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Intermetallic narrow-gap semiconductors have been intensively explored due to their large thermoelectric
power at low temperatures and a possible role of strong electronic correlations in their unusual thermodynamic

and transport properties. Here we study the optical spectra and vibrational properties of FeGa; single crystal. The
optical conductivity indicates that FeGa; has a direct band gap of &~ 0.7 eV, consistent with density functional
theory (DFT) calculations. Most importantly, we find a substantial spectral weight also below 0.4 eV, which is
the energy of the indirect (charge) gap found in resistivity measurements and ab initio calculations. We find

that the spectral weight below the gap decreases with increasing temperature, which indicates that it originates
from the impurity states and not from the electronic correlations. Interestingly, we did not find any signatures
of the impurity states in vibrational spectra. The infrared and Raman vibrational lines are narrow and weakly
temperature dependent. The vibrational frequencies are in excellent agreement with our DFT calculations,

implying a modest role of electronic correlations. Narrow Mossbauer spectral lines also indicate high crystallinity

of the sample.

DOI: 10.1103/PhysRevB.107.165151

I. INTRODUCTION

Correlated narrow-gap semiconductors represent a class
of materials known for their large thermopower at low tem-
peratures and other anomalous transport and thermodynamic
properties [1]. Three iron compounds among them, FeSi,
FeSb,, and FeGaj, share some common features, but also
show important differences. FeSi and FeSb, behave as insu-
lators only at temperatures 7* < 100 K which corresponds
to the energy much smaller than the band gap E, ~ 50 meV
[2—4]. A buildup of the in-gap spectral weight at temperatures
kpT* <« E,, clearly seen in optical [5-8] and photoemission
spectroscopy [9], is a signature of strong electronic correla-
tions [10,11]. A crossover from a nonmagnetic insulator to
a bad metal is accompanied by a large increase in the spin
susceptibility which obtains Curie-Weiss form above room
temperature [12,13]. This crossover leaves fingerprints also
in the Raman vibrational spectra which become strongly tem-
perature dependent. The width of vibrational peaks increases
several times in the bad-metal region as compared to the low-
temperature insulating state [14—16]. At temperatures near
10 K there is a large peak in the thermopower |S| [17,18].
The exact role of the electronic correlations, in-gap states,
anisotropy, and phonon drag in colossal thermopower found
in FeSb, remains a subject of various studies and controversy
[19-21].
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FeGasz has a significantly larger band gap, E, ~ 0.4 eV
[22,23], than FeSi and FeSb, due to the stronger hybridization
between 3d orbitals of Fe and 4p orbitals of Ga. The elec-
tronic structure calculations imply modest contribution of
electronic correlations. Density functional theory (DFT) [24]
and LDA+U [23] calculations give almost the same band
structure, while dynamical mean field theory (DFT+DMFT)
[25] gives only slightly reduced band gap. Nevertheless,
the temperature dependence of dc resistivity is nontrivial: it
strongly deviates from a simple activated transport at low tem-
peratures, and features four distinct transport regimes which
are associated with a presence of the in-gap states [22,23,25].
For T <5 K pqg. has a power law temperature dependence
consistent with the variable-range hopping transport driven
by the localized in-gap states. In the interval 20 < 7 < 45K
the charge transport is activated, but corresponds to a small
gap of ~40 meV between the in-gap states and the con-
duction band. Then, following a minimum in pq., there is a
metalliclike transport up to ~80 K which presumably cor-
responds to the regime where most of the in-gap electrons
are already transferred to the conduction band. For T >
300 K the charge transport is activated, consistent with the
wide gap E, ~ 0.4 eV. The measurements show weak sample
anisotropy and weak temperature dependence of magnetic
susceptibility, whereas the DFT4+DMFT calculations give
small mass renormalization, as well as strong charge and spin

©2023 American Physical Society
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fluctuations [25]. A maximum in the Seebeck coefficient |S|
at T ~ 15 K is argued to be a consequence of the phonon-
drag effect [23]. In this picture the in-gap states supply free
charge carriers and the acoustic phonons cause an additional
scattering of the electrons opposite to the direction of a tem-
perature gradient, leading to the large thermoelectric power.
Interestingly, to our knowledge, there has been so far only
one infrared spectroscopy study of FeGas in polycrystalline
samples [26], restricted to room temperature and energies
larger than 90 meV.

In this paper, we present infrared and Raman spectroscopy
study of FeGas single crystal in the temperature range be-
tween 4 and 300 K. The reflectance is measured in the energy
interval between 30 and 24 000 cm~!. The infrared and Ra-
man active vibrational frequencies are in excellent agreement
with our DFT calculations, indicating good crystallinity and a
small influence of electronic correlations. Good crystallinity
is corroborated also by measured Mossbauer spectra. The
most prominent feature of the optical spectra is the existence
of the in-gap states below the charge gap of approximately
0.4 eV. We observe a reduction of the in-gap spectral weight
as the temperature increases to 300 K and conclude that this
spectral weight originates from the impurities. Details of ex-
perimental and numerical methods are presented in Sec. II.
The results are shown in Secs. IIl and IV contains our
conclusions.

II. METHODS

Single crystals of FeGas were grown as described previ-
ously [22]. For infrared measurements a small crystal was
polished until a smooth surface of about 3 mm? area was
obtained, then mounted on a helium-flow optical cryostat.
The temperature dependence of reflectance was measured
between 30 and 24 000 cm™', using a combination of
two Fourier-transform infrared spectrometers: a Bruker 113v
for far infrared (30-600 cm~!) and a Bruker Vertex 70,
with extended spectral range, from midinfrared to visible
(10024 000 cm™!). Reflectance in visible and ultraviolet
(12 000-50 000 cm~!) was measured at room temperature
only, using a Perkin-Elmer 650 UV /VIS grating spectrometer.
As no temperature dependence was observed above about
12 000 cm™', all temperatures were merged with room tem-
perature data in visible and ultraviolet parts of the spectrum.
To capture correctly the width and line shape of lattice vibra-
tions, the far-IR data were taken with a resolution of 0.5 cm™!,
while 2 cm ™! or larger values were used at higher frequencies.
Both gold and aluminum mirrors were used for reference,
and in order to correct for surface roughness the sample was
also gold coated, using a commercial Ted Pella Cressington
108 sputtering machine. Because of the polishing involved,
the precise orientation of the electric field (polarization) with
respect to the crystallographic axes of the samples is not
clearly defined, hence we cannot discuss potential anisotropic
optical properties.

Raman scattering measurements were performed using a
TriVista557 Raman system, equipped with a nitrogen-cooled
CCD detector, in backscattering micro-Raman configuration.
Grating configuration was 1800/1800/2400 grooves/mm, in
order to achieve the best possible resolution. The 514.5-nm

line of an Ar+/Kr+ gas laser was used as an excitation source
and a microscope objective with factor 50 magnification was
used for focusing the beam. All measurements were carried
out with laser power less than 1.5 mW at the sample, in order
to minimize local heating. Room temperature measurements
were done in air, whereas for low temperature measurements
the sample was placed in a KONTI CryoVac continuous flow
cryostat, with a 0.5-mm-thick window. Spectra were corrected
for the Bose factor.

The 3’Fe-Mossbauer spectrum of the FeGas pow-
dered sample was measured at room temperature in high
(& £9 mm/s) and low (= £2 mm/s) Doppler velocity range.
The spectra were collected in standard transmission geometry
in constant acceleration mode using a >’Co(Rh) source. The
Doppler velocity scale was calibrated by using the Mossbauer
spectrum of metallic «-Fe. The spectra were fitted by the
RECOIL program [27]. The center shift value (CS) is quoted
relative to the a-Fe (CS = 0).

First-principles DFT calculations of electronic structure
and phonon frequencies were performed using the open-
source QUANTUM-ESPRESSO package [28,29]. We employed
the ultrasoft Vanderbilt-type pseudopotentials with Perdew-
Burke-Ernzerhof exchange and correlation functional. For
the Fe atom we considered 3s, 3p, 3d, and 4s as valence
electrons (in total 16), while the Ga valence electrons were
taken to be the electrons from 3d, 4s, and 4p orbitals (in
total 13). Thus, a minimum of 110 bands was needed to
perform the calculations since we have four formula units per
unit cell, but we nevertheless considered 128 bands, which is
a very convenient number for parallelization purposes. The
plane wave kinetic energy cutoff was set to 70 Ry, which
proved to be sufficient for all our calculations. The ionic re-
laxation, self-consistent, and normal mode calculations were
performed using the Monkhorst-Pack scheme, with the k mesh
of 8x8x 8, which corresponds to 75 k points in the irreducible
part of the Brillouin zone. On the other hand, the density of
states (DOS) calculation requires a much larger number of k
points in order to be accurate, and hence we performed the
non-self-consistent calculation with a k mesh of 12x12x 12 in
order to calculate the DOS. We used density functional pertur-
bation theory (DFPT) [30] in order to calculate the vibrational
frequencies.

III. RESULTS

We first present the band structure calculations. These re-
sults are known from the literature, but we nevertheless show
them for completeness and in order to put into context the
analysis of the experimental data that follow. Then we present
optical, Raman, and Mdssbauer spectra.

A. DFT band structure

The semiconductor FeGajz belongs to the P4,/mnm space
group and it has a tetragonal P-type lattice with lattice pa-
rameters a=6.2628(3) A and ¢=6.5546(5) A [31]. In the DFT
calculations we used the lattice parameters from the experi-
ment and relaxed only the fractional coordinates of the atoms.
These coordinates, shown in Table I, are only slightly adjusted
from their measured values.
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TABLE 1. Nonequivalent atomic positions from the DFT
calculation.

Atom P4n2 X y z
Fe 4f 0.34367 0.34367 0
Gal 4c 0 0.5 0
Ga2 8 0.15575 0.15575 0.26295

Figure 1 shows the dispersion relations and the density of
states, calculated along the k path Z-R-A-Z-I'-X-M-T" in the
Brillouin zone. Our results are very similar to previous work
[23,32], showing that FeGaj is an indirect-gap semiconductor
with the calculated band gap of 0.44 eV. The bands around the
Fermi level are formed from the hybridized Fe 3d and Ga 4p
orbitals.

B. Optical conductivity and infrared vibrational modes

The reflectance R(w) measured at several temperatures
between 25 and 300 K is shown in Fig. 2(a). Note that the
spectra are shown on a logarithmic frequency scale so that
we can distinguish both the low- and high-frequency features.
The low-frequency reflectance is close to 1 which indicates a
possible presence of the in-gap states that we will discuss in
detail below. The far-infrared frequency region is shown on a
linear scale in the inset. The peaks in R(w) correspond to the
infrared-active vibrational modes.

A better insight into the excitation spectrum can be ob-
tained from the real part of the optical conductivity o (w). It
corresponds to the imaginary part of the dielectric function,
o1(w) = wey(w)/4m, describing the absorption of electro-
magnetic radiation [33,34]. Figure 2(b) shows o} (w) obtained
from the Kramers-Kronig transformation of R(w). As this
transformation involves integration of R(w) from zero to in-
finity, we used extrapolation of our measurements. At high
frequency (w — 00), the data were bridged with calculations
of the dielectric function based on the x-ray photoabsorp-
tion, following the procedure described in Ref. [35]. For
® < 30cm™! we set R(w) =R (30cm™"), but we checked
that o} (w) is not sensitive to the precise form of R(w) in the

Energy (eV)
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DOS

FIG. 1. DFT band structure of FeGa; and density of states in
units states/(eV f.u.).
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FIG. 2. Reflectance (a) and optical conductivity (b) as a func-
tion of frequency in the whole measured frequency range at several
temperatures. The insets show the low-frequency data on a linear
scale.

limit @ — 0. The same result is obtained using the Hagen-
Rubens formula, R(w) =1 — A/w, where A is a constant
adjusted to fit the first several points from the measurements
[33,34].

The optical conductivity at 25 and 300 K is shown in Fig. 3
on a linear energy (frequency) scale in units of eV. oy(w)
rapidly decreases for frequencies fiw < 0.9eV (7000cm™").
This is consistent with the DFT band structure shown in Fig. 1.
It gives the smallest direct gap of 0.67 eV near the Z point
in the Brillouin zone, but in many regions of the Brillouin
zone the gap is between 0.7 and 0.9 eV. At fiw = E, ~ 0.4 eV
the spectral weight is significantly reduced, yet it remains
substantial also at fiw < E,. We note that we did not attempt
to calculate the optical spectra since a reliable calculation
requires us to include the particle-hole interaction on a level
of the Bethe-Salpeter equation, which is a very challenging
task even for weakly interacting semiconductors [36,37]. A
calculation of the optical spectra of FeGajs in the independent-
particle approach poorly compares with our experiments [24].
On the other hand, our optical spectra for fiw 2 0.5 eV are
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FIG. 3. Optical conductivity as a function of frequency at 25 and
300 K. The inset shows the infrared vibrational modes which are fit-
ted by 11 Lorentzians. The green line corresponds to the cumulative
fit.

in rather good agreement with the spectra on polycrystalline
samples of Ref. [26].

Evidence that the spectral weight below E, has origins
in the impurity states can be obtained from analysis of the
temperature dependence of oj(w). At finite temperatures, in
a standard band gap semiconductor a small spectral weight
would appear just below E, due to the phonon assisted excita-
tions. The same amount of the spectral weight would recover
just above the band edge, where the absorption becomes
slightly lower due to the finite hole (electron) concentration
in the valence (conduction) band at finite temperatures [33].
On the other hand, in FeSi and FeSb, a spectral gap is closed
at higher temperatures due to the strong correlation effects. In
this case, transfers of the spectral weight occur over the energy
range much larger than the band gap. However, in our case
the spectral weight at 7 = 300K is reduced both below and
above E, [see Figs. 2(b) and 3]. The reduction of the spectral
weight below E; should correspond to the depopulation of
the impurity band, which leads to the reduction in the light
absorption for subgap energies [25]. Hence, we conclude that
the spectral weight below E, is due to impurity states. We
note that a small surplus of Fe atoms in comparison to the
stoichiometric ratio is found in wavelength dispersive x-ray
spectroscopy [23]. Our conclusion is in line with the statement
that the transfer of the electrons from the impurity states
to the conduction band is a likely cause of the anomalous
dp/dT > 0 resistivity temperature dependence around 100 K
[20,25].

We now turn our attention to the far-infrared part of the
spectrum from 50 to 350 cm~!, which contains infrared vi-
brational modes. From the inset of Fig. 2(b) it appears that
most of the phonon peaks are rather broad. However, that is
not the case since several peaks, in fact, consist of two vi-

TABLE II. Irreducible representation of infrared-active modes
and their frequencies. The measured frequencies are obtained at
300 K. Numerical values are obtained within DFPT calculation.

Irred. rep. Expt. (cm™!) Calc. (cm™")
E? 69.00 76.08
Al 113.50 107.61
E> 117.50 116.18
El‘f'(’ 149.85 161.78
A2 1622 162.28
E7$ 166.99 168.69
ES10 199.50 201.71
EN 231.50 229.45
E 275.00 281.2
A 287.30 296.61
E516 332.50 329.0

brational modes with very close frequencies. The space group
P4, /mnm has the corresponding point group Dgj(4/mmm).
Thus, all the normal modes are classified according to ir-
reducible representations of Dy, (4/mmm). The factor group
analysis predicts 12 Raman and 11 infrared-active modes,
along with ten silent and two acoustic modes:

IRaman = 3A1g + 4Eg + 2By + 3By,
I'r = 3Ay, + 8E,,
Dgilent = 2424 + 2A2, + 4By, + 2By,
Lacoustic = Aoy + E. (H

The experimental data at 300 K are fitted with 11 Lorentz
profile lines. Their cumulative contribution to the spectra is
shown in green color in the inset of Fig. 3. A complete list
of the corresponding phonon frequencies is shown in Table II.
These frequencies were obtained at 300 K, but we see from
the inset in Fig. 2(b) that the temperature dependence of the
frequencies is weak. The changes are of the order of 1% in
the temperature range between 25 and 300 K. The frequen-
cies calculated within DFPT are in excellent agreement with
measured frequencies. This implies that a crystallinity of the
sample is very good, even though some surplus of Fe iron
atoms is expected in comparison to the ideal composition [23].
In addition, excellent agreement between the calculated and
measured frequencies indicates that the electronic correlations
beyond the DFT are not strong, in line with the conclusions
from DFT+U [23] and DFT+DMFT [25] calculations.

C. Raman spectra

There are 12 Raman-active modes in FeGaj [see Eq. (1)].
Wyckoff positions of the atoms, their contributions to the
I'-point phonons, and the corresponding tensors for Raman
active modes are given in Table III. Since observability of the
Raman-active modes in backscattering configuration of the
experiment strongly depends on the orientation of the sample,
we first performed orientation dependent measurements. This
was done by rotating the sample in the steps of 10°. The ori-
entation of the sample which provided the best observability
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TABLE III. Contributions of each atom to the I"-point phonons
for the P4,/mnm space group and the corresponding tensors for
Raman active modes.

TABLE IV. Experimental Raman frequencies measured at 100 K
and the corresponding values calculated within DFPT.

Irred. rep. Expt. (cm™") Calc. (cm™")
Space group P4, /mnm E;’z 2681
Atoms Irreducible representations B! . 127.99 125.52
Fe (4f) Ajg +Asg + Ay + By, E}* 138.96 139.06
+Bi, + By + Eg + 2F, Al, 146.58 145.89
G 3 YR A S 16167 to151
/ Py SN RS YA T 179.01 165.09
a 00 c 0 0 0 d 0 A, 180.12
Ap=[0 a o] B,=[0 - 0 By=[d 0 0 ng 238.27 239.62
00 b 0 0 0 000 E]® 264.40 258.94
c 0 0 0 0 —e Bi, 269.28 262.96
'E,=10 0 e] %E,=| 0 0 0O ng 321.43 318.53
0 e 0 e 0 0 A3 331.80 32241

of Raman modes of various symmetries was used in further
measurements.

Raman spectra of FeGaj single crystals, measured from
the (011) plane of the sample, at temperature 7 = 100 K,
for polarization angles within the range of 0° and 180° are
presented in Fig. 4. We have identified 10 out of 12 Raman ac-
tive modes. The assignation of modes was done in accordance
with DFT calculations and polarization measurements. Peaks
that exhibit the same polarization dependence were assigned
with the same symmetry. Consequently, peaks at 146.58 and
331.80 cm™! were assigned as A, and peaks at 127.99 and
269.98 cm~!' were assigned as Big. The phonon lines at
138.96, 179.01, and 264.40 cm ™' are assigned as E,, whereas
modes at 161.67, 238.27, and 321.43 cm™! correspond to
the B,, symmetry modes. The full list of measured phonon

T=100 K Al FeGa, Polarization angl(()eO
E5,6
9
B] i 180°
g2 =l gt
| o W
) vy
gﬂ,mw L.J‘u ‘
= el !
x - i M
| M I
- ! M
S=s=a
il -
- ]
=i
wg 1 1 1 1 1
100 150 200 250, 300 350

Raman shift (cm™)

FIG. 4. Polarization-dependent Raman spectra of FeGaj single
crystals. Measurements were performed with measuring step of 10°
at temperature 7 = 100 K.

frequencies, along with their calculated values, is shown in
Table IV.

There is a very good agreement between experimental and
calculated phonon frequencies, with a discrepancy of less than
8%. A close match in experimental and theoretical results
is not surprising knowing that the investigated material is
semiconducting, with moderate electronic correlations. All of
the observed phonon lines are sharp, with the full width at half
maximum (FWHM) & 2 cm™', and weakly temperature de-
pendent. This indicates a good crystallinity of the sample and
absence of a metal-insulator transition or magnetic ordering.

Relative transmission

UL L
8 4 0 4 8
Velocity (mm/s)

Relative transmission

-1.5 -10 -05 0 0.5

Velocity (mm/s)

1.0 15 20

FIG. 5. Room temperature °’Fe-Mossbauer spectra of the FeGas
sample recorded in the low-velocity range. Experimental data are
presented by the solid circles and the fit is given by the red solid line.
The difference (Calc. — Expt.) is shown by the dark gray line at the
bottom of the figure. The vertical arrow denotes the relative position
of the lowest experimental point with respect to the background
(relative absorption of 1.70%). The absolute difference is less than
0.05%. The inset shows the room temperature spectrum of the FeGa;
sample recorded within the high-velocity range. The orange line is
just a guide for the eye.
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D. Maéssbauer spectra

The 3"Fe-Mdssbauer spectroscopy was used to investigate
quality and ordering of the prepared sample and to check
for the presence of Fe-based impurity phases. The >’Fe-
Mossbauer spectra of the FeGas are presented in Fig. 5.
The spectrum recorded in the low-velocity range showed two
absorption lines (doublet). In the spectrum recorded in the
high-velocity range, beside the observed doublet, there is
no indication of the magnetic hyperfine splitting. The thick-
ness corrected FeGas spectrum recorded in the low-velocity
range was fitted with one Lorentzian-shaped doublet using
the RECOIL program [27]. The obtained Mossbauer parameters
for the measured doublet are center shift CS = 0.28 mm/s,
quadrupole splitting A = 0.31 mm/s, and FWHM of the
Lorentzian lines is 0.22 mm/s. The obtained results closely
match the hyperfine parameters for FeGas from the literature
[38—42]. A very small broadening of the resonance lines ob-
served in the experiment is a strong indication that the sample
is very well ordered and of high crystallinity.

IV. CONCLUSIONS

In summary, we have performed optical, Raman, and
Mossbauer spectroscopy measurements of a narrow-gap
semiconductor FeGas, along with DFT band structure and
vibrational frequencies calculation. We find that the optical
conductivity decreases for frequencies below fiw ~ 0.9 eV
consistent with the direct band gap observed in DFT cal-
culations. Our most important finding is the appearance of
the optical spectral weight below the charge (indirect) gap
E, ~ 0.4 eV. At room temperature the spectral weight below
E, diminishes as compared to the one at T = 25 K. Therefore,

we conclude that this spectral weight originates from the
impurities and not from the correlation effects. Interestingly,
we do not find signatures of the impurities in the vibrational
spectra. Both the infrared and Raman lines are very narrow,
as well as the Mossbauer spectral lines, which implies a good
crystallinity of the sample. The calculated vibrational frequen-
cies are in a very good agreement with the measurements,
which indicates that the electronic correlations in FeGaj are
not strong, in line with previous studies.
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