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We report measurements of thermal conductivity (k) on single crystals of the quasi-one-
dimensional spin-1/2 anitferromagnetic (AF) chain compound CuSb2Os and its non-magnetic analog
ZnSb20g in the temperature range 5K < T < 300K. A substantially lower s for CuSb2Og com-
pared to that of ZnSb2Og has its origin in resonant phonon-spin scattering involving excitation of a
two-level system (energy scale ~ 100 K) associated with the onset of local spin order at 7' < 150 K.
Anisotropy in & for the CuSb2Og also emerges at T' < 150K and might be associated with a magnetic
contribution to heat transport. A magnetic mean-free-path comparable to that of other spin-1/2

linear-chain compounds (~ 0.3 pm) is implied.

PACS numbers: 66.70.-f, 75.10.Jm,65.40.-b, 61.05.cp

I. INTRODUCTION

Low-dimensional quantum spin systems have attracted
considerable interest in recent years for their role in
the development of many-body theory! and for exper-
imental observations of substantial heat conduction as-
sociated with spin excitations.?® To date, most ther-
mal conductivity investigations have focused on quasi-
one-dimensional (q1D) spin-1/2 chain systems with ex-
change energies much greater than the Debye temper-
ature (J > 0),%3 where spin heat conduction is often
distinguishable from that of the lattice by their different
temperature scales. The situation is potentially more
complex when spin and phonon energy scales are com-
parable since interactions between the two subsystems
become more significant and can lead to dimerization of
magnetic ions (spin-Peierls transition). At least one sys-
tem having J ~ © for which a spin thermal conductiv-
ity has been inferred from x measurements,* has a spin
mean-free-path (I,,44) comparable to that in large J sys-
tems, suggesting similar relaxation characteristics.

CuSby0¢ has a monoclinically-distorted trirutile
structure® below 380 K with nearly undistorted CuOg
octahedra. In spite of its two-dimensional layered struc-
ture of CuO plaquettes, its magnetism is quasi-one-
dimensional, with magnetic susceptibility well-described
by a nearest-neighbor-only, spin-1/2 Heisenberg antifer-
romagnetic (AF) chain model and exchange coupling
strength J ~ 90 — 100 K. Long-range AF order is es-
tablished below Tn =~ 8.7 K.514 Electronic structure
calculations'® reveal that the unusual quasi-1D magnetic
ground state is driven by orbital ordering, attributed to
the presence of competing in- and out-of plaquette or-
bitals and strong electronic correlations.

The strongest exchange interactions are expected to
be along the [110] (at z = 0) and [110] (at z = 1/2)
directions where the angle of the Cu-O-O-Cu bonds
of adjacent CuOg octahedra are close to 180°. Inter-
chain exchange is much weaker due to a larger Cu-O

bondlength and 160° Cu-O-Cu bond angle. Though some
discrepancy exists in the literature regarding the appro-
priate magnetic structure in the ordered state, single-
crystal neutron scattering studies®!® and recent mag-
netic susceptibility and specific heat studies of the related
compounds'® CoSbyOg and NiTa,Og, indicate magnetic
moments aligned nearly parallel to [010], in ferromag-
netic lines along [010] and alternating antiparallel lines
along [100] [magnetic wave vector (7/a,0,7/c)].

Recent heat capacity and thermal expansion studies'*
of CuSbyOg and its non-magnetic analog ZnSbyoOg re-
veal short-range q1D AF order appearing in CuSbsOg at
T > 120 K and unusual character of a spin-Peierls-like
transition at T and the opening of an energy gap'®'4
with energy scale ~ 17.5 K. Here we report a system-
atic study of thermal conductivity (x) in single crystals
of these compounds. We find that x for CuSbyOg is sub-
stantially suppressed compared to that of ZnSbsOg over
a broad temperature range as a consequence of phonon-
spin resonant scattering. This scattering is associated
with the onset of the short-range q1D AF correlations
below 150 K. This resonant scattering is modeled as a
two-level system with energy splitting ~ 100 K, consis-
tent with a similar analysis of the magnetic contribution
to the specific heat and thermal expansion. A substantial
anisotropy of k in CuSbsQOg also develops below 150 K
and might be associated with magnetic heat conduction
within the plane of the spin chains. The inferred low-T'
magnetic mean-free-path, {44 ~ 0.3um, is comparable
to that found for other spin-1/2 chain systems.

II. EXPERIMENT

Single-crystal growth of monoclinic CuSbeOg and
tetragonal ZnSbsOg using a chemical vapor transport
method is described in detail elsewhere.!®'* X-ray
diffraction was used to determine the orientation and
crystallographic structure of the crystals. Lattice param-
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FIG. 1. (Color online) Thermal conductivity vs. temperature
along the [010] direction for three CuSb2Og crystals. Sub-
stantially reduced low-T magnitudes are observed for bicrys-
tals (B and C) as compared to the monodomain crystal (A).
Inset: high-T" data through the tetragonal-monoclinic struc-
tural transition at 383 K (dashed line) for two crystals.

eters determined from high-angle extrapolation'” of re-
flections from various lattice planes were a=4.637(9) A,
b=4.638(6) A , ¢=9.304(2) A and B=91.1(2)° for
CuSby0, and a=4.653(3) A, ¢=9.280(2) A  for
ZnShsOg, in good agreement with prior reports for these
compounds.'%18 The quality of the crystals was evident
in rocking-curve widths (FWHM) Aw < 0.06° for their
(006) reflections. For for CuSbyOg thermal conductivity
was measured with heat flow along the principle crys-
tallographic axes and also along the spin chains, [110].
The short dimension of the ZnSb2Og crystals along [001]
precluded measurements in that direction; data along
[100] are reported here. A standard steady-state method
was employed with temperature gradient produced by a
chip heater and monitored by a 25-pm diameter chromel-
constantan differential thermocouple, both attached with
stycast epoxy.

III. DATA AND DISCUSSION
A. Twinning and Bicrystallinity

Characterizing individual crystals with x-ray diffrac-
tion (XRD) proved essential to determining intrinsic
thermal conductivities of these compounds because of
the potential for bicrystallinity. The presence of two
crystalline domains was not readily apparent upon vi-
sual inspection and in some cases was not detected in
Laue images. However, bicrystalline specimens had dra-
matically suppressed thermal conductivities (Fig. 1), ev-

idently due to substantial phonon scattering at domain
boundaries. Such crystals were excluded from subsequent
study. Twinning, associated with the tetragonal to mon-
oclinic transition (383 K), was evidenced in triple-split
(013)-plane reflections in XRD,° corresponding to (013),
(103), and (103), respectively. Two principal twin vari-
ants are implied: (1) 180° rotations of the b-¢ plane about
the a axis [Fig. 2 (a)] and (2) 90° rotations of the a-b
plane about the ¢ axis (i.e. a swapping of a and b ori-
entations). Azimuthal (¢) scans of the (039) and (309)
reflections [Fig. 2 (b)] demonstrate that the [100] and
[010] directions remain distinguishable and thus twins of
variant (2) are in the minority.

To investigate the possible role of these twins on the
heat transport, x for two specimens was measured in a
separate high-T' vacuum probe to T'= 390 K (Fig 1, in-
set), i.e. above the structural transition where the struc-
tural twins are known to disappear.'® These data show
no abrupt increase in k at the phase transition tempera-
ture as would be expected if twin boundaries were strong
phonon scatters. We thus conclude that such growth
twins have little influence on the heat transport of the
Cu compound near room temperature and above.
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FIG. 2. (Color online) (a) scheme of twin variant (1) inferred
from XRD for CuSb2Os crystals. (b) ¢ scans at ¢ = 33.5° ~
tan™'(c/3a) for the (039) and (309) reflections. Inset shows
the geometry of the XRD scans for crystals oriented with their
c axes along the thinnest direction.



B. Results for (7))

Figure 3 shows x(T") for CuSb2Og and ZnSbyOg crys-
tals with heat flow along various crystallographic direc-
tions. Most striking is the substantially larger x for non-
magnetic ZnSbyOg throughout most of the temperature
range, which, as established in the preceding sections,
cannot be attributed to twinning or poor crystallinity
of the Cu compound. The maximum at T = 30 K is
typical of crystalline insulators'® near ©/20 (© is the
Debye temperature), occurring as the dominant phonon
scattering changes from anharmonic phonon-phonon at
high temperatures to defect and boundary scattering at
low temperatures. Both compounds have similar Debye
temperatures'* and thus we should expect this maximum
at a similar temperature for the Cu compound. The
implication is that substantial additional scattering of
phonons is operative in CuSb2Og. k becomes anisotropic
for CuSbhy0¢ at T < 150K. Along [100] and [001] x(T') ex-
hibits a dip-like feature at 40 — 50 K. Hints of this feature
are also evident along [010] and [110], but the magnitude
of k along these directions is significantly higher. The
sensitivity of x within the a-b plane to mis-alignment of
the crystallographic axes is demonstrated by the pairs of
data sets (designated by arrows in Fig. 3), for nominally
[110] and [100] orientations. For these orientations, the
curves with lower magnitude below 20 K correspond to
crystals that were mis-aligned out of the a-b plane by
5° or more, and thus had a component of the heat flow
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FIG. 3. (color online) Thermal conductivity of CuSbzOg and
ZnSb2O¢ single crystals with heat flow along the crystallo-
graphic directions indicated. Inset: zero-field and B = 9T
data (open circles) for one of the CuSb2Os specimens along
[110]. A slight downturn in k below T is evident (arrow) in
the data for two specimens.

oriented along [001]. All other crystals were oriented to
within 1°.

The magnetic field dependence of k was modest in
magnitude; data for a specimen measured along [110]
with a 9-T field oriented along the heat flow is shown in
the inset of Fig. 3. A suppression of x by ~ 10% was
observed near the zero-field maximum. Also evident in
this figure is a slight downturn in s below T for this
specimen and for that measured along [100].

C. Phonon-spin resonant scattering

First consider the source of additional phonon scat-
tering that underlies the much smaller x(7T") found for
CuSbyOg relative to that of ZnSboOg over most of the
temperature range. This scattering is responsible for the
dip in k(T') curves noted above. Such features are the
signature of resonant scattering in which heat-carrying
phonons are strongly damped over a restricted frequency
range. The dominant phonons responsible for s have
energies ~ 3.8kpT, thus we anticipate a resonant inter-
action for phonons with energies ~ 13 — 16 meV.

Any suppression of k attributed to resonant phonon-
spin scattering must be relatively isotropic given that
it is evident for heat flow both within and perpendic-
ular to the plane of the spin chains. This suggests an
interaction between phonons and localized spin states
rather than dispersive states with momenta confined to
the a-b planes. A mechanism like this was introduced?!
to describe resonant phonon-spin scattering in the two-
dimensional spin-dimer system SrCug(BO3)2: a phonon
excites the spin system and under deexcitation a phonon
emitted with the same energy is uncorrelated in its di-
rection with the first (the initial and final spin states are
the same).

Further insight into the resonant scattering mechanism
is found in specific heat and thermal expansion studies'*
of ZnSbyOg and CuSbyOg. Figure 4 shows x(T') data
along the [100], [001], and [110] directions for CuSbyOg
on an expanded linear scale for 7' < 175 K along with
the magnetic specific heat, Cpqy = Cp(Cu) — Cp(Zn),
and the difference in the a- and c-axis linear thermal ex-
pansion coefficients for Cu and Zn compounds, Au; =
1i(Cu) — pi(Zn) (i = a, ¢). Note that p, =~ pp through-
out this temperature regime, and since u.(Cu) is negative
we plot |Apue|. Two features are noteworthy. The rise in
Ciag and the Ap; below T' ~ 150 K, which signal the
onset of spin correlations and associated anharmonicity,
respectively, in the Cu compound,'* coincide with the
onset of anisotropy in £(7"). The maxima in the magni-
tudes of Ciqg and the Ap; at T~ 40 — 50 K coincide
with the “dip” in &(T") noted above for both the [100]
and [001] directions.

Unlike the case in strongly-coupled spin-Peierls sys-
tems (e.g.,?? CuGeOs) where the Néel transition in-
volves dimerization of spins and substantial lattice dis-
tortions, the specific heat and thermal expansion for



CuSb,Og indicate a gradual loss of spin entropy'# associ-
ated with local 1D spin ordering and lattice modifications
beginning well above Ty = 8.7 K. By implication, the
resonance-like phonon scattering evidenced in x(T) in-
volves phonon-induced excitations of the locally ordered
spin chains.

The maxima in Cj,qy and the Apy; are reminiscent of
Schottky anomalies for two-level systems, though this is
an oversimplification since the loss of spin entropy'? from
120 K to Ty is ~ 60% of RIn2. In the simplest case
(Griineisen scaling), Ap o< Cyag:23

€2 e—e/T
ACmag - kB (T) (1 T e—E/T)2,
1 Olne
Ap; = ma—piﬁcmag,

where ¢ is the energy splitting, V}, is the formula unit
volume, and p; the uniaxial pressure. The Ay, and Chuaq
can have different 7' dependencies when the pressure
derivative depends on 1" or when there are more than two
levels each with independent pressure derivatives. Allow-
ing for different effective values for e, the dashed curves
in Fig. 4 give reasonable approximations to experiment
and correspond to the above expressions (with the addi-
tion of a small constant terms, 0.2 J/mol K? for Cimag
and 3 x 1077 K~! for the Ay;) using ¢ = 85 K for Crmag
and dlne/dp; = 4.35 x 10719 Pa=! (1.52 x 10719 Pa~1),
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FIG. 4. (color online) Thermal conductivity for CuSb2Osg
along the [100], [001] and [110] directions (top left ordinate),
difference in linear thermal expansion coefficients of CuSb2QOg
and ZnSb2Os (right ordinate) and magnetic specific heat
(lower left ordinate) from Ref. 14. Dashed curves are fits
to the Schottky expression (see text).

e =109 K (124 K) for the a-axis (c-axis) expansion co-
efficients. As we discuss in the next section, this energy
scale € ~ 100 K also describes the resonant scattering in
K.

A clear physical picture of the relevant lattice/spin ex-
citations and their scattering of heat-carrying phonons
remains to be established. Inelastic neutron scattering
studies' of CuSbyOg identified a strong resonance fea-
ture at energy ~ 13 meV in the magnetic excitation
spectrum for momentum transfer ¢ = 37 /4a along the
[100] direction. This is close to where the free spinon
dispersion has a maximum?® at (7/2).J. This resonance
is observed well above T and grows in intensity with
decreasing T', and is thus likely related to the develop-
ment of short range magnetic order. Based on its unusual
intensity distribution, the resonance was proposed!® to
couple with B;4 optical phonons which involve rotations
of the CuOg octahedra about the [001] direction and
thereby modulate the Cu-O-O-Cu bond angle and su-
perexchange interaction along [110]. However, the By,
mode is strongly dispersing in the rutile structure?* and
is expected at energies > 20 meV at the momentum cor-
responding to the resonance. This mode involves only
oxygen motions, and thus it is unlikely that in the triru-
tile structure of CuSbyQOg it would be found at a much
lower energy compatible with that of the resonance.

In Ref. 14 it was proposed that the short-range mag-
netic order at T > Tn reflects the formation of local
spin-Peierls ordered domains (e.g., dimerized chain frag-
ments). Such a scenario has the potential to reconcile the
absence of typical spin-Peierls anomalies in the specific
heat and thermal expansion at T and the appearance
of a gap at T < Ty. This raises the possibility that the
~ 100 K energy scale evidenced in the thermodynamic
properties and thermal transport, comparable to J, is
connected with singlet-triplet excitations. Further the-
oretical and experimental work are required to address
this speculation.

D. Modeling the x(7) Data

Calloway model'® fitting to the data was employed to
quantify the additional phonon scattering that operates
in the magnetic Cu compound. x(7T") was computed as:

e/T
i kp kBT /
L= 2m2up,

0

where x = hw/kpgT, 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 (vpn) as © = (hvpn/kg)(672n)Y/3, where n is the
atom density.

We first fitted the x(T") data for ZnSb2Og by incorpo-
rating phonon scattering terms representing boundaries,

7(w, T)dx,
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FIG. 5. (color online) Model fitting to k100 data for ZnSb2Og
and CuSb20g. Parameter values in common to both speci-
mens (see text) for the best fits (solid curves) were: vpp =
4.8 km/s, B = 1.05 x 107'® sK™', b = 6.5. The point-
defect terms were A = 2.46 (2.19) x 107 % for ZnSb,0s
(CuSb20s). Additional scattering terms for CuSb2Os were:
C=555x10"1%s2 R=249%x10"%" s D =222x10"% &3,
Also shown are curves for the Cu compound excluding all
but the resonant scattering term (dashed curve) and with all
terms except the Jahn-Teller term (dash-dotted curve).

point defects, and Umklapp processes, respectively:

7(w, T)™ ! = % + Aw* + Bw?T exp (—%) ,
where L; is taken as the minimum sample dimension,
and A, B, and b are fitting parameters. The phonon
velocity was taken as vy, = 4.8 km/s, an average of the
rutile sound velocities.?* The results of the fitting and
parameter values are included in Fig. 5 and its caption.

Fitting to the CuSh2Og [100] (or [001]) data employed
the same values for vy, B, and b as for the ZnSb,Og fit-
ting and included three additional scattering terms. At
the lowest temperatures a sheet-like fault scattering term,
Cw?, was introduced to account for the much lower mag-
nitude of x in the Cu compound — this term is attributed
to scattering from twin boundaries. Resonant scatter-

ing from the two-level magnetic system was represented
25-27
as,

_1 o
Tres(w, T) ! = Ri(w2 7 F(T),

where R is the scattering strength, wy is the resonance
frequency, and F(T) is a factor that accounts for thermal
occupancies of the two states. Two-level systems that ex-
ist only at the interface between ordered and “not yet or-
dered” regions, i.e. domains of high strain, would suggest
F(T) = no(1 — ng), where ng = [1 + exp(—hwo/kpT)]~*

is the fraction of two-level systems in the ground state.
The best fit using this form for F(T') (Fig. 5) yields a
resonance energy, Fo = hwo/kp = 67 K, comparable
to but somewhat smaller than the two-level energy split-
tings found from the specific heat and thermal expansion.
If F(T) defines a narrower range in T then the fitted value
for Ey increases. For example, taking F'(T) to be the full
Schottky function, (Eo/T)?no(1 — ng), yields a best fit
of comparable quality with Ey = 105 K. Thus the res-
onance energy inferred from the fitting is in reasonable
accord with the two-level energy splitting. To distinguish
the influence of these additional scattering terms, Fig. 5
also shows the computed k(7T') including only the reso-
nant scattering term (dashed line) and both the resonant
and sheet-like fault scattering terms (dash-dotted).

A third term was introduced to account for additional
scattering, evident above 100 K in Fig. 5, that we at-
tribute to the dynamic Jahn-Teller effect, a feature of
the tetragonal phase of the Cu compound at T > 383 K
that freezes out gradually at temperatures below the
tetragonal-monoclinic transition. It involves thermal ex-
citation of different orientations of the elongated Cu-O
bonds of the two inequivalent CuOg octahedra within
the unit cell,> and is reflected in the T dependence of
the monoclinic § angle which serves as an order param-
eter for the transition and becomes T independent at
T < 100 K.'* Such dynamic local distortions of the octa-
hedra are anticipated to behave as point defect scatter-
ers of heat-carrying phonons with a thermally activated
scattering rate determined by the characteristic optical
phonon energy scale. A term 7,4 = Dw*exp(—490/T)
described the additional scattering well (Fig. 5). The
phonon energy, 490 K~ 42 meV, agrees with electron-
spin-resonance studies'! which indicate a phonon at
44 meV responsible for spin-lattice relaxation in the
tetragonal phase.

E. Magnetic heat transport?

We now address the anisotropy in s that develops in
CuSby0g at T < 150 K. Given that the spin-chain di-
rection alternates (moving along the [001] direction) be-
tween [110] and [110], magnetic heat transport (Kmag) 1S
anticipated within the a-b planes but not along c. The
surprising result is that r[jgo) is much smaller than rg;q)
and K[110] i the range 10 K< T < 150 K. The conver-
gence of [100) and k[g1g) at T' < 10 K indicates isotropy
of the a-b plane lattice thermal conductivity as would be
expected based on the crystal structure. One possibil-
ity is that the resonant phonon scattering is anisotropic
within the a-b plane, i.e. weaker for transport along the
[010] and [110] directions, though this seems less plausi-
ble given that ko0 (T") and ko1 (T) are indistinguish-
able for T' > 30 K as are the [100] and [010] thermal ex-
pansion coefficients.' An alternative hypothesis is that
the enhanced x along [010] and [110] is associated with
a Kmag and this contribution is preferentially suppressed
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FIG. 6. (color online) Magnetic mean-free-path for [110] and
[010] directions of CuSb2Og¢ (symbols) computed by subtract-
ing K[100)(T') to determine Kmay (see text). Also shown for
comparison are results from other spin-1/2 chain compounds:
BaCu2SiaO7 (Ref. 4), StCuO2 (Ref. 28), and Sra—,Ca,;CuOs3
(Ref. 29)

along [100]. This might have its origin in the nature of the
local 1D magnetic ordering (e.g. chain fragments) or its
interplay with the twinning [Fig. 2 (a)]. Measurements
of Kk in detwinned crystals might offer a means of testing
this hypothesis, but previous efforts at detwinning were
not successful.!®

To examine the plausibility of our hypothesis about
magnetic heat transport we estimated kp,qq4 for the [110]
and [010] directions by subtracting, from the correspond-
ing x(T") curves, the data for ko) (using rg1] for this
subtraction would overestimate K44 at low T since our
data implies a larger a-b plane lattice thermal conduc-
tivity). We then computed a mean-free-path, using,?’
lmag = (3R/TNEET)Kmag, where Ny = 2/(v/2ac)
is the number of chains per unit area appropriate to
CuSby0¢. Figure 6 shows the resulting l,,q4(7T") for the
present specimens and for comparison, those of other

Q1D s = 1/2 chain compounds BaCuSizO7,* SrCu0,,28
and Sro_,Ca,Cu03,%? computed similarly. We see that
lmag for CuSbyOg is similar in its 7" dependence and low-
T magnitude (~ 0.1 — 0.3 um) to that of BaCusSizO7,
suggesting a universal behavior (when suitably scaled by
J) for s = 1/2 chain systems as noted previously.*

Regarding the magnetic transition, the [110] and [010]
specimens do not exhibit a downturn in x just below T
seen for the mis-aligned specimens (inset, Fig. 3). This
suggests that this feature is associated with the lattice
thermal conductivity and that the opening of an energy
gap'>1 below T does not have a strong effect on the
magnetic heat transport.

IV. CONCLUSIONS

In summary, thermal conductivity studies of single-
crystal CuSboOg and ZnSb,Og reveal strong phonon-spin
resonant scattering in CuSbsQg associated with the onset
of short-range q1D AF order at T' < 150 K. Anisotropy
of k within the plane of the spin chains, developing at
T < 150 K, indicates either anisotropy of the resonant
scattering or the onset of a magnetic contribution to heat
transport that is preferentially suppressed along the [100]
direction (possibly related to the twinning). The inferred
magnetic contribution to heat conduction is consistent
with that found in other low-dimensional spin systems.
The scattering resonance energy ~ 100 K is consistent
with the energy splitting of a two-level Schottky model
that describes the magnetic contribution to the specific
heat and linear thermal expansion coefficients. The na-
ture of the excited state, likely involving spin and lattice
perturbations, remains to be determined.
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