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Abstract

We report the results of the electrical resistivity and Seebeck coefficient as
well as thermal conductivity measurements on the stoichiometric CaAl,Si, and
non-stoichiometric CaAl; 75515 25, CaAl; ¢Sis 1, CaAl, 1Siy 9, and CaAl, 25517 75
compounds in the temperature range 10-300 K. It has been found that the
magnitude of electrical resistivity decreases for the non-stoichiometric samples,
attributed to the shift of Fermi energy from the dip of the density of states as a
consequence of the changed Si/Al content. In addition, a systematic change in
the magnitude of Seebeck coefficient as a function of Al/Si concentration has
been observed. The results have been associated with the effect of hole/electron
doping on the Fermi level density of states. A detailed analysis of the electrical
resistivity and Seebeck coefficient suggests the presence of two types of charge
carrier and the temperature dependent changes in their mobility. From the
thermal conductivity results, we correlated the extent of disorder and Al/Si ratio
with various thermal scattering mechanisms in the investigated temperature
range.

1. Introduction

Binary and ternary silicides are well known for their diverse physical properties depending on
the composition/constituent elements as a consequence of the corresponding changes in their
electronic structure. Recently, the layered intermetallic ternary alumino-silicides Ca—Al-Si
have attracted considerable attention [1-6] after the discovery of MgB,, which is also a layered
compound with a substantially high superconducting transition temperature 7, of 39 K [7].
There are two types of layered ternary Ca-based alumino-silicide: CaAlSi, isostructural to
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MgB,, is a superconductor with 7, ~ 7.8 K [1, 2], and CaAl,Si, is a nonsuperconducting
semimetal [3, 4].

The titled compound CaAl,Si,, relatively little studied, has the La, O3-type layered trigonal
structure (space group: P3M 1), where Al and Si atoms are arranged in chemically ordered
double-corrugated hexagonal layers and Ca atoms are intercalated between them [3]. A recent
Hall coefficient measurement on single-crystalline CaAl,Si, exhibited a sign reversal at around
150 K, indicating that the dominant carrier changes with temperature [3]. According to the
electronic structure calculations, CaAl,Si; is a semimetal arising from a slight overlap of one
conduction band and two valence bands, with the Fermi level (Ef) located at the valley of
the density of states (DOS) [4, 5]. Hence, the observed phenomena in the transport properties
of CaAl,Si, have been attributed to the semimetallic response, based on the calculated band
feature.

To shed more light on the physical properties of CaAl,Si,, an investigation of the
composition variation by a variety of physical quantities would be instructive. In this work,
we thus performed the electrical resistivity (o) and Seebeck coefficient (§) as well as thermal
conductivity (k) measurements on CaAl,_, Sip1, with —0.25 < x < +0.25 in the temperature
range 10-300 K. It is well known that S is very sensitive to the composition dependent
variations in the electronic structure, especially for the systems with Ef located at the dip
of the DOS. Also the thermal conductivity yields useful information about the changes in
the temperature dependent phonon—phonon and electron—phonon scattering. Further, as a
complementary tool to the Hall coefficient, S can be effectively employed to investigate the
temperature variation in the type of charge carrier and/or mobility. In this study, the result of the
Seebeck coefficient shows a noticeable composition dependence on both sign and magnitude,
suggesting a considerable modification in the Fermi level DOS with respect to the Al/Si ratio
change.

2. Experiment

Polycrystalline samples were prepared by arc-melting high purity elements under argon
atmosphere. To promote homogeneity, the resulting ingots were annealed in a vacuum-sealed
quartz tube at 800 °C for two days, followed by furnace cooling. An x-ray analysis taken
with Cu Ke radiation on the powder specimens shows a single phase. All reflection peaks
in the diffraction spectra could be indexed according to the expected La,Os-type structure.
Electrical resistivity data were obtained by a standard four-probe method. Seebeck coefficient
and thermal conductivity measurements were simultaneously carried out in the helium closed
cycle refrigerator using a heat pulse technique. A detailed description of these experimental
techniques can be found elsewhere [8].

3. Results and discussion

3.1. Electrical resistivity

The temperature dependence of the electrical resistivity p(T) of the CaAl,_ Sip, alloys from
10 to 300 K is shown in figure 1. For the stoichiometric compound CaAl,Si,, p increases
slightly with rising temperature, tends to saturate at around 200 K, and then starts decreasing
upon further heating. The observed p(7') feature is similar to that earlier reported [3]. The
relatively large magnitude and the high-temperature variation of the electrical resistivity are
reminiscent of a semimetal. For the non-stoichiometric samples, the electrical resistivity
decreases with respect to CaAl,Si,, attributed to the enhancement of the carrier density as a
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Figure 1. Electrical resistivity of CaAlj 7551225, CaAl;oSip |, CaAl,Siy, CaAly Sijg, and
CaAly 25Si 75.

consequence of the shift of Er from the valley of the DOS to higher positions. In addition, two
distinct p(T') characteristics could be established for various Si/Al ratios. For the Al deficient
samples (CaAl; 7551, 25 and CaAl; 9Siz 1), p(T) exhibits a weak linear temperature dependence,
typical semimetallic behaviour. On the other hand, the Al excess samples (CaAl, ;Si; ¢ and
CaAl; »5Si; 75) show metallic characteristics with lower residual resistivity. These results can
be understood in terms of the rigid-band scenario, which is further supported by the Seebeck
coefficient results, and will be discussed later.

To have a quantitative viewpoint of the measured results, the electrical transport data
of CaAl,Si, were analysed theoretically. The temperature-dependent electrical resistivity is
generally expressed as

(3 kT [ 2 (hw/ksT)*q* dg 1
pw(hezvf.)va/o VDT o k) — (1 = exp(—hw/ksT)) | M

Here v(q) is the Fourier transform of the potential associated with one lattice site and vy is the
sound velocity. Equation (1) in terms of the acoustic phonon contribution yields the Bloch—
Gruneisen function for the temperature-dependent resistivity [9]:

Op/T
Pac(T, Op) = 4A. (T /0p)* x T / e =D —e )y, )
0

where x = fiw/kgT and A, is a constant of proportionality. We further assume that the
modelled phonon spectrum consists of two parts: an acoustic Debye branch characterized by
the Debye temperature p and an optical peak defined by the Einstein temperature 6g. In the
case of the Einstein type of phonon spectrum (an optical mode), pop(7) can be described as
follows:

Pop(T, O) = ApBET 'exp(Be/T) — 117" x [1 — exp(—6s/T)]1™". (3)

Here A, is defined analogously to equation (2). Thus, the phonon resistivity can be
conveniently modelled by combining both terms arising from acoustic and optical phonons
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Figure 2. Variation of pe_pn with temperature for CaAl,Si; and the contribution of acoustic
phonons p,. as well of optical phonons pop, to the resistivity. The calculated pior (= po + Oe—ph)
deviates from the measured data (closed circles) above 120 K. The inset shows the variation of
Odift (=Pexp — Prot) VETsus T2; alinear dependence above 120 K is clearly seen.

Pe—ph(T) = pac(T, Op) + pop (T, O). “)

If the Matthiessen rule is obeyed, the resistivity may be represented as a sum pi(7) =
Po + pe—ph(T), where pg is the temperature-independent residual resistivity. The resistivity
curves plotted in figure 2 manifest that parts of resistivity were determined by the electron
scattering on acoustic and optical phonons, shown along with the total phonon resistivity.
As inferred from the curve, p,. increases rather linearly while p,, exhibits an exponential
growth with temperature. Here 0p = 274 K and 6 = 542 K were taken from the reported
band structure calculation on CaAl,Si; [5]. The deduced numerical results on the temperature
dependence of resistivity of CaAl,Si, are also given in figure 2 along with the experimental
data. The significant feature is that the estimated p is quite consistent with the experimental
data at lower temperatures, but starts to deviate from the data above T~ 120 K. The difference
between the calculated and measured electrical resistivity pgitr[= (00 + Pe—ph) — Pexpl against
T? is plotted in the inset of figure 2, where a linear variation is clearly seen above 120 K.
Such a power law dependence of pgirr (quadratic in temperature) at higher temperatures is an
indication of electron—electron scattering. The additional term due to the electron—electron
contribution was required in understanding the resistivity behaviour, as extensive attempts
to fit the data with residual resistivity and phonon resistivity were unsuccessful. The power
temperature dependence of pgir with electron—electron scattering was also earlier noticed in
copper oxides [10], bismuth oxides [11], doped fullerides [12], and sulfides like TiS, [13]. The
departure from electron—phonon induced resistivity behaviour could be ascribed to either the
change in dimensionality or the change in carrier density/mobility. It is worth pointing out that
in the Hall coefficient measurement [1], the type of dominant carrier was found to be varying
from electron-like to hole-like below 150 K together with peculiar transport properties. Such
observations in the electrical transport properties have been associated with the typical response
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Figure 3. Seebeck coefficient as a function of temperature for the CaAl; 75Siz.05, CaAl; 9Sis g,
CaAl;Siy, CaAly 1Si 9, and CaAly 25Si; 75 alloys.

for an ordinary semimetal. Our analysis of the electrical resistivity of CaAl,Si, suggests that
besides electron—phonon another possibility for the change in carrier density arose due to the
presence of electron correlation.

3.2. Seebeck coefficient

The plot of S(T) of CaAl,_,Siy, from 10 to 300 K is displayed in figure 3. In the currently
investigated alloys, the Seebeck coefficients were found to be negative in the entire temperature
range under investigation, suggesting that the electron-type carriers dominate the thermoelectric
transport. The off-stoichiometric effect clearly indicates that the magnitude of S is enhanced for
the Al-deficient samples while S is reduced for the Si-deficient ones. Similar to the observations
from electrical resistivity measurements, two distinct S(7") characteristics appear between
the Al-poor and Si-poor samples. The earlier report of Hall coefficient has revealed a sign
reversal from negative to positive below 150 K in CaAl,Si,, attributed to the change of carrier
concentration and/or mobility with the temperature [3]. The absence of such a sign reversal
in § could be due to other factors associated with the position of Ef in the electronic DOS.
Unlike electrical resistivity, which is directly proportional to the Fermi-level density of states
N (EF), the Seebeck coefficient is related to the energy derivative at Eg. Therefore, the sign and
magnitude of S strongly depend on the position of Ef in the DOS in addition to the carrier type
and concentration [14, 15]. It could be that the d N(E)/d E has a stronger effect than N (Er)
itself, which predominates the sign of the measured Seebeck coefficient in the present case.
The observed composition variation in S can be interpreted in terms of the rigid-band
model with a shift of Er corresponding to the change of x in CaAl,_,Siz4+,. As Si has one
more electron in its valence shell than Al, a partial replacement of Al by Si is expected to dump
electrons in the conduction band, leading to an upward shift of Er with respect to CaAl,Si,. It
thus enhances the electron pocket but reduces the hole ones. As a result, the negative S values
for CaAl, 7551525 and CaAl; ¢Siy ; increase as compared to that of CaAl,Si,. On the other hand,
a partial replacement of Si by Al will cause a downward shift of EF, resulting in a reduction of
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Table 1. Fitting parameters of Seebeck coefficient determined from equations (5)—(7).

Samples ce eV e(@meV) Ej (meV)
CaAl; 75825 0.2 45.41 52.52
CaAl]'gsizv] 0.21 44.17 53.46
CaAl;Siy 0.16 57.0 65.35
CaAl,;Sij o 0.46 97.1 45.00
CaAlp25Sij7s 043 97.38 45.67

the electron pocket but an enhancement of the hole ones. Therefore, the negative S values for
CaAl, »5Si; 75 and CaAl, ;Sij ¢ decrease as observed.

It is worthwhile mentioning that a preliminary 2’ A1 NMR measurement on CaAl, _,Siy ,
also exhibits a similar tendency [16]. From NMR spin-lattice relaxation rates, a larger Al s
Fermi-level DOS in CaAl, ;Si;¢ and a smaller one in CaAl; ¢Si, | have been deduced, as
compared to that of CaAl,Si,. Such a result is in good agreement with the observations from
the Seebeck coefficient.

To provide a concise interpretation for the observed S(7'), we analyse the data with
an assumption that both electron-like and hole-like carriers contribute to the diffusive
thermoelectric power [17]. The change in the slope of S at around 100 K suggests the existence
of lighter electron and heavier hole pockets in the band structure of CaAl,Si,. However, the
electrons become heavier and thus dominate the S(7") below about 100 K. Such a scenario
appears to be consistent with the calculated band structure of CaAl,Si;, where the Fermi
surface consists of two small hole pockets centred at the I' point and one electron pocket
centred at the M point [4]. Within the two-band model, it allows us to consider a contribution
from semiconducting-like holes in addition to a metallic term as a possible explanation for the
observed unusual thermoelectric transport behaviour.

For the metallic thermoelectric power contribution, the low temperature carrier diffusion
Se can be expressed as

Se(T) = —

nUET [8lncre(8)i| )

3e] e

where o.(¢) [=1 4 cc€] is the energy dependence of the conductivity within the relaxation
time approximation. Here ¢ is measured from the Fermi level and ¢, > 0 for electron-like
behaviour. For the sake of simplicity, the mean free path of the carriers (£) is assumed to be
independent of temperature. For the hole-like band where the conduction is thermally activated,
the corresponding Sy, is given by

Sh = |ks/e|(En/T). (6)

Here Ej is the activation energy and is related to the thermally activated conductivity o, =
oo exp(—En/T) with oy a constant. Thus, the overall Seebeck coefficient conceives metallic
and hole-like bands:

S=—2 54—, 7)

O + On ¢ O + On

Using equations (5)—(7), we have obtained reasonable fits to the data of CaAl,_,Sip, alloys in
the higher temperature regime, and the fit for the CaAl,Si, compound is demonstrated as a solid
line in the upper panel of figure 4. From these fits, we can determine the normalized slope of the
linear energy dependence for the metallic band at the Fermi level, c. = dIno.(¢f)/de, and the
activation energy Ej}, for each composition, with the fitting parameters tabulated in table 1. The
extracted activation energy values are approximately 40—70 meV, as required for a contribution
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Figure 4. Seebeck coefficient as a function of temperature for CaAl,Siy (upper panel) and
CaAl; 25Si; 75 (lower panel) along with fitting using equations (5)—(7).

to conductivity up to the intermediate temperature range. Further, in order to reproduce the
observed slope change for CaAl, ;Sij 9 and CaAl, »5Si; 75, € was found to be about 100 meV.
The fit along with the measured data of CaAl, 55Si; 75 is shown in the lower panel of figure 4.
Based on these analyses, a two-band model involving metallic electron and semiconductor-like
hole conductions seems to be a reasonable description for the observed S(7).

3.3. Thermal conductivity

The measured thermal conductivity «(7") as a function of temperature (10-300 K) for the
studied compositions is shown in figure 5. As the temperature decreases, a gradual increase
in k is followed by a well defined maximum/peak around 50 K and then a steep fall below
50 K. These features are the typical behaviour of solids. In general, the peak height is reduced
or suppressed by disorder, defects, and/or impurities. Nevertheless, we have found that a slight
excess of Al content results in an increase of the peak height, which is consistent with the
resistivity result, which indicates the lowest residual resistivity in CaAl, Sij¢. Our earlier
report on CoSij_,Al, alloys has led to a dramatic decrease of the peak height, attributed to
the lattice imperfections introduced by the Al substitution [18]. In the present study, replacing
a small amount of Si by Al may have the effect of driving the CaAl,Si, compound toward a
higher carrier density and thus enhancing the metallicity.

The Wiedemann—Franz (WF) law is frequently used to estimate the phonon contribution
to the total thermal conductivity by subtracting the electronic contribution o LT from the
measured thermal conductivity. Room temperature values of «. are given in table 2 and found
to be less than 10% of the total thermal conductivity. From the estimated data, one can safely
argue that the total thermal conductivity is mainly due to the lattice phonons rather than the
charge carriers in these alloys.
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Table 2. Electronic thermal conductivity at room temperature (about 300 K) and fitting parameters
of lattice thermal conductivity determined from equations (8) and (9).

Alloys ke Wm™ K™Y L(um) Pg(107“K3) P, (107YsK™)
CaAl, 7551205 0.5723 7.40 1.07 12
CaAl, oSiy | 1.3934 7.93 1.25 2.0
CaAlSiy 0.4743 451 2.13 1.6
CaAlySij o 1.1362 9.27 0.78 2.0
CaAl>55Sij7s  0.8466 8.64 0.72 2.3

We now proceed to discuss the influence of Al/Si ratio on the phonon scattering processes
in these alloys by modelling the 7 -dependent 1. within the Debye approximation (Klemens—
Callaway model) [18, 19]. The use of the Debye model is reasonable since the temperature
region of interest lies well below the Debye temperature. Such an analysis has already been
successfully applied to the cobalt monosilicide [19] and other materials [20]. Deduced fitting
parameters will reveal information about the phonon scattering mechanisms in the studied
samples. The lattice thermal conductivity in the Debye approximation follows the equation

ghef

_ kg ksT S/QD/T
T o\ Uk o Tylef —1)?

where & = hiw/kpT is dimensionless, w is the phonon frequency, 8y is the Debye temperature,
v is the average phonon velocity, and 7,° ! is the phonon scattering relaxation rate. Here T, !
can be represented by the sum of the various contributions for the different scattering channels

(Matthiessen’s rule) as

_ v _
o' = T+ (Pa/kp)w*t® + Py Te "%/,
where the grain size L and the coefficients Py and P, are the fitting parameters. The terms

in equation (9) are the scattering rates for grain-boundary, point defect, and phonon—phonon

dé, ®)

€))
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Figure 6. Lattice thermal conductivity for CaAl; 7551225, CaAl,Sin, and CaAly 25Si; 75 versus
temperature. The solid lines represent the calculation based on equations (8) and (9).

Umklapp scattering, respectively. Taking 6p = 274 K determined from the band structure
calculation on CaAl,Si,, we have estimated average phonon velocity v = 3.44 x 10° cm s~
following v = 6Op(kg/h)(6mw>n)~"/3 with n the carrier density. In the calculation of
temperature dependent phonon thermal conduction of CaAl,_,Si,, alloys, we have obtained
the parameters that characterize the strengths of the phonon—defect, phonon—grain boundary
and phonon—phonon scattering process and these are listed in table 2. The experimental data
of all studied samples can be fitted very well in the low temperature range, but deviate from
the data points at high temperatures. The selected fitting curves (solid lines) along with the
experimental data are drawn in figure 6. The calculated electron—phonon coupling constant
of about 0.17 indicates that the electron—phonon interaction is very weak in CaAl,Sip, in
accordance with the band structure calculations [5]. We thus stress that electron—phonon
scattering has a minor influence on the lattice thermal conductivity in CaAl,_, Sip .

As seen from table 2, the Umklapp coefficient P, scatters around in these samples,
presumably due to the unknown Debye temperature for these materials. However, such a
discrepancy only affects the fitting result at high temperatures. A close inspection shows that
other fitting parameters, the grain size L and the transport coefficient Py, depend on the Al/Si
ratio in a similar manner as observed in the electrical transport properties. It is seen that L (Py)
is the smallest (largest) for the stoichiometric compound among the studied samples, while
the obtained values for Al deficient samples are comparable but noticeably smaller (larger)
than that of the Al excess samples. The grain-boundary scattering is generally a dominant
mechanism for the low-temperature «1; however, the point-defect scattering on the other hand
has a strong influence on the appearance of the shape and position of the phonon peak occurring
in the intermediate-temperature regime. We thus conclude that the variation of lattice thermal
conductivity in these ternary silicides is most likely due to the modification of the phonon—
point defect scattering mechanism. Such a result may be originated from the mass fluctuations
between Al and Si, although their mass difference is less than 4%. A similar observation on
the synthetic diamond single crystal versus isotope content has been reported and results have

9
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been quantitatively interpreted by the Klemens—Callaway model [18, 19]. Besides, other lattice
imperfections, mainly vacancies, may be introduced via Al/Si substitution, which in turn lead
to a substantial number of defects in the non-stoichiometric samples.

4. Conclusions

In conclusion, we have found that altering the Al/Si ratio leads to significant changes in the
electronic structure as evidenced by the noticeable composition dependence in the magnitude
of S, being consistent with the reported and presently investigated transport properties. The
absence of the linear temperature dependence in the Seebeck coefficient indicates unusual
metallic behaviour in these compounds. An analysis of the electrical resistivity shows that the
high-temperature feature of CaAl,Si, could be due to the change in carrier density/mobility as a
consequence of the electron correlation. The results of Seebeck coefficient suggest the electrons
and holes contribute to the thermoelectric transport, in accordance with the calculated band
structure. By fitting the measured thermal conductivity to the given model, various scattering
mechanisms and possible mechanisms have been discussed. The current finding indicates the
importance of phonon—point defect scattering to the lattice thermal conductivity in these ternary
alumino-silicides.
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