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Abstract
We have grown single crystals of ThCoGa4 by the self-flux method. X-
ray examination showed that it crystallizes in an orthorhombic structure
of the YNiAl4-type. Electron transport properties examination between
2 and 300 K allowed us to determine its phonon components to the
electrical resistivities/thermoelectric powers, which at 300 K are equal (in
µ� cm/µV K−1) to 17.3/11.7, 40.6/1.9 and 35.0/2.7, along the a-, b-,
and c-axes, respectively. Specific heat examination allowed us to estimate
the Sommerfeld coefficient and Debye temperature, which are equal to
6.9 (±0.3) mJ K−2 mol−1 and 288 K, respectively. ThCoGa4 was found to
be a paramagnet with a nearly temperature independent susceptibility above
30 K, equal to about 6.7 × 10−5 emu mol−1.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Guided by the discovery of the new heavy fermion compounds CeTIn5, where T = Co, Rh,
Ir [1, 2], we have tried to grow single crystals of isostructural uranium and thorium compounds
with gallium. We have succeeded in growing single crystals of UCoGa5 and URhGa5 [3]. They
do not show any phase transitions, including superconducting ones, down to 0.4 K, though
CeCoIn5 shows unconventional superconductivity at TC = 2.3 K [2], while CeRhIn5 is an
incommensurate antiferromagnet that transforms to a superconductor with TC = 2.1 K at
pressures greater than 1.6 GPa [4].

Two-band conductor behaviour of the electrical resistivity (ρ(T )) was observed for
URhGa5 [3] and UCoGa5 [5, 6], in consistency with a semimetallic-type Fermi surface
found for these two uranium compounds [7, 8]. It is interesting that the room temperature
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thermoelectric power S(300 K) for these two compounds exceeds 60 µV K−1 [3, 6], leading
to an enhanced value of the dimensionless figure of merit Z T = S2T/ρκ (κ : thermal
conductivity) close to 0.065 at temperatures between 200 and 300 K for URhGa5 [3].

Our attempt to grow ThCoGa5 in exactly the same way as we have grown UCoGa5

and URhGa5 resulted in crystals of ThCoGa4, crystallizing in an orthorhombic structure of
YNiAl4-type. To our best knowledge ThCoGa4 is the first representative of actinide compounds
crystallizing in the YNiAl4-type structure. Therefore we have examined ThCoGa4 with the
x-ray diffraction method, determined its ρ(T ) and S(T ) along the three principal crystal axes,
the b-axis magnetic susceptibility χ(T ), and the low temperature heat capacity Cp(T ).

2. Experimental details

Single crystals of ThCoGa4 were grown by a self-flux method similar to that used for growing
CeRhIn5 and CeIrIn5 [1]. Th (of purity 99.9%), Co (of purity 99.99%) and Ga (99.999%)
at a ratio 1:1:20 were placed in an alumina crucible, and the crucible was encapsulated in a
quartz tube with He under pressure of 200 mm Hg at ambient temperature. The capsule was
heated to 1100 ◦C, was allowed to equilibrate for 2 h and then cooled slowly to 700 ◦C with
the rate increasing from 3 to 10 ◦C h−1. The hot (700 ◦C) capsule was rapidly immersed into
liquid nitrogen. The ThCoGa4 crystals were drawn out of the Ga flux, warmed up to 60 ◦C,
and washed carefully with mercury to remove the residual Ga flux. The Hg was removed by
distillation in vacuum at 300 ◦C.

The room temperature x-ray intensity data were collected in an Xcalibur-Oxford-
Diffraction four-circle single crystal diffractometer equipped with CCD camera using graphite-
monochromatized Mo Kα radiation (λ = 0.710 73 Å). The intensities of reflections were
corrected for Lorentz and polarization effects. An analytical absorption correction was applied.

The electrical resistivity and the thermoelectric power were investigated in the temperature
range 0.35–300 K. The resistivity was measured by a conventional four-point dc method. A
method described in [9] was used for the thermoelectric power measurements. To determine the
anisotropy of the transport properties, different samples with lengths 2.5, 0.8 and 0.9 mm were
cut out from the same single crystal along the a-, b- and c-axes, respectively. The dc magnetic
susceptibility in fields applied along the b-axis was measured with a superconducting quantum
interference device magnetometer (Quantum Design). The specific heat between 0.4 and
14 K was determined with the aid of the thermal-relaxation technique utilizing a commercial
microcalorimeter (Quantum Design).

3. Results

3.1. Crystal structure

The crystal structure of ThCoGa4 was determined using the x-ray diffraction (XRD) method
for a crystal of size 0.02 × 0.02 × 0.02 mm3. As many as 3928 reflections (1015 unique,
Rint = 0.0831) were recorded to resolve the structure by the direct method [10] and were
refined by the full matrix least squares method using the SHELX-97 program [11], with a
final discrepancy factor R = 0.0429 (for I > 2σ(I )R = 0.0378). The XRD examination
showed that the unit cell of the examined crystal belongs to an orthorhombic system of the
YNiAl4-type structure (Cmcm space group) [12], with 4 fu in the unit cell, whose parameters
are a = 4.161(1) Å, b = 15.682(3) Å, c = 6.570(1) Å.

Important crystal structure parameters are collected in tables 1 and 2. The projection of
the unit cell along the a-axis with some coordination polyhedra of atoms is shown in figure 1.
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Figure 1. Projection of the unit cell of ThCoGa4 along
the a-axis with coordination polyhedra of atoms.

Figure 2. The arrangement of Th[4Ga2 Ga3] square
pyramids (the first coordination sphere of Th) in
ThCoGa4.

Table 1. Atomic coordinates and anisotropic displacement parameters (Å2 × 103) for ThCoGa4.
(Note: U13 = U12 = 0; U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
The anisotropic displacement factor exponent takes the form −2π2[h2a∗2U11 +· · ·+2hka∗b∗U12].)

Atom Site x y z U11 U22 U33 U23

Th 4c m2m 0 0.3858(1) 1/4 8(1) 8(1) 9(1) 0
Ga1 4a 2/m.. 0 0 0 11(1) 12(1) 17(1) 4(1)
Ga2 8f m.. 0 0.1899(1) 0.0553(1) 9(1) 16(1) 10(1) −2(1)

Ga3 4c m2m 0 0.5788(1) 1/4 16(1) 12(1) 12(1) 0
Co 4c m2m 0 0.7270(1) 1/4 11(1) 12(1) 13(1) 0

The coordination polyhedron of Th, the atom of largest size, can be considered as a
pentagonal prism with five additional atoms; however, the nearest five Ga atoms (the first
coordination sphere) create square pyramids oriented up and down along the b-axis (see
figure 2). All Ga atoms are coordinated by 12 neighbours forming more or less deformed
cubo-octahedrons. The coordination polyhedron of Co, the atom of smallest size (tricapped
trigonal prism), contains nine atoms.

3.2. Electrical resistivity

The electrical resistivity of ThCoGa4 along the a-, b-, and c-axes is presented in figure 3.
The low-temperature ρ(T ) data for ThCoGa4 resistivity (T < 36 K) fit well to the formula
ρ = ρ0 + AT n with n = 3, and ρ0 = 21.74, 75.75, and 63.57 µ� cm and A = 1.989 × 10−5,
3.834 × 10−5, and 3.594 × 10−5 µ� cm K−3 for the a-, b-, and c-axes, respectively.

Based on Matthiessen’s rule it seems reasonable to assume that ρ0 is the residual resistivity
due to static impurities, while ρph(T ) = ρ(T ) − ρ0 is the phonon component of the resistivity
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Figure 3. Temperature dependence of the electrical
resistivity along the a-, b-, and c-axes of ThCoGa4.

Table 2. Interatomic distances for ThCoGa4.

Th: 1 Ga3 3.0261(15) Ga2: 1 Co 2.3921(12)
CN = 15 4 Ga2 3.1244(7) CN = 12 2 Co 2.5106(7)

4 Ga1 3.1986(4) 1 Ga2 2.5585(16)
2 Co 3.2457(13) 2 Ga2 2.9000(13)
2 Ga2 3.3284(11) 1 Ga1 3.0000(11)
2 Ga3 3.3315(5) 2 Ga3 3.0000(11)

Co: 1 Ga3 2.324(2) 2 Th 3.1244(7)
CN = 9 2 Ga2 2.3921(12) 1 Th 3.3284(11)

4 Ga2 2.5106(7) Ga3: 1 Co 2.324(2)
2 Th 3.2457(13) CN = 12 4 Ga1 2.9247(7)

Ga1: 4 Ga3 2.9247(7) 4 Ga2 3.0000(11)
CN = 12 2 Ga2 3.0000(11) 1 Th 3.0261(15)

4 Th 3.1986(4) 2 Th 3.3315(5)
2 Ga1 3.2850(5)

in the whole temperature range. Values of the latter at 300 K, ρph(300 K), are 17.28, 40.62, and
35.03 µ� cm for the a, b, and c-axes, respectively. It is worth noticing that for all three crystal
axes examined, the ratios ρph(T )/ρph(300 K) fit to one curve shown in the inset of figure 4. In
turn the AT 3 term corresponds to the low temperature limit (T � 	D = Debye temperature)
of the generalized Bloch–Grüneisen (BG) formula for power n = 3 [13, 14, 3]:

ρBG(T ) = C(T/	R
D)n

∫ 	R
D/T

0

zn dz

(ez − 1)(1 − e−z)
. (1)

This formula, like the original BG formula (for n = 5), predicts a linear increase of the
resistivity with temperature in the high temperature limit (T � 	D). The dashed line in
figure 4 presents the ρ0 + ρBG(T ) sum where the ρBG(T ) dependence is determined for those
parameters obtained for the best fit of the b-axis data below 120 K: C = 30.48 µ� cm and
	R

D = 212 K. At the highest temperatures, however, the experimental data deviate from the
predicted linear temperature dependence of the electrical resistivity.

The temperature dependence of the phonon component of the resistivity for ThCoGa4

resembles that for the nonmagnetic ReMe3 compounds (Re = La and Lu; Me = Sn, Pb, In,
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Figure 4. Open circles show the b-axis ρ(T ) data for ThCoGa4; the dash–dotted curve presents
the resistivity given by the ρ0 + AT 3 sum fitted to the experimental data below 36 K; the dashed
line represents the resistivity given by the sum of the generalized Bloch–Grüneisen formula
(equation (1)) and the residual resistivity, ρ(T )BG + ρ0; the latter completed by a negative BT 3

term is shown by the solid curve. Details are given in the text. The inset shows that the normalized
phonon resistivities ρph(T )/ρph(300 K) fall on top of each other for the three main crystal axes.

and Ga) [14] and for URhGa5 [3] as well. At high temperatures, nonlinear ρ(T ) dependences in
connection with relatively large absolute values (e.g. for LaPb3, ρ(300 K) = 34 µ� cm) have
been ascribed to s–d-type scattering in two-band metals. According to Mott’s theory [15], s–d
scattering leads to an additional, high temperature BT 3 term in the electrical resistivity. Both
the value of B and its sign depend on the density of d states at the Fermi level, Nd(EF). Taking
into account the overall similarity in ρ(T ) between ReMe3 and ThCoGa4, we used the Mott
approach to the latter one as well. The deviation of the data from the ρ(T )BG term above T =
120 K can be accounted for by a BT 3 term with B = −1.24 × 10−7 µ� cm K−3; see figure 4
(solid curve). This value can be compared to values of B equal to −1.2×10−7 µ� cm K−3 for
LaPb3 [14] to −1.23 × 10−6 µ� cm K−3 for URhGa5 and to −(1.5–4.6) × 10−6 µ� cm K−3

for R6Me23 (R = Y, Er and Me = Mn, Fe) [16].

3.3. Thermoelectric power

In figure 5 the thermoelectric power data are shown as a function of temperature for the three
main crystal axes of ThCoGa4. S(T ) is very anisotropic and positive in the whole temperature
range examined. The anisotropy can be characterized by S (300 K) values equal to 11.7, 1.9
and 2.7 µV K−1 for the a-, b-, and c-axes, respectively. The inset in figure 5 displays the low
temperature part of the S(T ) behaviour for both the b- and c-axes, revealing a peak at about
17 K.

The low temperature part of the c-axis thermoelectric power can be approximated by a
formula S(T ) = AT + BT 3, where the A coefficient is L Ac = 0.0338 µV K−2 and B =
0.000 648 µV K−4. In general, the b- and c-axis S(T ) behaviour can be understood as the sum
of two components: linear in temperature and the peak-like one. Such behaviour is observed
for the case when the thermoelectric power is composed of the diffusion thermoelectric power
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Figure 5. Temperature dependence of the thermoelectric
power along the a-, b-, and c-axes for ThCoGa4. The
inset shows the low-T data for the b- and c-axes; the
solid curve represents equation (2): S(T ) = AT + BT 3

fitted to the c-axis data.

Sd on the one hand and the phonon-drag one Sg on the other:

S(T ) = Sd(T ) + Sg(T ). (2)

Usually at a temperature ∼(0.1–0.3)	R
D, the Sg(T ) thermoelectric power has a maximum

and depends on temperature as ∼T 3 well below and as 1/T well above the maximum,
respectively [17]. Assuming Sg(300 K) = 0, this approach applied to the a-axis S(T ) allows
one to decompose it into two components, one being linear in temperature and the other one
of a peak shape. The maximum of this latter component is observed at T ≈ 55 K, and this
fits to the temperature range where it is expected for the Sg(T ) component. However, the
temperature dependence of the a-axis peak-like Sg(T ) component differs substantially from
the above-mentioned standard behaviour, both below and above the peak temperature.

The diffusion term Sd(T ) is described by the well-known Mott formula:

Sd(T ) = AT ; A = ξ(π2k2)/3eEF, (3)

where k and e are the Boltzmann constant and electron charge, respectively, while EF is the
Fermi energy. The thermoelectric parameter ξ depends on the mechanism of the electron
scattering and may vary between 1 and 3 [18]. Assuming Sg(300 K) = 0 we can determine
the A coefficient for the high temperature range denoted by H Aa , H Ab, and H Ac for the a-, b-,
and c-axes, respectively. They are equal to 0.0389, 0.0064, and 0.0089 µV K−2, respectively.
Surprisingly enough, L Ac = 0.0338 µV K−2 is found to be much closer to H Aa than to H Ac.
Taking ξ = 2 and H Aa = 0.0389 µV K−2 one can, within the one-band approximation,
roughly estimate the Fermi energy: EF ≈ 2 eV. Of course, assuming a single isotropic band
is not sufficient in view of the observed thermoelectric power anisotropy.

3.4. Thermodynamic properties

The specific heat C(T ) examination of ThCoGa4 has not shown any phase transition, including
a superconducting one, between 0.4 and 14 K. The C(T ) data are shown in a log–log
plot in figure 6. The inset displays C/T versus T 2. From the straight line found for
T ≈ 4 K one obtains the Sommerfeld coefficient γ = 6.9(±0.3) mJ K−2 mol−1 and the
slope β = 0.488 × 10−3 J K−4 mol−1, which yields a Debye temperature 	D = 288 K
(β = 6 × 1944/	3

D).
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Figure 6. The low temperature specific heat of a
ThCoGa4 single crystal shown in a double-logarithmic
plot. The solid curve represents a γ T +βT 3 dependence.
The inset displays the low-T specific heat, as C(T )/T
versus T 2.

Figure 7. Temperature dependence of the magnetic
susceptibility of a ThCoGa4 single crystal in magnetic
field of 4 T.

The magnetic susceptibility χ(T ) of ThCoGa4 (figure 7) was measured in a magnetic
field 4 T applied parallel to b-axis in the temperature range 1.7–300 K. All ThCoGa4 crystals
are paramagnetic. After an initial sharp increase, the χ(T ) passes through a flat maximum
at T ≈ 54 K, where it reaches a value of approximately 7.0 × 10−5 emu mol−1. The χ(T )

behaviour above 50 K represents typical metallic paramagnetism of the Pauli type.

4. Discussion and conclusions

Orthorhombic ThCoGa4 shows considerable anisotropy of its electrical resistivity. The
resistivity along the a-axis is apparently lower than that along both the b- and c-axes. It
is interesting that the projection of the crystal along the a-axis, shown in figure 2, looks very
transparent due to the linear arrangement of the atoms composing this crystal. Assuming the
validity of Matthiessen’s rule, the resistivity was resolved into a temperature independent part
electron scattering from static defects—residual resistivity—and the remaining part. The latter
was analysed in terms of the generalized Bloch–Grüneisen formula for power n = 3 [13, 14, 3]
and ascribed to the phonon contribution to the resistivity.

The residual resistivities of the examined samples along the b- and c-axes are larger by a
factor of 3.5 and 2.9 than that for the a-axis, respectively. Though these factors differ from the
corresponding factors for ρph(300 K), 2.3 and 2.0, they all highlight substantial anisotropy in
the resistivity behaviour.

It is evident from the inset of figure 4 that the ratios of the total resistivities along the
a- b- and c-axes composed of the components of the two different scattering mechanisms is
temperature dependent, while the corresponding ratios for ρph(T ) are temperature independent
within the accuracy of the experiment. This latter behaviour is the most natural, since ρph(T )

represents one single mechanism of electron scattering in the whole temperature range, namely
the scattering of electrons by phonons. At high temperatures this electron–phonon scattering
in a two-band metal may lead to a significant deviation of the measured ρph(T ) from the
linear temperature dependence. Such a deviation should be anisotropic in µ� cm units and
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isotropic in terms of the normalized resistivity ρph(T )/ρph(300 K), in good agreement with
our observations.

Stoichiometric ThCoGa4 has an even number of valence electrons per unit cell, hence per
Brillouin zone. Thus ThCoGa4 should be a compensated metal or semimetal, i.e. it should have
equal numbers of holes and electrons. In such a case cancellation of electron and hole parts may
play an important role for the thermoelectric effects, unless there is a considerable difference
between the electrons’ and holes’ mobilities; the contribution of a particular band to the total
thermoelectric power is weighted by the ratio of the particular band’s conductivity to the total
conductivity. For these reasons the low values of the thermoelectric power for ThCoGa4

observed both along the b- and the c-axes may be ascribed to a considerable cancellation
effect. The latter appears to be greatly reduced for the a-axis thermoelectric power due to a
considerable increase of the holes’ mobility along the a-axis, as manifested by the low ρph(T )-
values measured along the a-axis. Such an interpretation allows us to assume that the hole
band dominates the a-axis thermoelectric power and the single-band approximation can be
applied for a rough estimation of the Fermi energy for this band. The relatively low value
EF ≈ 2 eV that we obtain is consistent with transition-metal-like ρph(T ) dependence.

In conclusion, ThCoGa4 grown by the self-flux method crystallizes in an orthorhombic
structure of the YNiAl4-type. It is an anisotropic metal with values of both the resistivity
and the thermoelectric power being similar to those commonly observed for transition metals.
Consistent with this behaviour are a Pauli-type paramagnetism with a susceptibility value
of 7.0 × 10−5 emu mol−1 and a Sommerfeld coefficient of the electronic specific heat
γ = 6.9 mJ K−2 mol−1.
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