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The thermal conductivity and specific heat of SrCu,(BO,),, a quasi-two-dimensional metal oxide compound
with a spin gap, were studied at low temperatures. In the temperature interval 0.4 < T < 3.2K, thethermal con-

ductivity of asingle crystal sample in the ab plane varies according to the power law k 0 T273, Asthe temper-
ature increases further, a deep minimum is observed in the region of T, = 9.8 K. This behavior is explained

by the scattering of phonons—the major heat carriers—on the fluctuations of the spin subsystem. © 2001 MAIK

“ Nauka/Interperiodica” .
PACS numbers: 66.70.+f; 65.80.+n; 75.40.Cx

In the past decade, a number of low-dimensional
guantum-mechanical systems were discovered which,
when cooled down to low temperatures, exhibit the
appearance of a spin gap separating the nhonmagnetic
ground state from the spectrum of spin excitations. The
formation of a spin gap in such concentrated magnetic
systemsis manifested by their unusual low-temperature
magnetic properties, whereby the samples behave as
nonmagnetic substances rather than exhibiting ferro- or
antiferromagnetic ordering. The ground state of these
compounds is a spin singlet representing an isolated
configuration of spins in which the projection of their
total magnetic moment onto any direction is zero.
Whether a given system reaches a ground state with or
without the spin gap depends on the mutual arrange-
ment and magnitude of the spin magnetic moments, as
well as on the magnitudes and hierarchy of the
exchange interaction constants.

Recently, the group of substances with a spin gap,
containing compounds such as spin-Peierls CuGeO,
[1], spin ladder SrCu,05; [2], plaguette-type system
CaV,0Oq [3], and charge-ordered system NaV,0Os [4],
expanded to include alow-dimensional magnetic com-
pound SrCu,(BOs), [5]. The new member is close to
high-temperature superconductors of the cuprate
group: SrCu,(BOs), possesses a layer structure, exhib-
its a pseudo-spin-gap behavior, and shows the ability to

antiferromagnetic ordering upon a small change in the
parameters.

SrCu,(BO3), has a tetragona unit cell with the
room-temperature lattice constants a = b = 8.995 A,
¢ = 6.649 A. The structure of this compound comprises
dlightly corrugated ab planes formed by CuBO;, which
are separated by layers of nonmagnetic Sr?* ions along
the ¢ axis. Asis seen in Fig. 1, the ab plane contains
rectangular planar CuO, complexes linked by triangu-
lar BO; groups. All Cu?* ions possess the spin 1/2 and
occupy crystallographically equivalent positions. The
nearest-neighbor Cu?* ions form magnetic dimers,
whiletriangular BO; complexeslink these dimers so as
to form an orthogonal network.

At present, SrCu,(BOs), is the only known sub-
stance to which the quantum-mechanical Shastry—
Sutherland model [6] can be applied. This theory
allowsthe ground state of an orthogonal dimer network
to be exactly calculated. Depending on the ratio of
exchange integrals in (J) and between (J') dimers, a
system occurs either in the antiferromagnetic ground
state (for J'/J > 0.70) or in the state with localized mag-
netic dimers(for J'/1J<0.70). At J'/J=0.70, the ground
state of an orthogonal dimer network is the spin fluid.
According to [7], the exchange integrals in
SrCu,(BO;), are J' =68 K and J = 100 K, which corre-
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Fig. 1. Schematic diagrams showing the (a) crysta and
(b) magnetic structures of SrCuy(BOj3), in the ab plane:

(8) Cu?* ions; (-) B3 ions; (0) 0% ions.
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Fig. 2. The temperature dependence of specific heat in
SrCuy(BOg3),. The bottom inset shows the temperature

dependence of the longitudinal sound velocity in the [100]
direction (data from [13]).

sponds to the case of localized dimers in the ground
state at an exchange integral ratio J'/J = 0.68 close to
the critica value. The spin gap width Zwy/ks in
SrCu,(BO3), amountsto 34 K [5, 7-9].

A sample of SrCu,(BO,), studied in our experi-
ments was cut to size 6 x 1.6 x 0.4 mm from a single
crystal ingot grown by the floating zone technique [10].
Thethermal conductivity k(T) of thesingle crystal sam-
ple was studied in a broad range of temperatures from
0.41t0 300 K by the method of stationary thermal flux in
the [100] direction (in the ab plane). The specific heat
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C(T) of pressed powder samples was studied in the
range from 1.6 to 300 K with the aid of a quasi-adia-
batic microcalorimeter. The errors of determination of
thek and C values at low temperatures were about 10%.

Figure 2 shows the temperature dependence of the
specific heat of SrCu,(BO;),. Against a monotonic
buildup of the specific heat with increasing tempera-
ture, the curve exhibits a clearly pronounced maximum
at T=8.3K related to the formation of aspin excitation
spectrum [11, 12]. Theinset in Fig. 2 shows atempera-
ture dependence of the longitudinal sound velocity v in
the [100] direction (reproduced from [13]). Asis seen,
thereisaminimum at T = 13.3 K on the background of
v(T) decreasing with the increase in the sampl e temper-
ature.

Figure 3 showsthe temperature variation of the ther-
mal conductivity of SrCu,(BOs),. At the lowest temper-
atures, the curve obeys the power law k(T) O T273; as
the temperature grows, the K value passes through a
maximum at T = 3.7 K, then drops to show a minimum
at T=9.8K, andincreasesagain withamaximumat T =
47 K. A maximum value of the thermal conductivity of
SrCu,(BOy), a T = 3.7 K amounts to k = 28 W/(m K).
A difference in the temperatures at which the features
were observed in the curves of k(T), C(T), and v(T) can
be related to the fact that the ground state in
SrCu,(BOy), is attained without a clearly pronounced
phase transition at a certain temperature.

The involved temperature variation of the thermal
conductivity exhibiting the alternation of maxima and
minima is probably a general characteristic of the sys-
tems with spin gaps. The k(T) curves with two peaks
were previously reported for many low-dimensional
compounds, although different interpretations were
given in various particular cases. In CuGeQO;, the high-
temperature peak in the therma conductivity was
explained by the magnon mechanism, and the low-tem-
perature peak, by the phonon mechanism of the heat
transfer [14]. The double peak observed in the thermal
conductivity of Sr,_,CaCu,,0, was interpreted in
terms of the magnon propagation over spin chains and
ladders [15]. In NaV,Og, both peaks in k(T) were
attributed to the phonon heat transfer [16].

In our opinion, amore justified interpretation of the
K(T) behavior in the case of SrCu,(BO,), is based on
the phonon heat transfer mechanism. According to the
neutron scattering data [9], the spin excitations hardly
spread over the lattice and, hence, cannot participate in
the heat transfer. The minimum of k(T) a T,;,= 9.8 K
is probably indicative of a strong phonon coupling to
the spin subsystem.

We have analyzed the temperature variation of the
thermal conductivity within the framework of asimple
No. 11
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Debye lattice thermal conductivity model [17], in
which

B d<aj
v R0l

To/T
K(T)— Ixer(xT)d

Here, x = iw/kgT, w is the phonon frequency, T =

i_l is the total phonon relaxation rate in various

scattering processes, Tp = 450 K isthe Debye tempera-
ture [13], and v is the polarization-averaged sound
velocity (vo= 4.5 x 10° cm/s[13]).

A satisfactory description of the low-temperature
thermal conductivity is obtained with an allowance for

the phonon scattering at the sample boundaries (rgl =
= Aqw), and point defects

(rpd = Apdoo“) in the three-phonon processes (r3ph =
Agr?T3) and on the spin subsystem fluctuations
(151, = Ay 'T2CY [18, 19]. The Casimir length I =
1.12S"2 (Sis the sample cross section area) determined
from the sample geometry was 0.84 mm. In the above
relaxation terms, A; are the fitting parameters and C; is
the heat capacity of the spin subsystem determined by

subtracting the phonon contribution from the experi-
mental profile (seetheinset in Fig. 3).

vdlo), dislocations (T3

The parameters of scattering on dislocations and
point defects were determined from a power-law
approximation of the low-temperature (0.4 < T < 3.2 K)
branch of the thermal conductivity, where k 00 T273,
Deviation of thek(T) valuefrom the cubic law expected
in the boundary scattering regime can be related to a
significant phonon scattering on dislocations. Since the
thermal conductivity at high temperatures is deter-
mined by the phonon scattering on the spin density
fluctuations, which hinders reliable estimation of the
parameters of the three-phonon scattering process, our
selection for Ay, is rather arbitrary.

Thesolid curvein Fig. 3 showsthe approximation of
the temperature dependence of the thermal conductiv-
ity in SrCu,(BOs), calculated with an allowance of al
the aforementioned scattering processes. The dashed
curve represents the k(T) variation determined with
neglect of the phonon scattering on the spin subsystem
fluctuations. As is seen, the phonon scattering on the
spin density fluctuations decreases the thermal conduc-
tivity by almost two orders of magnitude at a tempera-
ture in the region of the minimum in the k(T) curve.
Such alarge depression of the phonon thermal conduc-
tivity probably indicates that the entire spectrum of
thermal phononsisinvolved in interaction with the spin
subsystem. This conclusion is confirmed by the results
of ultrasonic measurements showing that the low-fre-
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Fig. 3. The temperature dependence of the specific heat of a
SrCuy(BO3), single crystal in the [100] direction. Open cir-
cles represent the experimental data, solid curve shows the
results of calculationswith an allowance of the phonon scat-
tering on the spin subsystem fluctuations, and dashed curve
corresponds to the calculation ignoring the spin—phonon
interaction. The inset illustrates determination of the heat
capacity Cg of the spin subsystem (see the text).

guency acoustic phonons actually participate in the
interaction [13].

Recently, the minimum observed in the temperature
dependence of the thermal conductivity in SrCu,(BOs3),
was given an alternative interpretation based on theres-
onance scattering of phonons in a two-level system of
magnetic excitations [12]. In our opinion, this explana-
tion should be taken with care since the resonance scat-
tering can be effective only within a certain narrow part
of the phonon spectrum.
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