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We have examined size effect on thermal, transport and thermodynamic properties of CrSbz single
crystal. We demonstrate highly anisotropie quasi-1D electrieal conductivity, quasi-ballistic phonons
and giant thermopower of -6 mV /K at 15 K. Thermopower peak is suppressed to -1.6 mV/K by
changing crytal dimensions and shows linear dependence on the phonon mean free path. Whereas
electronic diffusion thermopower is significant, the bulk of the giant thermopower in CrSha stems
from the coupling of the very long mean-free-path phonons with the in-gap states.

INTRODUCTION

Materials for eryogenic energy conversion must maxi-
mize thermoelectric power factor (S%¢) since in the fig-
ure of merit ZT = S%6T/k, where S is thermopower and
o and k are electrical and thermal conductivity, tem-
peratures are very modest [1]. Furthermore, electronic
correlations are rather important [2-7] and consequently
FeSi-like narrow gap semiconductors with dominant 3d
character of electronic states near the conduction- and
valence-band edges have been attracting considerable at-
tention [8-14]. Due to its colossal thermopower of up to
45 mV /K and rich family of marcasite structures, FeShy
is an excellent candidate to study the guiding principle
of high thermopower materials design [15-24].

An essential property of a thermoelectric material is
the phonon transport [25-28]. Phonons carry heat which
reduces the thermoelectric efficiency but may also en-
hance thermopower (S) through the phonon drag effect
by contributing to thermoelectric voltage in high puri-
ty semiconductors with strong electron-phonon coupling
[29]. In FeSh, crystals colossal thermopower peak was
attributed to electron diffusion [17, 19, 20| or to phonon
drag effect [30]. CrShy crystallizes in the orthorhom-
bic marcasite structure identical to FeSh,, featuring S
=~ —4.5 mV/K [31]. This is also very large and presently
not understood within the diffusion model since common-
ly observed thermopower values in metals or in semicon-
ductors are typically in (10 - 100) pV/K range [32, 33|.

Here we report low-temperature study of thermoelec-
tricity in CrShy with controlled size reduction. We oh-
serve thermopower peak of —6 mV/K at 15 K, higher
than in previous report [31] and nearly balistic phonon-
s with mean free path (MFP) of about 0.6 mm at low
temperatures. The peak is compressed to —1.6 mV/K
by decreasing crystal dimension. Thermopower value is
proportional to the phonon mean free path (MFP) at its
peak temperature whereas the size-reduction induced de-
crease is attributed to the reduction of the phonon MFP
due to erystal-boundary scattering.

EXPERIMENTAL DETAILS

Single crystals of CrShy were grown as described previ-
ously [31]. Crystal structure was confirmed by analyzing
powder X-ray diffraction (XRD) pattern taken with Cu
Ko radiation (A = 1.5418A) of a Rigaku Miniflex X-ray
machine. Crystal was oriented using a Laue camera and
cut along a-, b- and c-axis for resistivity, thermopower
and thermal conductivity measurement. In order to s-
tudy the size effect, a bar-shaped sample was cut from a
big single erystal along the b-axis and then polished in-
to different dimensions step by step to yield six different
crystals S1 - S6 for the thermal transport measurement
after each polishing step. Heat capacity was measured
on a piece of single crystal cut from the same bar-shaped
sample. Hall effect is measured using the same crystal
with current along the b-axis and field along the c-axis.
Thermal transport, heat capacity and electrical trans-
port were measured in separate experiments using Quan-
tum Design PPMS-9. The electronic structure calcula-
tions of CrShs in the antiferromagnetically ordered state
were carried out using density functional theory (DFT)
as implemented in the Vienna ab-initio simulation pack-
age (VASP)[34, 35]. Projector-augmented-wave (PAW)
potentials[36, 37] were used to account for the electron-
ion interactions, and the electron exchange-correlation
potential was calculated using the local density approxi-
mation (LDA). The kinetic energy cutoff was set to 500
eV and the Brillouin zone integration was performed on a
dense I'-centered 10x4x9 k-mesh with 132 irreducible k-
points using Gaussian smearing with a width of 0.02 eV,
The lattice parameters and atomic positions of CrSh, are
kept at their experimental values|38].

RESULTS

Both thermal conductivity £ and thermopower S re-
veal a significant sample-size effect [Figure 1(a,b)]. The
sample S1 shows the largest thermopower value of |S| = 6
mV/K at 15 K. The maximum value decreases to 1.6
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FIG. 1. Size dependence of the thermal transport properties,
(a) thermal conductivity « and (b) thermopower S for thermal
gradient along the b-axis. Both S and k show strong size
dependence. (e,d) show & and S along different erystal axes
in zero and in 9 1" magnetic field. Note that anisotropy in
S(71") and (") are similar.

mV /K (S6) with decreasing sample cross-section. Simi-
lar to the size dependence of S, the maximum & also de-
creases from 550 Wm ™ 'K~ (S1) to 125 Wm 1K~ (S6).
Since the electronic thermal conductivity k. calculated
from Wiedemann-Franz law is negligible, the size effect
on £ must come from the phonon transport. Phonon drag
mechanism is likely involved in the low-temperature ther-
mopower enhancement due to similar dependence on the
size reduction and similar temperature range of the ther-
mopower and thermal conductivity peaks [Fig. 1(a,b)].
Even though there is a strong anisotropy of thermopow-
er and thermal conductivity when thermal gradient is
applied along different crystalline axes, S and & are in-
dependent of magnetic field [Fig. 1(c,d)]. This argues
in favor of the decisive role of phonons and against the
electronic mechanism of the enhancement.

Figure 2(a) shows anisotropy in resistivity p for elec-
tric current applied along all three erystallographic axes
of the orthorombic unit cell. The temperature depen-
dence of resistivity is similar, albeit with considerable
differences in magnitude. The highest conductivity is
observed along the crystallographic c-axis. This is the di-

rection of one dimensional (1D) antiferromagnetic chains
[39]. The observation of weak inflection point at the Néel
temperature T &~ 273 K for p,. and the absence of such
anomaly for p, and py shows that quasi 1D magnetic scat-
tering is dominant only in [001] direction, in agreement
with the observed influence of magnetic anisotropy on
thermal conductivity [39]. Thermally activated resistivi-
ty is observed for electrical transport along all directions
[Fig. 2(b)]. The resistivity data can be described by
p o< exp(A/2kpT) with different gaps: A, =~ (68.9-96.0)
meV in the intrinsic regime 100 < T < 300 K, A, =~
(12.1-20.0) meV for 16 < T < 33 K in the region of high
thermopower and Az = (0.28-0.38) meV for T' < 10 K.
Then, the temperature dependence of the resistivity is
consistent with a slightly doped narrow-gap semiconduc-
tor. Figure 2(c) shows the Hall effect measured in the
same crystal at 15 K, 40 K and 80 K. The Hall effec-
t shows clear linear behavior and the calculated carrier
concentration is n, = 2.95(1)x10%> m~* at 15 K near
thermopower peak, in agreement with previous report
[31]. Carrier mobility from the Drude model [p = 1/nep)
is 8.4(1)x10~3m?/Vs at the same temperature. From
the Hall data at higher temperatures we evaluate n, =
4.00(1)x10% m=3 and p = 2.1(1)x10~2m?/Vs at 40 K,
ne = 1.14(1)x10%* m™* and g = 7.6(1)x10"*m?/Vs at
80 K.

Figure 2(d) shows the heat capacity of the CrShy crys-
tal. By fitting the low temperature data [Fig. 2(e)| using
the Debye model C), = 12,:' : R(% )?++T, the Debye tem-
perature fp = 291.1(1) and Sommerfeld coeflicient v = 0
are obtained. The sound velocity vy is & 2800 ms~! e
valuated from 0p=(h/kg[(3qNp)/(47M)]"/*v, where h,
kg are Planck and Boltzmann constants, q is the num-
ber of atoms, M is the molar mass, N is Avogadro’s
number and p is the density [40]. Next, we will evalu-
ate the temperature-dependent phonon MFPs which are
closely related to phonon transport using Fourier’s law
(k = %Cu!,‘) with the Debye model, where C,r and [,
are the specific heat, phonon velocity and MFPs of the
phonon involved in the thermal conductivity, respective-
ly. Using these values, we calculated the MFPs below 20
K for all crystals S1 - S6; the results are shown in Figure
2(f).

The phonon MFPs is quasi-ballistic, on the order of
100 pm to 0.6 mm at low temperature and compara-
ble to sample size. This suggests that MFPs are domi-
nated by crystal-boundary scattering where sample sur-
faces act as diffuse phonon scatterers. When phonons
are scattered at the crystal surface, boundary-scattering-
dominated mean free path 1, for the rectangular-shape
sample with side dimensions D and nD [Fig. 2(f) inset]

is [41, 42]:
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FIG. 2. Temperature dependence of the electrical resistivity
for S1 with current along all three axis (a,b). Different regions
of activated transport are noted in (b). (¢) Hall effect mea-
sured at several different temperatures. The open symbols
show the data and the black lines show the linear fit. Note
about two orders of magnitude higher conductivity when I
// e-axis. (d) Heat capacity of CrSb, erystal and (e) Debye
model fits in the low temperature range. (f) Phonon mean
free paths vs. temperature below 20 K. Compared with the
electron mean free path calculated using the carrier concen-
tration from Hall effect, which are several nanometers (about
1 nm at 15 K and 7 nm at 40 and 80 K), the phonon MFPs
are much longer. Dotted lines represent the crystal surface-
dominated mean free path I for each sample. Inset shows
sample shape.
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This estimate is valid when crystal length L is much
larger than the phonon mean free path, whereas phonon
mean free path [,~D, i.e. L>l,~D. This is satisfied in
our experiment. By using this equation, the [, for sam-

ples S1, 52, 53, S4, S5 and S6 are estimated to be 630,
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FIG. 3. (a) Density of states (red) and electron density (blue)
as function of energy. The inset shows the energy range cor-
responding to the measured carrier densities. (b) Electronic
band dispersion showing the chemical potential correspond-
ing to the measured carrier densities. The Fermi energy has
been set to zero.

560, 538, 507, 485 and 460 pm, respectively. The experi-
mental data at low temperature approach the estimated
limits [dotted lines in Figure 2(f)].

The chemical potential corresponding to the density
of free carriers at 40K (n, = 4 x 1(123m_3) and 80K
(ne = 1.14 x 10*'m~?) was determined by numerical in-
tegration of the electronic density of states computed at
the DFT-LDA level. Figure 3(a) shows the density of
states (DOS) and electron density as function of ener-
gy between the top of the valence band and 1 eV. The
inset in Fig. 3(a) shows the energy range correspond-
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FIG. 4. (a,b) Phonon thermopower values for crystals S1 -
S6 as a function of the phonon mean free paths at the corre-
sponding temperatures. The solid line is the linear fitting of
the data revealing the linear dependence of S on the phonon
MFPs. (¢) Magnetoresistance and Hall coefficient Ry vs tem-
perature below 60 K.

ing to the measured free carrier density. The resulting
chemical potential is calculated to be approximately 160
meV for both carrier densities. Electronic band disper-
sion is shown in Figure 3(b), where the red line indicates
the chemical potential (yt) corresponding to the measured
free carrier densities. It should be noted that only one
band crosses this chemical potential, in agreement with
experimental result [Fig. 2(c)].
The effective mass of carriers is:

1\ 1335,1(1‘5)_;, s
m* " - h2 akikj L] =LY,

where i,j are the components in reciprocal space and
E, (k) is the n;, band energy dispersion relation. The
second and cross derivatives in the symmetric tensor of
equation 1 are numerically calculated on a five-point s-
tencil with a 0.05 step size [43].

Based on the DFT-LDA electronic band structure, the
effective mass tensor of the conduction band crossing the
chemical potential p, Figure 3(b), and with minimum
around the Y2 is:

m* 2.72 0.00 0.00
— =1 0.00 1.40 0.57

Tt 0.00 0.57 2.68

DISCUSSION

In general, both electronic diffusion S; and phonon
drag S, contribute to thermopower. The Sy for a single

. 8wk, T \2/3
band degenerate system is Sg = —;#m*T(5,)*/® where

m* is the carrier effective mass and n is the carrier con-
centration [20, 44, 45]. Using the carrier concentration
from Hall effect and m* = 1.4m. (m. is electron mass)
the calculated Sy is ~ 1.47 mV/K at 15 K, a significan-
t value. By subtracting this value from the total S at
peak temperature of thermopower of S1-S6, we estimate
contribution of S,. As shown in Figure 4(a,b), there is
a linear dependence of phonon-drag thermopower max-
ima on phonon MFP in all S1 - S6 crystals, implying
overwhelming contribution of the phonon drag.

Phonon-drag component of S is proportional to
Aulp='T—', where [ is the MFP of the phonons involved
in the phonon-drag effect, p is the carrier mobility, and
/A is a parameter between 0 and 1 characterizing the
relative strength of electron-phonon interaction [46]. If
carriers are scattered only by phonons A is 1, but ad-
ditional scattering processes can significantly reduce its
value. Furthermore, the saturation effect, i.e. the correc-
tion for high carrier concentration must considered due
to relatively high carrier concentration in CrShy [46, 47).
The corrected phonon-drag part thermopower becomes
Sp = [ﬁL:! ;::i?jr)_l’ where Ny is the number of
phonon modes that interact with the charge carriers.
Assuming bare electron mass for Sy and using values
of carrier concentration and mobility obtained in Hall
measurement [Fig. 2(c)], the calculated 3 is about 0.91
around peak temperature of 15 K. Similar calculation-
s show that # is around 1 up to 80 K [Fig. 4(b)]. This
strongly suggests that the thermopower in CrShs at 80 K
and below is dominated by the phonon drag effect on car-
riers experiencing additional electronic correlations. As
the temperature is lowered to 15 K thermal conductivi-
ty and thermopower [Fig. 1(a,b)] are reduced in similar
manner as the mean free path of phonons is reduced [Fig.
2(f)], confirming the decisive part of phonon drag in giant
thermopower of CrSbs.

If the phonon-drag effect is related to in-gap states,
there will be a peak in magnetoresistance (MR) and Hall
coefficient and one in-gap state gives only one peak [48].
In order to confirm the origin of the phonon-drag effect,
we show the MR = p(B) — p(0)/p(0) and Hall coefficient
data below 60 K on Fig. 4. Similar to FeSh,, there is a
well defined peak in MR and Ry, implying phonon-drag
interaction coupling to the in-gap impurity states.

In summary, we have presented the first direct evi-
dence that CrShy is a highly anisotropic, quasi-1D semi-
conductor. The electronic diffusion component of the
thermopower Sy is very large but the bulk of the giant
thermopower values in CrShs stem from the phonon-drag
effect of the long MFPs phonons on the in-gap state.
Whereas large Sy could stem from the local correlations-
enhanced energy gap [49], further studies of materials-
related parameters that lead to simultaneous electron-
and phonon-related enhancement of thermopower are of
interest.
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