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The crystallinity and the lattice dynamics in elemental
modulated Sb2Te3 films are investigated microscopically
using high energy synchrotron radiation diffraction com-
bined with 121Sb nuclear inelastic scattering. The corre-
lation length is found to be finite but less than 100 Å. The
element specific density of phonon states is extracted. A
comparison with the element specific density of phonon
states in bulk Sb2Te3 confirms that the main features in

the density of phonon states arise from the layered struc-
ture. The average speed of sound at 40 K, 1.74(2) km/s,
is almost the same compared to bulk Sb2Te3 at 20 K,
1.78(2) km/s. Similarly the change in the acoustic cut-
off energy is within the experimental detection limit.
Thus, we suggest that the lattice thermal conductivity in
elemental modulated Sb2Te3 films should not be signifi-
cantly changed from its bulk value.
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1 Introduction Tetradymite chalcogenide compounds
usually form anisotropic layered structures [1] with inter-
esting lattice dynamics [2]. It is thus intriguing to study
the Density of Phonon States, DPS, on artificially cre-
ated layered compounds which mimic the natural crystal
structures and compare it with reference data on the bulk
polycrystalline counterparts.
Sb2Te3 crystallises in the tetradymite structure (R3m,
#160) with three quintuple -[Te(I)-Sb-Te(II)-Sb-Te(I)]-
stacks forming a unit cell. The parenthetical indices, Te(I)
and Te(II) denote two tellurium sites. The easy cleavage
of these compounds perpendicular to the c-axis is due to
weak van der Waals type binding [3] between quintuple
stacks at the Te(I) - Te(I) bond.
Sb2Te3 has been reported as the best candidate next to
Bi2Te3 for room temperature thermoelectric conversion
and as the model compound for phase change applica-
tions [4]. In both cases, the layered structure is utilized
to achieve low thermal conductivity. For Sb2Te3 films the

influence of stoichiometry, morphology, annealing temper-
ature and crystallinity of the films on thermal conductivity
[5] and furthermore on their thermoelectric performance
[6,7] have been studied and the most promising results
were obtained for near stoichiometric films [8].
Herein, we study the lattice dynamics on an elemental
modulated Sb2Te3 sample prepared via the nanoalloying
method [9,10] by measuring the Sb specific density of
phonon states. On the same sample, we identified diffuse
x-ray scattering which indicates that even in the as grown
state finite correlation length in the basal plane exists.

2 Experimental details

2.1 Sample preparation and thermal conductivity
Repeating layers of the elements Sb and Te with 0.2 nm
thickness were deposited on 10 x 10 mm pieces of com-
mercially available SiO2(100 nm)/Si (1 0 0) substrates in
an MBE system at room temperature, see Ref. [10]. All
layers were deposited to maintain the stoichiometric 40/60
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Figure 1 X-ray diffraction pattern by the elemental modulated
Sb2Te3 film obtained at 295 K using synchrotron radiation in
two orientations, see text, (a) grazing incidence geometry and (b)
transmission geometry. The background shows the actual detec-
tor pattern transformed in (2θ,φ) representation and the red lines
show the related diffractograms. The expected peak positions of
both the Si substrate and the Sb2Te3 film are indicated by the
Miller indices in the cubic and pseudohexagonal setting, respec-
tively.

ratio for Sb/Te given the repeating quintuple pattern. The
nominal total thickness of the thin films was 1 µm. The
nanoalloyed films are very smooth compared to the epitax-
ial thin films which tend to exhibit a significant roughness
[11]. The cross plane thermal conductivity at room temper-
ature was measured on an as-grown sample using a time
domain thermal reflectance measurement system [12,13]
calibrated to Si/SiO2 standard. The results on the annealed
samples were reported elsewhere [10].

2.2 Crystallinity and phase purity To verify crys-
tallinity and phase purity, diffraction using synchrotron ra-
diation was carried out at 295 K at 6-ID-D station of the
Advanced Photon Source on the Sb2Te3 films in two ori-
entations, (i) with the incident, kin, vector parallel to the
Si (1 0 0), called transmission geometry and (ii) with kin
perpendicular to the Si (1 0 0), called grazing incidence
geometry. The wavelength of the measurement was set to
0.142519 Å. Data were collected using an amorphous Si
area detector of 2048 x 2048 pixels (pixel size: 200 µm). A
sample-detector distance of 1715.5 mm was refined by us-
ing diffraction from NIST Si 470c. Both detector patterns
are interpeted as follows: the radial distance from the beam
center corresponds to the scattering angle 2θ and the circu-
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Figure 2 (a) The nuclear inelastic scattering spectrum (red line)
and the instrumental function, NFS, (black dashed lines), ob-
tained in the elemental modulated Sb2Te3 film with the incident
wavevector kin parallel to the film surface. (b) The Sb specific
density of phonon states extracted with kin parallel to the surface
of an elemental modulated Sb2Te3 film (red line) and on bulk
polycrystalline Sb2Te3 (black line). Inset: The Debye level cal-
culated from the Sb specific DPS measured in Sb2Te3.

lar angle at certain radius corresponds to the azimuthal an-
gle φ. The raw data were treated using FIT2D [14] and the
detector patterns in azimuthal coordinates, φ and 2θ, are
shown in Fig. 1. The diffractograms were extracted after
integrating intensities at all φ for certain 2θ and are super-
imposed to the detector patterns in Fig. 1.

2.3 Lattice dynamics The lattice dynamics were in-
vestigated by means of 121Sb Nuclear Inelastic Scatter-
ing [15], NIS, using a backscattering monochromator [16]
with a resolution of 1.3 meV for the 121Sb resonance at
37.13 keV. The natural abundance of 121Sb is 57% and no
further enrichment is required. The spectra were recorded
in 16-bunch mode at the nuclear resonance station ID18
[17] of the European Synchrotron Radiation Facility on
the same sample and orientation where diffraction patterns
were acquired. In order to minimise multiphonon contri-
butions the measurements were performed at 40 K. The
125Te DPS has not been measured because the samples are
too thin to be probed without further isotopic enrichment.

Copyright line will be provided by the publisher



pss header will be provided by the publisher 3

Table 1 Summary of the reflection positions extracted from x-ray diffraction by a nanoalloyed Sb2Te3 film in agrazing incidence
geometry, btransmission geometry and comparison with bulk Sb2Te3. The FWHM and the reflection positions in the nanoalloyed film
were extracted after fiting the data with a lorentzian profile. The reflection positions in bulk Sb2Te3 are calculated from Ref. [18] using
a wavelength of 0.142519Å. The difference in the interplane distance are calculated using the relation δd = (dfilm − dbulk) /dbulk. The
correlation length, ξ, is also given, see text.

2θ( deg )
Reflection Sb2Te3 film δd, % FWHM, Å−1 ξ, Å
(0 0 9)a 2.413 2.3 (2) 4.9(4) 0.15 (5) 13(4)
(0 1 5)a 2.586 2.69 (1) -3.8(1) 0.05 (1) 42(6)
(1 0 10)a 3.476 3.51 (2) -1.0(1) 0.2 (1) 10(8)
(1 1 0)a 3.815 3.82 (2) -0.1(1) 0.043 (5) 50(4)
(1 1 0)b 0.035 (5) 63(5)

Si (1 1 1)a 2.606 (1) - 0.015 (1)

The NIS measurements were carried out in the same orien-
tation with the XRD measurements. However, because of
the overall small sample thickness the obtained statistics
are poor when kin⊥film (transmission geometry) and not
used in this study.

3 Results
3.1 Crystallinity and phase purity X-ray diffrac-

tion on the films shows only one homogeneous and broad
Debye - Scherrer ring of the (1 1 0) type in transmis-
sion geometry, see Fig. 1b. In grazing incidence geometry
broader but discrete reflections are identified not only for
the (1 1 0) type of reflections but also for the (0 0 9) and
the (1 0 10). The diffuse scattering related to the (0 1 5)
type of reflections is aligned with the (1 1 1) reflections
of the silicon substrate. All reflections were fitted with a
Lorentzian profile and the extracted parameters are given
in Table 1. The full width at half maximum, FWHM, of the
Si (1 1 1) reflection is also extracted and indicates the in-
strumental resolution. It appears that the instrumental res-
olution is much narrower than the film reflections. An es-
timate of the correlation length, ξ, can be extracted from
the FWHM of the reflections, FWHMref , corrected for
the instrumental resolution, FWHMinst, using 1/ξ =

0.5
√
FWHM2

ref − FWHM2
inst. The correlation length

extracted from all reflections is well below 100 Å, see Ta-
ble 1. Note that the extracted corrrelation length for the
(0 0 9) reflection is comparable with the length of one
quintuple -[Te(I)-Sb-Te(II)-Sb-Te(I)]- stack which is 10 Å.
Thus, although crystalline order is identified, long range
crystalline order is not fully established in the elemental
modulated films.
An estimate of the interplane distance change, δd, was ex-
tracted by comparing the positions of the observed reflec-
tions with the nominal reflection positions of crystalline
Sb2Te3, see Table 1. The crystallographic c-axis related
to (0 0 9) type of reflections appears elongated by ∼ 5%
which indicates somewhat loose packing perpendicular to
the basal plane, however, the (1 1 0) reflection which has
only in-plane components has marginally lower 2θ values

compared to the 2θ values in bulk polycrystalline samples.
This indicates that the elemental modulated Sb2Te3 film
have almost the same density in-plane with the crystalline
counterpart.

3.2 Lattice dynamics The nuclear inelastic scatter-
ing spectrum by 121Sb in bulk Sb2Te3 has been reported
earlier [19]. In this study, we used the same instrumen-
tal setup [16] and we obtained the 121Sb nuclear inelastic
scattering spectra and the instrumental function, i.e. elas-
tic line, in elemental modulated Sb2Te3 films. The elastic
line was subtracted and the data were further treated using
a modified version [20] of the program DOS [21]. The
self consistency of the procedure was confirmed by ap-
plying the conventional sum rules [22]. The raw data for
the kin‖film case are shown in Fig. 2a. The 121Sb specific
DPS, g (E), extracted from Fig. 2a is depicted in Fig. 2b.
The 121Sb specific DPS shown in Fig. 2b is in excellent
agreement with the corresponding obtained on the bulk
polycrystalline counterpart [19], which is also shown in
the same figure.
The Lamb Mössbauer factor was extracted both from the
DPS and the raw spectra. The extracted Sb specific fLM
on elemental modulated Sb2Te3 at 40 K is 0.18(5). In
the Debye approximation by using a Debye temperature
of 135 K [19] the Sb fLM in Sb2Te3 decreases to 0.30
at 40 K. Hence, the fLM on elemental modulated films at
40 K decreases by 0.12 with respect to the bulk counter-
part. Such behaviour has been identified also earlier [23]
in similar systems.
The mean interatomic force constant is obtained from the
second moment of the DPS. The extracted Sb specific
mean force constant in the elemental modulated films is,
52(2) N/m, in good aggrement with the corresponding
value in the bulk polycrystalline samples, 55(2) N/m [19].
In the Debye representation, both crystalline and elemental
modulated Sb2Te3 follow almost the same behaviour. The
Debye level, limE→0

g(E)
E2 , slightly increases in the ele-

mental modulated Sb2Te3 structure with respect to crys-
talline Sb2Te3, see inset to Fig. 2b. The average speed of
sound, vs, is extracted from the 121Sb Debye level using
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limE→0
g(E)
E2 = mR

2πh̄3ρvs
, where mR is the mass of the

resonant nucleus and ρ is the mass density. The extracted
average speed of sound using a 5% mass density decrease
with respect to the bulk value, 6.48g/cm3, is 1.74(2) km/s.

4 Discussion Constant in-plane distances with si-
multaneous extension of the out-of-plane pseudo-lattice
parameter is a characteristic of elemental modulated films
obtained by nanoalloying. The ratio of interlayer to in-
tralayer spacing is thus a rough measure of the layer-like
character of the system. The higher this ratio is, the weaker
the expected layer-layer coupling relative to intralayer
bond becomes. Sb2Te3 qualifies as a layered crystal. In
this study the layer-like character of the elemental modu-
lated films is further enhanced since the interlayer distance
is found elongated by ∼ 5% with respect to the crystalline
Sb2Te3.
The preservation of the elemental modulated pattern is
proven by the diffraction patterns shown in Ref. [10]. It is
also confirmed in this work not only by the limited cor-
relation length but also by the reduction in the Sb fLM.
In glasses, the fLM appears reduced mainly due to lower
elastic moduli and lower mass density compared to the
crystalline counterparts [24]. However, such elemental
modulated compounds do not possess all properties of
glasses since periodicity at least in one orientation exists,
i.e., along the c-axis.
Phonon modes at Γ point in bulk crystalline Sb2Te3 were
calculated from first principles [25]. The IR active A2u(3)
mode at 18 meV, and the Raman active A1g(2) mode
at 20 meV, correspond predominantly to Sb displace-
ment along the c-axis. The intraplane vibrational mode
at 14 meV is the mixed Sb-Te Raman active mode.
A clear peak in the measured DPS is not shown neither
for the IR nor for the Raman active modes. This could be
reasonably explained for the Eg(2) mode by the fact that
the weighting of the mode at Γ point is not significant
compared to the rest of the Brillouin zone. TheA2u(3) and
the A1g(2) correspond to displacements along the c-axis.
However, because the measurement was carried out with
the kin normal to the c-axis such a mode will not appear
in the measured DPS, see Ref. [26]. A similar effect is
observed for Te NIS measurements obtained along and
perpendicular to the c-axis of a Bi2Te3 single crystal [19].
Otherwise, the extracted Sb specific DPS when kin‖film in
elemental modulated Sb2Te3 films does not change signif-
icantly from its bulk counterpart.
The extracted speed of sound practically coincides in bulk
samples and elemental modulated films. This is related to a
combination of the reduced mass density and the increased
Debye level in the elemental modulated film with respect
to the bulk counterpart. Similarly only a slight decrease
is observed in the acoustic cut-off energy, i.e., the highest
energy of the acoustic modes, from 9 meV to 8.5 meV, see
Fig.2. This might indicate that once the layered structure is
formed, even before the crystallization is fully established,

the main features in the DPS already emerge. In case the
crystallisation evolves misleading results related to pre-
ferred orientation might appear in anisotropic structures.
To quantify the microscopic observations in functional
properties an estimate of the macroscopically measured
thermal conductivity might be given using the relation

extracted by Slack [27], κL = AMθ3a V
1/3
at N1/3

γ2T , where
M is the average atomic mass, θa is the acoustic mode
Debye temperature which is extracted from the acoustic
cut-off energy, N is the number of atoms per primitive
cell, Vat is the volume per atom, γ is the Grüneisen con-
stant, T is the temperature and A≈3.1·10−6 is a collection
of physical constants. Because the measured DPS on the
elemental modulated film is almost identical to the poly-
crystalline counterpart the vibrational energy defined by
the Grüneisen parameter, γ = − dlnE

dlnV , might safely be as-
sumed to be the same in both compounds, γ = 1.7 [19].
The 5% increase of the volume per atom Vat, which is
related to the corresponding decrease in the mass density
in the elemental modulated film, does not increase κL by
more than 1% in the film. However, the marginal decrease
of the acoustic cut-off energy in the film with respect
to the bulk counterpart suggests that the lattice thermal
conductivity in the films can be reduced by a maximum
of 10% with respect to the bulk. The macroscopically
measured cross-plane thermal conductivity on a similar
sample is 0.41(4) W/m/K. The observed reduction in ther-
mal conductivity by 83% from the bulk value, 2.4 W/m/K,
at RT [28] thus appears to be attributed in great extent to
the electronic part of the thermal conductivity. Notably,
the electrical conductivity in this sample, 164 S/cm, is
reduced by 91% compared to the electrical conductivity,
1933 S/cm, of a similar annealed sample [10].

5 Conclusions We show that detailed microscopic
lattice dynamical characterization on elemental modulated
structures can be achieved by nuclear inelastic scattering.
The correlation length of the elemental modulated films
was extracted in the as grown state and was found to be
finite but less than 100 Å. The main features in the den-
sity of phonon states in polycrystalline Sb2Te3 and ele-
mental modulated films of the same stoichiometry seem
to be strongly related to the layered pattern of the crystal-
lographic structure. The extracted speed of sound is practi-
cally the same mainly due to the combination of a reduced
mass density and an increased Debye level. Thus, the re-
duction in the macroscopically measured thermal conduc-
tivity appears to be attributed to a great extent in the elec-
tronic part of the thermal conductivity.
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