
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FIG. 2. (color online) Approximate phonon and spin exci-
tation spectra of the compounds under study for momentum
along the magnetic chains ({ = ga/7). The Debye phonons
(solid lines) and dispersing phonon [long dashed curve in
(b)] have velocities 3.3 km/s, 2.4 km/s, and 2.8 km/s, re-
spectively, as employed in the (7 fitting (see text). The
two-spinon continuum for the S = 1/2 compound [shaded
region in (a)] is bounded from below and above by dashed
curves representing [28] (7.J/2)|sing| (the single-spinon dis-
persion) and 7J|sin(g/2)|, respectively. The single-magnon
dispersion for the Ni S = 1 chain compounds is represented
by [29], /A2 +v2sin?(q) + a2 cos2(q/2) with Haldane gap
A =041J, v = 2.7J, and a = 1.5J [dashed curve in (b)].
The boundaries of the noninteracting two-magnon continuum
[shaded region in (b)] are shown by the dashed-dotted curves
[30].

IV. DISCUSSION AND CONCLUSIONS

As noted above, a mechanism for the phonon reso-
nant scattering that involves excitation of the spin sys-
tem likely involves non-dispersing modes, given the ap-
parent insensitivity of the scattering to the transport
direction. Such a mechanism, invoked for a )
low-dimensional spin systems,?*3%32 involve
induced excitation of the magnetic system (wi
hwo) and subsequent de-excitation that prese
spin — effectively a strongly w-dependent ele
tering of phonons with random direction of -
and final phonon momenta. For example, for ¢
dimerized spins®*3! phonons may induce tran:
tween singlet (ground) and triplet (excited) sta
dimers.

Dimerization is plausible in the S = 3/2
pounds and was assumed in modeling their su
ties with an Ising model.5® However, the resc
ergies fiwg/kp ~ 100 K inferred from the k ar
equal to or twice as large as the energy differenc
the lowest and highest energies for isolated di
for CoSb and CoTa, respectively.

For the Cu and Ni compounds we consider f
tal excitations of the spin chains, comprising tw
continua of spinons (S = 1/2) or magnons (S
their possible overlap in momentum and energ;
phonon spectrum,3?:33 to look for potential re

teraction. Figure 2 shows an approximate comparison of
this sort for the phonons employed in the modeling and
the spectra for isotropic Heisenberg chains.

For the S = 1/2 Cu compound [Fig. 2 (a)] the con-
straints of momentum and energy conservation appear to
allow for an acoustic phonon and spinon, with energies
corresponding to fiwg ~ 6.5 meV, to combine and form
a non-dispersing spinon excitation near ¢ = 7/2. Such
a process might be a candidate for resonant scattering,
though the phase space for such processes would appear
to be modest. For the S = 1 NiTa compound [Fig. 2 (b)],
the resonance at ~ 12.5 meV would appear to exceed the
energy of the 2-magnon continuum. Furthermore, the
dominant spectral weight of Haldane chains occurs near
the single-magnon dispersion at the lower boundary of
the 2-magnon continuum. These observations demon-
strate that a mechanism for the resonant scattering re-
lying on direct excitation of the different spin systems is
elusive.

An alternative mechanism for resonant scattering in-
volves the interaction of a low-lying optical phonon mode
with transverse acoustic phonons, with the former shifted
lower in energy in the Ta compounds due to the larger
mass (Mrpq/Mgp ~ 1.5) and weaker (less covalent) Ta-O
bonds. This scenario is motivated by observations that
Raman-active phonons involving motions of the B-site-
oxygen octahedra are substantially lowered in frequency
(by 15-20%) in the Ta compounds compared to their
Sb counterparts.?* Such a shift would cause the optic
phonon to hybridize with a transverse acoustic branch,
the avoided crossing effectively opening a gap in the
acoustic phonon dispersion (Fig. 3).

As for coupling to the spin system, Raman scatter-
ing studies of the CuSb and CoSb compounds®® and
other antiferromagnets3%3” demonstrate that spin fluctu-
tations renormalize optical phonon energies at tempera-
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FIG. 3. (color online) Schematic of a transverse acoustic

phonon and lowest-lying optic mode phonon in AB2Og. The
left (right) panels depict the proposed spectra for the Sb (Ta)
compounds, with the optic mode, lowered in energy by the
larger mass and weaker bonding of Ta, hybridizing with the
acoustic mode and opening a gap responsible for strong reso-
nant scattering.



tures well above Ty and when long-range order is estab-
lished at T' < Ty. Similar effects for the optical phonon
mode involved in the hypothesized crossing mechanism
proposed for the Ta compounds could result in the up-
turn observed in k at T < Ty, e.g. due to a shift in
the energy of or narrowing in the induced gap in the
transverse acoustic branch. The absence of such behavior
in the Sb compounds suggests that the mechanisms for
resonant scattering in the Sb and Ta compounds differ.
That CuSb and CoSb exhibit resonant phonon scattering
whereas NiSb does not suggests a possible connection to
spin (half integer vs integer). Efforts to further investi-
gate these ideas would benefit from both theoretical and
experimental determinations of the lattice dynamics for
these interesting compounds.

In conclusion, the lattice thermal conductivities of the
AB,O¢ (A=Ni, Co; B=Sb, Ta) compounds are charac-
terized by resonant scattering of phonons that is substan-
tially enhanced in the Ta compounds independent of the

A-site ion (spin). We hypothesize that this difference has
its origin in a substantially lower optic-mode phonon en-
ergy in the Ta compounds that overlaps with and opens
a gap in an acoustic phonon dispersion. Coupling of this
optic mode to the spin systems is evidenced as a rapid
decay of the resonant scattering at 7' < Tn. Weaker
resonant scattering observed in k(T') for CoSbaOg and?
CuSby0g unaffected by the onset of long-range magnetic
order is likely caused by a different mechanism that re-
mains to be determined.
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