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Infrared spectroscopy of Cr- and V-doped Sb,Te;: Dilute magnetic semiconductors
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Temperature dependent optical reflectance measurements on well characterized samples of nonintentionally
doped, Cr-doped, and V-doped Sb,Te; show that both the parent compound and the Cr-doped version are
narrow-gap semiconductors (E, =~ 0.25 eV) with a conventional Drude free carrier absorption. The carrier
density increases slightly with decreasing temperature while the scattering rate increases quadratically with
temperature, which is a sign of the importance of optical phonon scattering. Vanadium doping introduces a
change in the temperature dependence of the scattering rate as well as higher electrical resistivity than Cr-doped
Sb,Tes. An analysis of the literature values of the saturation magnetization of Sb,_, V,Tes for H || ¢ suggests V

is in a mixed valence state V3*/V4+,
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I. INTRODUCTION

Antimony telluride is a member of the AY By tetradymite
family (A = Sb,Bi; B = Se, Te) of layered narrow-gap semi-
conductors (E, ~ 0.25 eV [1]). It crystallizes with rhom-
bohedral symmetry in an atomic arrangement most clearly
described in terms of layers with a repeating sequence of Te;-
Sb-Te,-Sb-Te; atoms along the ¢ axis [2]. Bonding between
Te; and Sb atoms is predominantly ionic, while bonding
between Te, and Sb atoms is mainly covalent. Neighboring
layers are weakly held together by van der Waals bonds
between Te;-Te; sheets. There has been considerable interest
in Sb,Tes in the past decade for at least three reasons: because
it is an important thermoelectric material [3], because it is
member of a family of topological insulators [4,5], and because
it is a dilute magnetic semiconductor (DMS) upon doping with
V, Cr, or Fe [6-13]. This work focuses on Sb,Tes as the parent
compound of a number of DMS materials.

Following the success of metallic spintronic effects such
as giant magnetoresistance, intensive research efforts have
been devoted to investigating prospective materials for semi-
conductor spintronic devices. The most extensively studied
materials of this type are II-VI and III-V semiconductors
doped with small concentrations (*1%) of Mn atoms [14,15].
These DMS form in zinc-blende and wurtzite structures with
relatively large band gaps, where tetrahedrally bonded Mn?*
atoms are responsible for their magnetic properties. In contrast,
Sb,Tes is a narrow-gap material in which octahedrally bonded
transition metal (TM) impurities coupled by free holes are
responsible for the magnetic properties. Specifically, single
crystals of Sbjg4CrgosTes and Sby g7V o3Te; have demon-
strated ferromagnetic transition temperatures of 7, ~ 17 K
and T, =~ 22 K, respectively [6,7]. Low temperature molecular
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beam epitaxy enables increased TM ion density, and thin
films of Sb1_41 Cro,59TC3 and Sb1,65 VQ'35TC3 have reported Curie
temperatures of 190 and 177 K, respectively [8,10]. These
materials give one an opportunity to further the understanding
of DMS behavior in a completely different setting.

There have been many studies of the optical properties of
the A;’B;’ ! semiconductors. The earliest optical studies dealt
with band structure and transverse optical phonons [16,17].
More recent optical work has focused on studying the more
insulating members of the family to find signatures of topo-
logical insulator behavior [18-24]. The material of interest in
this paper, Sb,Tes, is not a good candidate in which to observe
these effects since it tends to crystallize in a nonstoichiometric
Sb-rich fashion, resulting in a relatively high free hole
concentration (~10%° cm~?) [6,7,25]. Consequently, Sb,Te;
has been observed to have the highest plasma frequency in the
family [26]. Optical techniques have proven to play an integral
part in determining the role of disorder, band structure, and
carrier dynamics in Mn-doped III-V materials [15]. In contrast
to the Mn-doped III-V materials where Mn doping introduces
both free carriers and TM ions, the localized impurity spins in
Sb,Te; are coupled by a preexisting hole gas. The infrared and
magnetic results to be discussed below allow one to separate
charge density and scattering effects and give insight into the
relative importance of different scattering effects in this family
of materials.

II. SAMPLES

Samples were cut from single crystal boules that were
grown using the modified Bridgman method [27]. Three
samples were chosen: one cut from a boule free of either
V or Cr, labeled Sb,Tes, one from a V-doped boule labeled
SVT, and one from a Cr-doped boule labeled SCT. Since the
TM ion concentration varies with position along the length
of the boules, energy dispersive spectroscopy (EDS) was
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TABLE I. Sample composition using energy dispersive spectroscopy data.

Sb Te \" Cr
Label Composition (£0.1 at. %) (0.1 at. %) (£0.1 at. %) (£0.1 at. %) X y
Sb,Tes Sbyyy Tes_y 41.2 58.8 0 0 0 0.06
SCT Sbyy—xCr Tes_,, 39.3 59.1 0 1.6 0.08 0.045
SVT Sbyyy—ViTes_, 40.1 58.8 1.1 0 0.055 0.06

used to determine the precise stoichiometry of the samples
(JEOL JSM-7000F). As shown in Table I, the sample labeled
Sb,Tes is actually slightly Sb rich, which is common in
this family of materials. This results in Te vacancies and/or
antisite defects, where out of the six possible locations for Sb
substitution for Te, excess Sb resides predominately in Te;
sites [28]. The excess antimony provides free holes, resulting
in a highly degenerate p-type semiconductor. For comparison
with previous work, which has not explicitly considered excess
Sb when referring to sample composition, SVT and SCT
might have been labeled Sbj 945V gssTes and Sby 9o Cr ogTes,
respectively.

The temperature dependence of the dc electrical resis-
tivity measured using the van der Pauw technique appears
in Fig. 1. The data show the same features as previous
measurements taken on samples with a similar level of V
or Cr concentration [6,7]. Note that sample SVT has a higher
electrical resistivity than sample SCT despite having a lower
TM ion concentration. Note also the features near 20 K
in samples SVT and SCT, which indicate the onset of the
ferromagnetic transitions in these samples. Further evidence
of the ferromagnetic transition in these samples appears in
Fig. 2, which illustrates the magnetic hysteresis data taken
with a quantum design magnetic property measurement system
(MPMS). Note that the measured saturation magnetization for
sample SCT is higher than expected for Cr** (it should be
2.2 emu/g for the Cr concentration measured in Table I) while
the saturation magnetization of SVT is less than that expected
for V3T (it should be 1.1 emu/g for the V concentration
measured in Table I), as will be discussed in more detail
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FIG. 1. Resistivity vs temperature of samples Sb,Tes, SVT, and
SCT. See Table I for composition.

below. In agreement with previous work, the coercive field
of the SCT sample is lower than that of the SVT sample, and
the Cr-doped sample becomes magnetically fully saturated at
a lower field [7].

III. RESULTS AND DISCUSSION

Measurements of normal incidence absolute reflectance
spectra were collected at many temperatures using unpolarized
light with the electric field perpendicular to the c axis on freshly
cleaved mirror-quality surfaces (area ~ 0.5 cm?). The data
were collected with use of a Bruker IFS 66/V spectrometer
from 50 to 10 000 cm™!, with temperature control provided
by a Janis cryostat that allowed for measurements from 20 to
300 K [29], and normalized via in situ gold evaporation [30].
Some of the reflectance spectra collected appear in Fig. 3. Data
at many more temperatures were collected, but Fig. 3 illustrates
the most important trends. Note the plasma edge between
1000 and 1500 cm™! that can be seen to move to higher
energy and deepen with decreasing temperature in all three
samples. The increase of plasma frequency with decreasing
temperature has also been observed in BiyTe; [26,31] but not
in BiySe; [19,26]. Note that the plasma edge occurs at about the
same frequency in Sb,Tes, SCT, and SVT, indicating a similar
free carrier density in all three samples at room temperature,
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FIG. 2. Magnetization vs field of samples SVT and SCT. See
Table I for composition.
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FIG. 3. (Color online) Reflectance spectra at various tempera-
tures for samples of Sb,Te;, SVT, and SCT. Fits to the Drude model
for the 295 K (open circles) are also shown.

which is consistent with the Hall data, to be discussed below.
The depth of the reflectance minimum just above the plasma
edge varies inversely with the scattering rate, implying the
lowest scattering for the undoped sample Sb,Tes, which is
expected. Reflectance data were also collected on a second
sample from the V-doped boule, labeled SVT2, and cleaved
perpendicular to the ¢ axis but 0.5 mm further down the axis
of the boule. Figure 4 presents reflectance spectra collected
on sample SVT2 above and below the Curie temperature,
which indicates that there is no significant change in plasma
frequency accompanying the ferromagnetic transition [29].
The optical data were first analyzed by fitting the normal
incidence reflectance spectra between 100 and 1500 cm™! to

the appropriate Fresnel equation using the Drude model [32]
(1)2 .
for the complex dielectric function € = €5, — et In this

equation w is the frequency of the incident light, I' is the
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FIG. 4. (Color online) Reflectance of sample SVT?2 at tempera-
tures above (50 and 300 K) and below (12 K) the ferromagnetic
transition.

scattering rate, and the plasma frequency w),, is related to the
free carrier concentration N and effective mass of the carriers
m* via the equation a)i = 4””11\162. Sample fits are shown in
Fig. 3. The plasma frequencies determined in the fits are
shown in Fig. 5. Shown in the same graph are independent
measurements of free hole concentrations determined from
Hall data assuming a single band. The Hall coefficient versus
temperature was measured using a Quantum Design physical
property measurement system (PPMS) with use of the ac
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FIG. 5. Square of plasma frequency obtained in the fits to
the reflectance data and hole concentration determined from Hall
measurements (p = 1/eRy) vs temperature.
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FIG. 6. Scattering rates obtained in fits of the reflectance data
vs temperature. Open squares: Sb,Tes. Solid squares: SCT. Solid
triangles are from fits to reflectance data collected on sample SVT,
some of which are shown in Fig. 3. Open triangles are from fits to
reflectance spectra of sample SVT2, whose representative curves are
shown in Fig. 4. Solid lines are fits to ' = a + bT + c¢T>.

transport option at 16 Hz in the presence of a half tesla
field. Note the increase in carrier density with decreasing
temperature. This is consistent with observations of an increase
in plasma frequency with decreasing temperature in other
heavily doped semiconductors and metals [33-35]. While Ry
is approximately constant below 50 K for sample Sb,Tes,
there is an increase in Ry at low temperature in the data for
samples SVT and SCT which is associated with the onset of
the ferromagnetic transition and is consistent with previous
measurements [6,7]. The combined plasma frequency and
carrier density measurements illustrated in Fig. 5 suggest
a temperature independent effective mass of approximately
m* = 0.18m,, which is comparable to that determined for
Bi2T63 [31]

The scattering rates determined via the reflectance fits are
plotted in Fig. 6. The metallic resistivity behavior illustrated
in Fig. 1 is thus conventionally metallic: relatively constant
free carrier density and a scattering rate that increases with
temperature. The I'(T") curves do not appear linear and so
the scattering rate must be governed by more than acoustic
phonon scattering. Simple fits of the scattering rate versus
temperature (I' = a + bT + cT?) were performed with the
fitting parameters presented in Table II. The increase in the

TABLE II. Least square fitting parameters to polynomial fit to
scattering rate: I' = a 4+ bT + cT?.

Fitting
Sample range (K) a(cm™') b (cm™!'/K) ¢ (em™'/K?)
Sb,Tes 50-300 73+£5 0.08£0.06 0.0014 %+ 0.0002
SCT 20-300 306 6 0.194+0.08 0.0013 £ 0.0003
SVT 50-300 536 £ 8 0.55+0.11 0.0003 £ 0.0003

PHYSICAL REVIEW B 90, 205205 (2014)

temperature independent term a when comparing SCT and
SVT with Sb,Tes can be explained by the additional presence
of magnetic scattering from the Cr** or V3* impurities.
Note that the largest term at 300 K in Sb,Te; is the T2
contribution. A T? temperature dependence at extremely low
temperatures is evidence of electron-electron scattering, but at
higher temperatures may be an indication of the importance of
optical in addition to acoustic phonon scattering. A superlinear
dependence of resistivity on temperature has been observed
in certain metal oxides and has been attributed to optical
phonon scattering [36,37]. It is interesting to note that in our
sample of Sb,Tes, if one excludes the temperature indepen-
dent contribution (@ = 73 &5 cm™!), the room temperature
scattering rate (223 £5 cm™!) is about the same as that
measured in Biy g2 Tes 993 (22 meV or 177 cm™! at 300 K) [31].
Thomas et al. suggested that the very small value of the
temperature independent contribution to scattering observed
in Biy 092 Tea.g0s is due to substitution of excess Bi in Te! sites,
which affects the density of states only at energies far from
the Fermi level. The larger value of static impurity scattering
in our sample of Sb,Te; can be explained by the fact that the
amount of excess Sb is ten times the amount of excess Bi in
the sample that Thomas et al. studied [31]. The excess Sb is
accompanied by Te vacancies as well as antisite defects.

Note that the temperature dependent terms (b,c) are
essentially the same within experimental error for Sb,Tes
and SCT but different for SVT. This is an indication that the
dominant mechanisms governing scattering are different in
SVT. In addition, the resistivity approaches 1 m€2 cm, making
SVT similar in behavior to “bad metals” such as the high
T, superconductors and SrRuO; [38,39]. An explanation for
the vanadium induced changes in the scattering rate might
come from measurements of the saturation magnetization in
Sb,_,Cr, Tes and Sb,_, V, Tes. Recall that our measurements
indicated that the measured saturation magnetization of our
SCT sample was greater than expected, but that of SVT
was less than expected. A smaller than expected saturation
magnetization in Sb; 97V o3Tes is also seen in Fig. 6 of
Ref. [7]. We decided to reexamine all the existing literature
data of magnetic saturation measurements with the field
parallel to the ¢ axis. The data are presented in Fig. 7. Note
that the literature values for Sb,_,Cr,Te; are consistent with
S =3/2 or Cr** ions for all Cr concentrations in thin films
and in crystals. On the other hand, the data for Sb,_,V,Te;
are not so clear cut, suggesting S = 1/2 in some samples
of SVT. The data thus suggest a mixed valence state for
vanadium (V3*/V#%), It is this “Coulomb disorder” that could
be the source of the different temperature dependences of
scattering rate in SVT and SCT. Unfortunately the vanadium
concentration in our sample of SVT precludes accurate x-ray
photoelectron spectroscopy measurements that might confirm
the mixed valence state of vanadium.

To gain some insight into the different scattering mech-
anisms in SVT, it is instructive to look at the real optical
conductivity obtained by a Kramers-Kronig analysis (KK)
of the reflectance data, which is shown in Figs. 8 and 9.
Conventional high and low frequency extrapolations (Hagens-
Rubens) were used for the reflectance in the KK calculation.
Figure 8 shows the free carrier absorption peak centered
at 0 cm~! and the onset of interband absorption above
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FIG. 7. Literature values of the low temperature saturation mag-
netization in Sb,_,Cr, Te; and Sb,_, V,Te; systems for both crystals
(x <0.09) and thin films (x > 0.09) compared with the expected
values for S =3/2, S =1,and S = 1/2 ions.

approximately 2000 cm~!. The spectrum is exactly what is
expected for a narrow-gap semiconductor at high temperature
when the electron gas becomes degenerate. Because the band
gap is so small, the absorption does not fall to zero between
the free carrier absorption peak and the interband absorption.
The upper panel of Fig. 9 compares the KK real conductivity
of Sb,Te; with that calculated using the Drude model using
parameters obtained in the fit to the reflectance data shown
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FIG. 8. Optical conductivity of Sb,Te; at room temperature.
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FIG. 9. (Color online) Optical conductivity at various tempera-
tures (solid and dashed lines) of Sb,Tes, SCT, and SVT obtained via
a Kramers-Kronig analysis of the reflectance data. The open circles
in the upper panel show the real optical conductivity calculated using
the Drude model for the dielectric function with plasma frequency
w, = 7730 cm™' and scattering rate I' = 223 cm™!, parameters that
were found when making fits to the reflectance data in Fig. 3.

in Fig. 3. The relatively good agreement between the KK
conductivity and the Drude model conductivity indicates
the free carrier response of the parent material Sb,Te; is
completely conventional. The peak observed near 69 cm™!
in the upper panel of Fig. 9 is due to absorption by the
transverse optical phonon, which has been observed by earlier
workers [17]. This phonon softens by roughly 5-6 cm ™! as the
temperature is lowered to 50 K. The lower two panels of Fig. 9
compare the real conductivity of SCT and SVT at 295 K and a
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FIG. 10. (Color online) Optical conductivity of SVT at 295 K
obtained via a Kramers-Kronig analysis of the reflectance data.
The curves were generated using different low frequency extrap-
olations R = 1 — aw”, where b = 0.5 is the usual Hagens-Rubens
extrapolation.
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lower temperature. A potentially interesting feature in the SVT
data is indicated by the arrow. At these frequencies (roughly
between 100 and 130 cm™'), the slope % > 0 if one uses a
Hagens-Rubens-like extrapolation for @ < 50 cm™!. However,
the slope proves to be sensitive to the actual extrapolation used
as seen in Fig. 10 and remains an open question. If it does
turn out to be positive, this non-Drude-like response could
have several interpretations, including a Fano-type coupling
of the phonon to the hole gas, an impurity absorption that
overlaps with the free carrier absorption or, perhaps, a degree
of weak localization associated with disorder [40—42], which
is consistent with a mixed valence state for vanadium.

IV. CONCLUSIONS

Temperature dependent optical reflectance measurements
on well characterized samples of nonintentionally doped,
Cr-doped, and V-doped Sb,Te; show that both the parent
compound and the Cr-doped version are narrow-gap semi-
conductors (E, ~ 0.25 eV) with a conventional Drude free
carrier absorption. The carrier density increases slightly with

PHYSICAL REVIEW B 90, 205205 (2014)

decreasing temperature while the scattering rate increases
quadratically with temperature, which is a sign of the
importance of optical phonon scattering. Vanadium doping
introduces a change in the temperature dependence of the
scattering rate as well as higher electrical resistivity than in
Cr-doped Sb,Te;. An analysis of the literature values of the
saturation magnetization of Sb,_, V, Tes for H || ¢ suggests V
is in a mixed valence state V3 /V4+,
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