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LaPt,Si, in a single-crystalline form was subjected to structure, thermodynamic, thermal, and electron
transport studies with a special emphasis on the structure phase transition appearing at 7 = 85 K. X-ray
diffraction proves the noncentrosymmetric tetragonal structure of CaBe,Ge,-type (space group P4/nmm). The
transition manifests as a small step of opposite sign in both lattice parameters, leaving almost no volume change.
¢ decreases and a increases in the low-7" phase, but the change of the c¢/a ratio does not exceed 0.1%. Additional
periodicity, related to the supposed charge density wave (CDW) state, can be related to satellites corresponding
to the wave vector g =~ (0.36, 0, 0), which start to grow with temperature decreasing below 175 K and almost
vanish (or relocate from the investigated ab plane) below the 85 K transition. Electrical resistivity reveals that
the 85 K transition is hysteretic in temperature, with the difference between heating and cooling being almost
10 K, proving the first-order type of the transition. The transition dramatically enhances resistivity in the low-T'
state, pointing to a formation of a pseudogap. This, however, does allow a superconducting state, arising below
T. = 1.6 K. The temperature dependence up upper critical field is not compatible with the weak coupling BCS
theory. Strong anisotropy of electronic structure and its dramatic changes at the structure transition are manifest
also in thermal expansion and thermoelectric power. The Sommerfeld coefficient y = 7.8 mJmol~! K=2 and
Debye temperature of 205 K could be derived at low temperatures, but the specific heat has a strongly non-Debye

like 7' dependence, which can be ascribed to a low-energy Einstein mode.
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I. INTRODUCTION

Single-crystalline LaPt,Si, was reported to be a charge
density wave (CDW) system, most likely exhibiting a first-
order phase transition at Tcpw = 85 K, or even a crys-
tal structure modification, and becomes superconducting at
T. = 1.79 K [1]. The coexistence of the CDW state and super-
conductivity, two entirely different cooperative phenomena,
is rare, hence this case has been interesting especially from
the point of view of physics of low-dimensional systems
[2-4]. The formation of the CDW commonly happens in
metallic systems with low-dimensional [one- (1D) or two-
dimensional (2D)] character of their crystal structure, where
a large anisotropy in the Fermi surface topology leads to the
low-T structural instability accompanied by a periodic lattice
distortion [5-7]. However, three-dimensional (3D) materials
that display CDW are particularly interesting. Only a few
examples can be found in the literature of 3D materials ex-
hibiting the CDW behavior, examples being LaAgSb, [8—10],
LusIrsSijo [11,12], Lu,IrsSis [13,14], LusRhsSiio [15], or
ternary rare earth nickel carbides, RNiC, (R = Pr, Nd, Sm, Gd,
Tb), which manifest an interplay of CDW and magnetic order
[16-19]. A sequence of CDW transitions takes place also for
pure uranium metal as a 3D system [20]. It is interesting that
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its superconductivity was found mutually exclusive with fully
developed CDW state [21].

In the case of LaPt,Si,, the “dimensionality” issue does not
seem to be fully clear. Based on the ab initio density functional
theory band structure and phonon calculations [22,23], it was
found that the Fermi surface in LaPt,Si, has a 2D nature and
the CDW state arises from the electron-phonon coupling with
a quasinesting feature of the Fermi surface. The density of
states (DOS) at the Fermi level mainly consists of Ptl-d or-
bitals, while the Pt2-d orbitals contribute much less [22], and
CDW and superconductivity coexist in the (Si2-Pt1-Si2) layer
[23]. On the other hand, recent experimental results indicate
that an energy gap opened at the Fermi surface due to the
CDW transition could have anisotropic nature and thus a 3D
character [1]. This issue still requires further investigations.

As part of the effort to better understand the structural and
transport properties of LaPt;Si, and the underlying mecha-
nisms associated with the CDW features in bulk properties, we
used a LaPt,Si, single crystal for in-depth study of the crystal
structure in a wide T range, as well as for the measurements of
thermal and electron transport properties. In the present paper,
results of measurements of thermoelectric power and thermal
conductivity of the single-crystalline LaPt,Si, compound are
described. No detailed crystal structure investigation of this
compound has been reported so far. The room-temperature
XRD measurements of single-crystalline sample by Gupta
et al. [1] have confirmed a tetragonal structure of CaBe,Ge;-
type, however, no low-T crystallographic information is
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provided. A structure study of the polycrystalline material
revealed a structural transition from high-7 tetragonal to
low-T orthorhombic symmetry at 7* = 112 K, showing a
clear splitting of the (220)r reflection peak into two subpeaks
(400)p and (040)p with nearly equal intensity below T =
100 K [24]. In a recent investigation of the physical properties
of single-crystalline LaPt,;Si, [1] the authors suggest that
also in this case the formation of the CDW state could be
associated with the structural phase transition. Nonetheless,
the nature of the CDW transition in this compound is still
not fully clarified. Because of the importance of the structure
features we studied the crystal structure in a wide T range for
a carefully prepared sample with well-defined composition.

II. EXPERIMENTAL DETAILS

A single crystal of LaPt,Si, was grown by the modified
Czochralski method in a triarc furnace on a copper water-
cooled bottom under an argon protective atmosphere. Initial
8-g ingot was prepared from high-purity elements (99.9%
La, 99.99% Pt, 99.999% Si) mixed in stoichiometric ratio
with 1% excess of La. Tungsten rod was used as a seed,
pulling speed was 15 mm/hour. The single-crystalline state
of the pulled cylinder was confirmed by the backscattering
Laue method [see inset (a) in Fig. 1]. The correct structure
and composition of the crystal were confirmed by x-ray
diffraction (XRD) and x-ray energy dispersive microanalysis
(EDX) experiments. EDX analysis confirmed the single phase
character [see inset (b) in Fig. 1] yielding a ratio La : Pt
2 Si >~ 19.8 at.% : 40.1 at.% : 40.1 at.% which is in very
good agreement with the ideal ratio of the elements. The
x-ray powder diffraction was performed on Siemens D500
theta-theta diffractometer equipped with a 1D Mythen 1 K
position sensitive detector in the Bragg-Brentano geometry
with Cu K > radiation. Cu Kg line was suppressed by a Ni
filter. The crystallographic characterization was carried out on
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FIG. 1. XRD powder patterns of LaPt,Si, collected at T =5
and 300 K refined using the CaBe,Ge,-type structure, space group
P4 /nmm (blue and black lines, respectively). The peak positions are
indicated by the vertical bars bellow the data. Inset (a) shows the
Laue diffraction pattern of LaPt,Si, single crystal with a view along
the [001] axis. Inset (b) shows the SEM micrograph obtained from
the surface of single-crystalline LaPt,Si, used for the EDX analysis.

a crushed piece of a single crystal at a various temperatures
between 7 = 5 and 300 K. We used the setup described in
Ref. [25]. Collected data were refined using the FULLPROF
program [26]. In addition, reciprocal space maps of selected
reflections were measured and the radial scans were obtained
by an integration in a rocking direction, which allows us to
observe better the 26 profile of the diffraction lines. Changes
in the shape of diffraction profile are crucial in proximity of
the structural transition, where the splitting of the peaks is
usually very small. The sample was placed in the cryostat
(ColdEdge) in helium atmosphere to achieve good thermal
contact with the “cold finger,” allowing measurements down
to 5 K. The stabilization of temperature during the XRD
measurements was better than 0.1 K.

From the obtained single crystal ingot, we were able to
prepare only one large rectangular bar-shaped sample appro-
priate for the TTO (Thermal Transport Option) measurements,
which was cut from the ingot using a wire saw with the long
dimension parallel to the [110] axis. The sample dimensions
were 1.6 x 1.2 x 4.2 mm?® for the heat and electron current
flow j || [110] axis. In the case of measurements taken along
the [001] axis, we shortened the mentioned bar-shaped sample
to dimensions 1.6 mm along [110] axis, 1.2 mm along [001]
axis, and 2.5 mm along [110] axis, and the electrodes were
attached in a configuration concentrating the heat and electron
current flow j || [001] axis.

The measurements of all thermodynamic and transport
properties presented in this paper were carried out on a
physical property measurement system PPMS apparatus from
Quantum Design, San Diego. Thermoelectric power and ther-
mal conductivity measurements were performed simultane-
ously in the T range between 2 and 300 K. The experiment
was performed at slow cooling/warming continuous mode
(0.2 K/min) by applying a direct heat-pulse with steady state
heat-flow technique maintaining a high vacuum of 1073 Pa.
Electrical resistivity measurements were conducted in a four-
point probe arrangement with gold conducting wires estab-
lished by spot welding. The [110] and [001] axis resistivity
was measured simultaneously on two different samples, cut
from the piece previously used in the TTO experiment. If mag-
netic field was applied, the field direction was perpendicular
to the direction of electrical current.

III. RESULTS AND DISCUSSION

A. X-ray characterization

All diffraction powder patterns collected in the 7" range
5-300 K have been successfully refined within the tetragonal
CaBe,Ge, model (with space group P4/nmm), showing that
the tetragonal symmetry in single-crystalline LaPt,Si, is pre-
served down to low temperatures. No traces of any parasitic
phases are detected. In Fig. 1, we show the obtained XRD
patterns obtained at room temperature (red symbols) and T =
5 K (green symbols). The refined lattice parameters obtained
at room temperature [a = 4.2846(4) A and ¢ = 9.8280(9) A]
and the volume of the unit cell V¢ = 180.42(4) A’ agree very
well with the previous results for a single-crystalline sample
[1]. The temperature dependence of the lattice parameters a
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FIG. 2. Temperature dependence of the lattice parameters a and
¢, the c¢/a ratio, and the unit cell volume of LaPt,Si, determined
for powder and single crystal samples. The insets emphasize the
anomalous behavior of a and the volume of the tetragonal unit cell in
the vicinity of 85 K. The horizontal error bars for the uncertainty of
temperature at each point are not shown in the graph, because they
are smaller than the experimental data points.

and c, the c¢/a ratio, and unit cell volume are presented in
Figs. 2(a)-2(d).

The temperature dependencies exhibit an anomaly in the
vicinity of T = 85 K. Suspecting a CDW transition, we call
henceforth the temperature Tecpw. During cooling the lattice
parameters show a decreasing trend, i.e., regular thermal
contraction. One can notice that the linear thermal expansion
at high temperatures is anisotropic, with the higher expansion

along the a axis, with the coefficient o, = 13 x 107 °K! by a
factor of 4 higher than &, = 3.4 x 107® K. This anisotropy,
which is regularly correlated with an elastic anisotropy, re-
flects different bonding conditions within the basal plane
and along the c-axis, respectively. It would be interesting to
compare with other isostructural compounds to see whether
the anisotropy is a generic feature of the structure type. As the
anisotropy of thermal expansion «; reflects (both theoretically
and experimentally) the anisotropy of linear compressibility
k;, following the relation: o; = k;I'¢Cy /V, with Iy standing
for the Griineisen parameter, Cy is the molar specific heat
at constant volume and V the molar volume [27], we can
assume that the ¢ direction would be much harder in terms
of linear compressibility under hydrostatic pressure. The total
volume thermal expansion ay = 2a, + . ~ 30 X 107°K!
has a rather normal value. Cooling below 200 K, both param-
eters tend to a usual saturation. However, in the vicinity of
85 K, the ¢ parameter exhibits a sudden drop, while a has
a negligible increase [see inset in the panel (a)]. As the two
effects largely compensate, the unit cell volume exhibits only
an anomalous hump, clearly visible in the inset at the panel
(d). The c/a ratio drops by less than 0.1% below the tran-
sition. All effects are relatively small when comparing with
their impact on transport properties described below, therefore
the modulation of the structure below Tcpw is expected to
explain the anomaly. The x-ray powder patterns did not give
any evidence of satellite diffraction peaks or splitting of the
hkQO peaks. In order to check for a small possible splitting
of hkOQ diffraction peaks (indicating a putative orthorhombic
distortion) at 7* = 112 K, as well as to indicate a modulated
structure below T* (previously indicated for a polycrystalline
sample [24]) we carried out also measurements of reciprocal
space maps on a rectangular single-crystalline sample for the
selected diffraction peaks and their k-space neighborhood.
In particular, we took the (0 4 0), (0 0 11), and (1 5 0)
reflections. This experiment was performed by using the same
diffractometer, as used for the powder (crushed) sample, but
the sample holder was equipped with a piezorotator for the
alignment of the single crystal. Lattice parameters determined
in such way have a larger uncertainty of absolute values,
but have a higher precision. We tried to get more details
using integration of intensity of selected diffraction peaks in a
rocking direction [see Figs. 3(a)-3(c)].

Figure 3 shows the temperature variations of the (0 4 0) and
(0 0 11) diffraction intensities, which reflect the development
of a and c. In agreement with the powder data, a subtle struc-
ture change is noticeable at both lattice parameters. In partic-
ular we see the shift of the (0 0 11) peak, which confirms the
observation coming from the Rietveld analysis [see Fig. 2(b)].
Also the (0 4 0) diffraction is influenced by the structure
change. We can clearly see the small increase of a at the
same temperature as the anomaly in ¢ appears. The unit cell
volume slightly decreases around transition. We also explored
the (24 0) and (1 5 0) peaks, which would be split in case of an
orthorhombic distortion. Figure 3(c) captures the (1 5 0) peak.
One can see a change of the shape profile, but no splitting.
In Fig. 3(d), we can observed the change of full width at half
maximum (FWHM). The changes of FWHM for (0 4 0) and
(1 5 0) are in a qualitative agreement. A small change is also
visible for the case of (00 11).
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FIG. 3. (a)—(c) show the radial scans obtained by integration in a
rocking direction for (0 4 0), (0 0 11), and (1 5 0) diffraction peaks,
respectively. (d) shows the temperature dependence of full width at
half maximum for measured radial scans. The estimated error bars of
FWHM of the diffraction peaks have similar size for all temperatures,
and are estimated as £0.01° for (0 4 0), £0.01° for (0 O 11), and
40.02° for (1 5 0).

Figure 4 shows the temperature dependence of a reciprocal
map around (0 4 0), where the scattering plane corresponds to
the ab plane of the unit cell. We can clearly observe two satel-
lites at T = 85 K, which appear almost at the Q. direction.
In the direction Q) no satellites were observed. The observed
satellites are in a qualitative agreement with the selected-area
used for electron diffraction analysis [24]. Similar situation
was found also for the (2 4 0) diffraction. The temperature
dependence of integrated intensity and position of satellites in
the O, and Q, directions is shown in Fig. 5. The formation
of satellites, indicating structural modulation, is not directly
connected with the anomaly of lattice parameters at 85 K,
but it develops gradually below 175 K. The intensity saturates
around 100 K and decreases fast below 85 K. Below 60 K,
it remains weak and approximately constant. The intensity
variations are connected with the shift of the satellites, see
Figs. 5(b) and 5(c). The & and & positions could be determined
only in the range 85—120 K, where the intensity is sufficient
and well localized in the k space. The intensity above 120 K
corresponds rather to a diffuse scattering than to clear peaks.
Figure 3(d) indicates that FWHM of main diffraction peaks
is correlated with the intensity of the satellites. The above
mentioned observation is clear evidence of lowering of the
tetragonal symmetry and points to a CDW state at low tem-
peratures.

With present experimental setup, which does not allow
manipulation of the sample position at low temperatures, we
cannot rule out the possibility that the decrease of the satellites
intensity is due to their displacement out of the ab plane
below 85 K, or change of modulation vector. The complete
reciprocal space study requires a single crystal diffractometer
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FIG. 4. Reciprocal space map of (0 4 0) diffraction at 7 = 300,
85, and 10 K. The scattering plane corresponds to the basal plane.
The black point shows the position of g = (1/3, 0, 0).

with low-T capabilities. Such experiment will also determine
more precisely the position of satellites. In Fig. 5(b), we show
the absolute values of the & coordinates of the g and —¢
vectors. The value should be the same if we assume a periodic
modulation. The actual observed values slightly differ, and
the difference is at the border of an experimental error if we
assume a small mosaicity of the sample. The % value is close
to 0.36 which is quite far from the proposed value g = (1/3,
0, 0) [24] (black points in Fig. 4), therefore the modulation
would be incommensurate.

B. Specific heat

The temperature dependence of specific heat C,(T) of
LaPt,Si, measured during cooling and warming process are
shown in Fig. 6. The resulting temperature dependence and
overall absolute values of specific heat are similar to those
reported in Ref. [1]. A well-defined anomaly in C,(T") visible
at T =85 K is most likely related to the lattice anomalies
manifested in structure studies. On the contrary to previous
results given by Gupta et al., [1] in our case a small but visible
hump in C,(T') was also detected for cooling mode—see inset
(a) in Fig. 6. One has to realize that the semiadiabatic method
used in the PPMS equipment for specific heat measurement
relies on analysis of T relaxation after a heating pulse even in
the cooling regime, so the difference can be on the “technical”
level, i.e., the size of particular sample and heating power in
each pulse.
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FIG. 5. (a) Temperature dependence of integrated intensity of the
satellites. [(b) and (c)] Temperature dependence of /& and k position
of satellites in the basal plane.

Below T = 10 K, a linear extrapolation of the C,(T')/T
versus T2 data to T — 0 by using the formula C,(T)/T =
y + BT? [see inset (b) in Fig. 6] gives the Sommerfeld
coefficient y = 7.8 mJ mol~! K2 and the B parameter equal
to 11.2 x 10~* Jmol~' K—*, which is related to the Debye

temperature through the expression 6p = ./ % with the

gas constant R = 8.31 Jmol~' K~! and n = 5 for the number
of atoms per unit cell. The value of the Debye temperature
extracted from this low-7 fit is 205 K. At T = 300 K, the
C, data reach a value of 126.3 Jmol~' K~! and fairly agree
with the classical Dulong-Petit value of 124.7 Jmol ! K~!
enhanced by the electronic term y7T = 2.3 Jmol ! K~
The description in the intermediate T range is, however, less
satisfactory.

In the inset (c) of Fig. 6, we plotted the temperature depen-
dence of the ratio C,(T' )/ T3 for LaPt,Si,, a representation that
is often used to assess the presence of low-frequency phonon
excitations, so-called Einstein modes in the specific heat
[28]. In that way, one can indirectly indicate the presence of
optical modes by plotting C,,(T)/T? versus T, which should
reveal a low-T maximum caused by the excess low-frequency
vibrations, giving rise to deviation of the specific heat from
the Debye model. The used semilogarithmic scale in the inset
(c) in Fig. 6 helps to stress in more details the presence of the
hump in the ratio C,(T)/T?. As the La ions are nonmagnetic
(4£9), possibilities related to 4 f-electron excitations are ruled
out, therefore no Schottky contribution due to the crystal
electric field splitting is present. That is why the visible flat
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FIG. 6. Temperature dependence of the specific heat C,(T') of
LaPt,Si, measured on subsequent at cooling and warming cycles.
Inset (a) highlights the presence of thermal irreversibility effect
around 85 K and indicates the first-order phase transition. Inset
(b) shows the low-T part as C,(T)/T vs T? and fit from the Debye
temperature and electronic specific heat coefficient are evaluated.
Inset (c) illustrates the temperature dependence of the ratio C,(T")/ T3
where the local hump seen at 25 K might indicate the involvement of
Einstein modes in the specific heat.

hump at T ~ 25 K in C,(T")/ T3 could suggests the presence
of the low-T Einstein contribution and also the temperature
where the deviation from a pure Debye description of the
specific heat becomes conspicuous.

As next, we tried to describe the specific heat quantitatively
below and above the anomaly at 7 = 85 K by using the
standard Debye model and combined Debye and Einstein
models. The Debye specific heat is given by the equation [29]

T\ (%7 x4e*dx
CD(T):9HR(%>/0 (ex——l)z’ @))]

where x = 6p/T. However, as can be seen from Fig. 7,
this model provides a realistic description of C,(T)/T ver-
sus T only in the range 95-300 K. The parameters y/17T =
30 mJmol ™' K=2 and 97 = 328 K are rather different than
those obtained in the low-T estimate given above. The HT and
LT indexes refer to the high- and low-T area, respectively. In
particular the y value higher by a factor of 4 and much stiffer
lattice deduced from the higher Debye temperature suggest
that the density of states at the Fermi level is reduced by
a gapping in the low-T state, while the lattice below Tcpw
is softer. On the other side, when we start from the low-T
end, the applicability of the Debye law is limited only up
to 20 K, using the parameters y*” = 7.8 mJmol~! K~2 and
05T =217 K obtained from the C,/T versus T2 plot. This
may be related to a low-energy Einstein mode, suggested
above. Therefore, we tentatively replaced some Debye modes
by Einstein modes [29]

GE 2 €GE/T
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FIG. 7. The temperature dependence of the ratio C,/T of
LaPt,Si, single crystal with corresponding fit lines by using the
Debye approximation for temperature both below and above the
anomaly at 7 = 85 K, and also combination of Debye and Einstein
models as discussed in the text.

where xg = 6g /T and 0 is the Einstein temperature, in order
to find out how the Einstein-type oscillators (representing
low-lying optical phonons) can affect the specific heat of
LaPt,Si,. Adding 3 or 6 Einstein vibration modes (3 per
atom) with g ~ 100 K and subtraction the same number of
Debye modes improved the fit only slightly. The best result,
shown in Fig. 7, was achieved for a combination of 25%
of Einstein and 75% of Debye modes using the parameters
y =12 m] mol ' K2, Op = 395 K, and 6 = 93 K, which
describe the measured data in the whole T range except the
interval 40-85 K. The complex temperature variations of the
specific heat, which cannot be described by a simple model in
the whole low- and high-T range, does not allow to quantify
a possible stepin y at T = 85 K.

C. Electrical resistivity

Figure 8 displays the temperature dependence of the elec-
trical resistivity p(7") of LaPt,Si, measured with current j
along [110] and [001] axis both for cooling and warming
regime. The room temperature values of 66 puScm for the
[110] axis and 148 uQcm for the [001] axis are comparable
with those previously reported for a single-crystal material
[1]. Above the anomaly (T > Tcpw) p(T) of LaPt,Si, (for
both crystallographic directions) can be well described in
the framework of the Bloch-Griineisen-Mott (BGM) equation,
usually applicable to the conventional metals [30]

) — +4AO T\°
P = Po 0r \ 0r

Or/T xXdx
x f __vdy
0 (e —1)(1—e™)

where po represents the contribution to resistivity from
electron-impurity scattering, the second term describes the
electron-phonon contribution to the total resistivity in which
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FIG. 8. Temperature dependence of the electrical resistivity p(7")
of LaPt,Si, single crystal along the [110] axis (black symbols) and
[001] axis (blue symbols). The solid curves superimposed onto the
p(T) data for T > Tcpw are Bloch-Griineisen-Mott fits [Eq. (3)].
Insets on the left side illustrates the low-7T dependence of p, just
below the transition. The solid lines represent a fit according to the
Fermi liquid type of behavior with parameters given in the text. Insets
on the right side show the hysteretic behavior in p(7") on an enlarged
scale.

Or is the Debye temperature obtained from resistivity and
Ay is the electron-phonon coupling constant, and the third
term stands for the scattering of the conduction electrons with
electrons from a narrow d band (so called s-d Mott’s type of
scattering), K being the Mott coefficient. The least-squares
fit parameters are as follows: pf™ =31.7 pQem, A =
2.0 uQ2cmK, 6 =350 K, K = 2.1 x 107° n2cm K3 for
J Il [110] axis, and ngM =554 uQcm, Ag = 3.5 uQecmK,
Or =226 K, and K = 7.1 x 10~° uQecm K3 for j || [001]
axis. At low temperatures, p(T) is dominated by a T2
dependence, providing a good description up to 50 K for
both crystallographic directions, which reflects the electron-
electron scattering mechanism (see insets on the left side in
Fig. 8). The fit of equation p(T) = py + AT? to the data
yields the residual resistivity py = 40.7 u2cm (82.7 uQ2cm)
and A = 6.63 x 107* uQem K2 (3.23 x 1073 uQemK2)
for j || [110] axis (j || [001] axis), respectively. The origin
of the quadratic term can be confirmed by its relation to
the density of electronic states at the Fermi level, expressed
by the Kadowaki-Woods ratio A/y? [31] expected to be
10~ uQem mol? K2 mJ—2 [32-34]. From the values of A co-
efficient obtained along the [110] and [001] axis, an estimated
ratio A/y% = 1.1 x 107> uQcmmol®> K2mJ =2 for j || [110]
and A/y? =5.3 x 107> uQcmmol> K2mJ~2 for j | [001],
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using the low-7T y value. Despite the difference for the two
current directions, which may be related to an anisotropy of
the Fermi level, we obtain the ratio of the correct order of
magnitude.

While the absolute values of ppi10; and pjoo1; seem to
indicate the anisotropic nature of the electrical conductivity,
the T dependencies are quite similar, i.e., show the simi-
lar values of the residual resistivity ratio (RRR) defined as
p(300K)/p(2K) and yields RRR = 1.63 for j || [110] and
RRR = 1.80 for j || [001], respectively. The small RRR values
along both crystallographic directions may in general indi-
cate structural defects. However, resistivity in both directions
jumps up when cooled through the transition at 85 K, the pg
values expected from the high-T part are significantly lower
than the actual ones. Hence, we can estimate that RRR would
reach at least the value of 2-3, if there was not for the increase
of resistivity related to the structure phase transition. This
change can be interpreted as a partial gapping of the density
of states around the Fermi level. This gapping, related to the
reduction of one-electron energies by means of additional
lattice modulations, is one of fingerprints of a CDW state [35].
On the other hand, a similar driving force can be speculated
at other types of structural phase transition, not excluding
transition between two identical structure types.

In any case, the p(7') data exhibit a metallic state even
below the transition, indicating that the gapping in not com-
plete, and part of electronic states at the Fermi level remains
available for the formation of superconducting ground state. A
rough estimate based on comparison of real and extrapolated
po values suggests that the pseudogap removes about 20% of
N(EFr) in the [110] direction and 30% in the [001] direction.
As the resistivity can be measured during monotonous cooling
and heating, it provides better insight into details of the
transition, especially its hysteresis. The broad temperature
hysteresis is evident as the loop between 77-92 K for pjj10
and 83-110 K for pjo1) demonstrates most likely a first-order
character of the transition. In the insets on the right side in
Fig. 8, we highlighted the temperature hysteretic behavior
of the p(T) in single-crystalline LaPt,Si,. Interestingly, we
noticed that in the case of pjoo1; the hysteresis loop is wider
and somewhat irregular compared to pf10;. In particular, a
precursor effect few kelvin above the critical temperature can
be seen in resistivity both for the heating and cooling run for
the [001] axis, even before the transition has any fingerprint
in the lattice parameters, as one can see in Fig. 9. Electrical
resistivity around the transition does not change in applied
magnetic fields in the range of several tesla, proving that there
is no relation of the structure phase transition with magnetic
degrees freedom.

D. Superconductivity

So as to observe possible superconductivity, a separate
resistivity experiment was undertaken to cover the 7 range
0.4-3 K using a *He insert. In this case, both samples were
measured separately. Magnetic field was applied perpendicu-
lar to the current direction. A sharp superconducting transition
bringing resistivity to the zero value was indeed detected (see
Fig. 10). The recorded actual values of critical temperature
are for both directions slightly different, 7.!''%) = 1.65 K and

— 104 475 —
4.2770 |- 19822
100 450 |
—_ P —~-19.820 —~
< 42765 E 961 425 5 1 <
£ % 92 %7 9818 %
2 L = 400 Z @
mg 4.2760 5 & o 7 2l os16 Q_g
L o % H Q
LaPtZS|2, 375 1
42755 — 84 ‘ L ‘ —l 9814
50 100 150
7(K)

FIG. 9. Comparison of the temperature dependence of electrical
resistivity (black: [110] axis, blue: [001] axis, full symbols: cooling,
empty symbols: warming) with the temperature variations of lattice
parameters.

71U = 1.5 K (the 7, are taken as T where p = 0). At present
it is not clear whether the small difference is an instrumental
effect or perhaps due to an anisotropy of critical current value
close to 7.

The presence of superconductivity is a remarkable fact as
archetypal CDW systems are not superconductors [35] as the
two phenomena (CDW/SC) are competitive and detrimental
to each other. In Figs. 10(a) and 10(b), we show the magnified
view of the low-T range together with effect of an applied
magnetic field on the superconducting transition for both
crystallographic directions. In both cases, 7. gradually de-
creases with increasing field and already the field of 0.5 T
pushes 7; below 0.4 K.

In order to get some insight into the upper critical field
values, pnoH.», we used the resistivity data measured at a
few selected magnetic field strengths of uoH = 0, 0.05, 0.1,
and 0.2 T. The resulting upper critical field against temper-
ature uoHq(T) of LaPt,;Si, plotted both for poH || [001]
(j I [110]) and poH | [110] (j || [001]) is shown in the
main panel of Fig. 11. Similarly to the previous work [1],
also our results of woH:(T) do not show the conventional
saturating behavior, as they exhibit nearly linear increase
with decreasing 7. Moreover, in our case superconductivity
vanishes faster and at lower magnetic fields than it was in the
previous case. The unusual dependence, i.e., a small positive
curvature in puoHg(T) for pwoH || [001] (see squares symbols
in Fig. 11), however, remains. Such a behavior is not expected
for a BCS superconductor with a weak coupling, described
by the Werthamer, Helfand, Hohenberg (WHH) theory [36],
accounting for the orbital pair breaking.

The dimensionless electron-phonon coupling constant,
Aelph Of LaPt;Si; can be calculated via the McMillan
formula [37]

0 —1.04(1 + Aqr
= exp (1 + Acl-ph) @
1.45 )\'el—ph — /L*(l + 0-62)\el—ph)

putting the repulsive screened Coulomb pseudopotential u* =
0.13, the Debye temperature deduced from the low-T specific
heat 057 = 217 K and the value of the superconducting transi-
tion at zero field 7. ~ 1.6 K, we obtained A¢jpn = 0.52. This
value is nearly the same as the one given in Ref. [1] and in-
dicates that LaPt,Si, locates rather on the border between the
weak and an intermediate electron-phonon coupling regime.
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FIG. 10. Low-T detail p(T) in vicinity of the superconducting
transition for both crystallographic directions of single-crystalline
LaPt,Si, in various applied magnetic fields.

For the sake of clarity and in order to show the anomalous
behavior of the upper critical field, we plotted in both insets
in Fig. 11 uoH(T) for woH || [001] (a) and noH || [110] (b),
together with theoretical analysis. The results are summarized
in Table I.

In our analysis, we tried to reproduce the experimental
noH»(T) data within the framework of two well-known
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FIG. 11. Temperature variations of the upper critical field
oH,(T) for poH || [001] (squares) and woH || [110] (circles)
determined from the p(7') measurements (dotted line is a guide to the
eye). Insets (a) and (b) show poH,(T') for different crystallographic
directions where the superimposed lines represent the fitting of the
experimental data within the various models described in the text.

models, namely WHH theory [36]

dH,

Ho(0)VHH — _0.6937, =22 5)
dT

T=T.

and the Ginzburg-Landau equation
1= (T/T.
1+ (T/T.)*

As shown in the insets in Fig. 11, the data points of woHq(T)
do not follow well the WHH and Ginzburg-Landau functions.
This is well apparent in the inset (a) for woH | [001],
where uoHq(T) shows a tendency for a faster than linear
increase with decreasing 7. Such a behavior is in contrast
to both theoretical approaches, which predict the universal
behavior of ©oH.,(T) in superconductors with weak electron-
phonon coupling. It strongly suggests that LaPt,Si, is not
the conventional BCS superconductor with an isotropic gap.
Indeed, such an upward curvature of woH,(7T) has been
already reported for anisotropic gap [38,39] and multiband
[40,41] superconductors. Even latest investigations by using
muon spin rotation/relaxation (uSR) technique performed on
polycrystalline material indicate a multigap superconductivity
in LaPt;Si, [42]. The analysis of the transverse field-uSR

Heo(T)" = Hp(0) (6)

TABLE I. Values of upper critical field at T = 0 K for both crystallographic axis of LaPt,Si, estimated from the resistivity data at several
constant magnetic fields by using different theoretical approaches. The last two columns show the values of the Ginzburg-Landau coherence

length estimated from the Eq. (8).

Theoretical approach toH2(0)0r (T) toH:2(0) 11107 (T) Ejoo1) (A) Enio (A)
linear extrapolation 0.2964 0.3692 333.1 298.5
Ginzburg-Landau equation 0.1921 0.2333 413.8 375.5
WHH formula 0.2211 0.2749 385.7 3459

Hep (O)[1-(T/T2)"] 1.1965 (n = 0.32)

0.3219 (n = 1.87)
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spectra in the superconducting state suggests that the Fermi
surface may contains two gaps of different magnitude rather
than an isotropic gap expected for a conventional supercon-
ductor. From other reasons we might consider an inhomo-
geneity of superconductivity and multiple superconducting
phases [43]. However, the sharp transitions in po(7") and
Cp(T) [1] in zero field seem to exclude this option, being
corroborated by the single-phase character seen in XRD and
EDX analysis. Other reasons, related to presence of magnetic
impurities or spin fluctuations near 7, [44] can be refuted as
LaPt,Si, is a nonmagnetic. Another possible reason for the
unconventional behavior of woH:»(T) could be the presence
of the strong anisotropy in transport properties and also dif-
ferent values of 7, for the [110] and [001] axis, incompatible
with any spherical gap model.

A satisfactory description of experimental data was ob-
tained using a phenomenological function with an adjustable
power-law coefficient

Heo(T) = Ha(O)[1 — (T/T2)"] (N

with parameters given in the Table I. It should also be noted
that the values of woH(0) for woH | [001] and puoH ||
[110] obtained from the linear extrapolation and also by
using WHH and Ginzburg-Landau models in our case are
smaller in comparison to earlier results of upper critical field
at T = 0 K reported for the single-crystalline [1] as well as
the polycrystalline [45] samples of LaPt,Si,. Irrespective of
the model used, we see that the wuoH~(0) values are lower
for field along [001] axis. This fact can be related to the
higher normal-state electrical conductivity in the basal plane,
important for the orbital pair-breaking induced by field along
[001] axis.

Finally, from the knowledge of the value of woH.,(0) it
is now possible to determine the Ginzburg-Landau coherence
length & from the equation

_ | %
&= 2w H»(0) ®

where ¢y = 2.068 x 10~!> Wb is the magnetic flux quantum.
The estimated values of £ regarding to poH || [001] and [110],
and for puoH,»(0) obtained from different models are presented
in Table I.

E. Thermoelectric power and thermal conductivity

The results of temperature-dependent thermoelectric
power measurements S(7'), with the temperature gradient AT
applied along the [110] and [001] axes, performed under
cooling and warming conditions, are summarized in Fig. 12.
One can compare the results with those obtained recently on
polycrystalline LaPt;Si, by Gupta et al. [46]. As seen, the
LaPt,Si, single crystal exhibits a large anisotropy in S(7)
both as to the absolute values and the sign of the Seebeck co-
efficient. Despite different values at 7 = 300 K (—0.2 uV K~!
for AT || [110] and —4.8 uVK~! for AT | [001]) the
magnitude of S is generally small, what characterizes ordinary
metals without enhanced electronic correlations at the Fermi
surface. In the high-T range, both Sj110; and Sjoo1; are weakly

1 T T T T T T T T T T

1 1 1 1 —

4
70 75 80 85 90 95 100
7(K)

AT|[001] '

0 50 100 150 200 250 300
T(K)

FIG. 12. Temperature dependence of the thermoelectric power
S(T) of LaPt,Si, single crystal along the [110] axis (black symbols)
and [001] axis (blue symbols). Inset shows the presence of thermal
hysteresis near Tcpw, which is clearly visible for AT | [110],
corroborating the first-order nature of the phase transition.

temperature-dependent with negative values, indicating that
electronlike carriers dominate in thermoelectric power. Note
that such a weakly or sublinear temperature-dependent behav-
ior in S(7T') usually indicates a dominant role of the diffusion
component in the carriers transport, as it is envisaged in
the case of metallic systems. In common with the electrical
resistivity data, also S(7") was found to undergo the CDW
transition in the vicinity of 85 K. A rapid change in the slope
of S(T) is clearly evident at Tepw on cooling and warming
processes for both crystallographic directions. Except for the
hysteresis at the transition, Sjj10) is fully reversible. How-
ever, Sjoo1; displayed an irreversibility between cooling and
warming cycles on the high-7" side, which may be attributed
to straining at the structural transition, either leaving micro-
cracks or affecting the contacts, both slightly affecting the
geometry of the experimental setup. As shown in the inset of
Fig. 12, a well-defined temperature hysteresis of 4.5 K in Sj; 10
appears around Tcpw. An interesting feature is the sudden
change of sign in Spjjo;, which indicates that both type of
carriers, electrons and holes are involved in the thermal trans-
port. The electronic structure is apparently changed abruptly,
modifying the electron-hole asymmetry, or perhaps creating
a new hole Fermi surface at low temperatures. Below Tcpw,
both Sj110; and Sjo1; vanish nearly linearly with temperature
|S(T) — O]r—o, as expected for metals. This picture seems
to match the low-T resistivity data, which follow the Fermi
liquid relation of p(T) ~ AT?, thereby confirming a metal-
metal character of the transition and suggesting only partial
opening of a gap at the Fermi surface below Tcpw.

The temperature dependences of total thermal conductivity
k(T) of LaPt;Si, for AT along [110] and [001] axis during
cooling and warming (circle symbols) are shown in the panels
(a) and (b) in Fig. 13. One can see a pronounced anisotropy
in heat conduction as well as an anomaly near Tcpw. The
absolute value of total «y110; is higher than ko) over the
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FIG. 13. Temperature dependencies of the total measured ther-
mal conductivity «(7") of single-crystalline LaPt,Si, along the [110]
axis (a) and [001] axis (b), together with an electronic «.(7') contri-
bution estimated via Wiedemann-Franz law as described in the text,
as well as the lattice «,,(7") contribution.

whole investigated 7' range, with the ration reaching at T =
300 K almost the factor of 3. In rare earth compounds the
f-electron scattering mechanism plays a major role reducing
the thermal conductivity, providing a source of anisotropy.
Since the La has no f electrons, such a large reduction in
k(T) depending on the crystallographic direction is rather
unusual. The low thermal conductivity along [001] axis can be
related to the high electrical resistivity for j || [001], but can be
also due to the heat conductivity of crystal lattice. In general,
the thermal conductivity strongly depends on the degree of
crystallinity of the material and represents a sensitive probe
for any lattice instability.

In metals, the thermal conductivity is a sum of two con-
tributions, coming from electrons and phonons, respectively.
Knowing p(T), we can specify the electronic contribution to
thermal conductivity ¢ (7") assuming the Wiedemann-Franz
law: ke (T) = LoT /p(T), where Ly = n2k§/3|e| =245 x
10-8 W QK2 is the temperature-independent Lorenz num-
ber. «.(T") can be used to estimate, using experimental « (7),
the lattice contribution: xpy(7T) = k (T')— ket (T'). Both com-
ponents are also plotted in Fig. 13 as triangle symbols for

4 1.5

1.0

0.5

410y (WIK)
Koy (WIKm)

0 . : 0.0

3.5
3.0
25
2.0
1.5
1.0

K110 (W/K-m)
K0y (W/KM)

L L L 05 rlr“IrI““““_I‘
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7(K) T(K)

FIG. 14. (a) and (b) show the expanded view of x(T) (circles),
ke (T) (triangles), and k,n (T') (squares) dependencies at low temper-
atures, with the various temperature relations for respective contri-
butions as discussed in the text. (c) and (d) present the temperature
hysteretic behavior near Tcpw in detail.

ke and square symbols for «p,. As one can see in Fig. 13,
kel(T') dominates over «,p(7'), indicating that heat transport
in LaPt,Si, is evidently governed by the charge carriers.
This observation matches with results obtained for a poly-
crystalline sample [46] and correlates well with a metallic
nature of conductivity dominated by the free electron gas as
expected in the case of simple metals. On the low-T side,
below 30 K, ke (T) for AT || [110] and [001] axis show a
linear dependence on T [see panels (a) and (b) in Fig. 14]. This
indicates a dominance of elastic electron scattering on static
lattice imperfections, which is the most common and efficient
process of electron scattering at low temperatures in metals.
The lattice contribution, xpy(7'), which deviates from the
expected kpp T3 dependence of phonons, showing a nearly
linear T-dependent behavior both along the [110] and [001]
axis. This is rather uncommon for a nonmagnetic metal. In
magnetic materials, such a strong deviation from a power-law
behavior in «pp, is caused by the resonant scattering of phonons
through excitations of the spins on the magnetic ions and
also scattering mechanism due to spin ordering (magnons).
In a nonmagnetic material as LaPt,Si, single crystal, we
can speculate about anharmonicity as a possible reason [47],
which can be due to modulation of atomic positions in crystal
lattice, i.e., the CDW effect.

In the vicinity of T = 85 K, x(T'), ke1(T'), and kpy (T') along
[110] and [001] axis demonstrate the characteristic features
attributed to the CDW transition. In the panels (c) and (d) in
Fig. 14, we highlighted the temperature hysteretic behavior
near Tcpw. For k1105, as well as for its components the full
hysteresis loops are clearly observed. (oo}, similarly as Sjgo1;
exhibits an irreversibility between the cooling and warming
mode above Tcpw. Considering that «(7) was measured
simultaneously with S(7") we see here also a fingerprint of
opening microcracks, opened perpendicular to [001] direc-
tion, affecting thus the [001] axis transport.
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IV. CONCLUSIONS AND SUMMARY

A single crystal of LaPt;Si, grown by the Czochral-
ski method, characterized by powder and single crystal x-
ray diffraction and EDX analysis, was used to investigate
the structure, thermodynamic, thermal and electron transport
properties and their anisotropy. The structure study confirmed
noncentrosymmetric tetragonal structure of the CaBe,Ge,-
type, undergoing a structural phase transition of the first-
order type at T = 85 K, which is suggestive of a low-T
CDW state. The satellites corresponding to the wave vector
g ~ (0.36,0,0) could be observed at higher temperatures,
growing from 7 = 175 K and declining (or shifting from
observable part of reciprocal space) below 85 K. The lattice
parameters are modified, the reduced ¢ and enhanced a largely
compensate each other so that the volume effect is very small.
The first-order transition strongly affects electron and thermal
transport properties, interpreted as a formation of a pseudo
gap, so it is quite likely that the driving force of the transition
is in the electron sub-system.

Detailed studies of C,(T'), p(T), S(T'), and « (T ) identified
a substantial temperature hysteresis of the transition, and
a precursor effect several degrees kelvin above the transi-
tion. Metallic behavior at low temperatures, which means
only partial gapping of the Fermi surface, allows to develop
a superconducting ground state, proved to be an intrinsic
property. The superconductivity itself exhibits certain uncon-
ventional features, not compatible with the common weak
coupling BCS model. Namely, the field dependence of the
upper critical field deviates in both crystallographic directions
from the conventional WHH or Ginzburg-Landau behavior.

Furthermore, from our p(7"), S(T), and «(T) measurements
performed along the [110] and [001] axis, we arrived at the
important conclusion that the electron and thermal transport
shows strongly anisotropic properties, which may also affect
moH(T).

The Sommerfeld coefficient y = 7.8 mJmol~' K~2 and
Debye temperature of 205 K could be derived at low tempera-
tures, but the C,, has a strongly non-Debye like T dependence,
which can be ascribed to a low-energy Einstein mode.

In future, it would be interesting to compare the parameters
of the structure phase transition with analogous compounds
with other rare earths, which can provide a fine tuning of
the lattice by changing the rare earth size, and which can
also include magnetic degrees of freedom and their interplay
with modifications of underlying electronic structure. Nat-
urally also in such studies single crystals are an important
prerequisite.
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