


Low-temperature heat capacity measurements on Sb2Se3 yielded
a macroscopic Debye temperature of 177.1(4) K.[9] Although the
cutoff energy characterizes the energy of the energetically highest
phonon branch, the Debye energy (which is related to the Debye
temperature, θD, via ED ¼ kB ⋅ θD; kB: Boltzmann constant)
defines the energy at which the integrals of the experimental
and Debye DPS (G(E)D ~ E2; E: phonon energy) are equal.

Herein, the lattice dynamics of Sb2Se3 was investigated by
combining inelastic neutron scattering (INS) and 121Sb nuclear
inelastic scattering (NIS) measurements from which the total
and Sb partial DPS were determined. The Se DPS was then
deduced from the difference between the total and Sb DPS.
A detailed analysis of the temperature-induced mode shifts of
Sb2Se3 is presented on the basis of the total DPS which we have
determined at 39, 150, and 300 K. Low-temperature powder
diffraction data allow the estimation of the Grüneisen parameter
of several modes. Element-specific Debye temperatures and mean
force constants were derived from our phonon data. The experi-
mental data are supported by first-principles calculations.

2. Results and Discussion

The temperature dependence of the normalized lattice parameters
of Sb2Se3 is shown in Figure 2. Based on our low-temperature
X-ray powder diffraction (XRD) measurements, we found that the
orthorhombic phase of Sb2Se3 is stable down to at least 40 K as we
did not observe any hints for phase transitions. All lattice
parameters show a very similar low-temperature behavior and
an exclusively positive thermal expansion between 40 and 300 K.
The normalized lattice parameter ai/a300 shows the smallest
temperature-induced change, whereas bi/b300 and ci/c300 are
slightly more affected by the temperature. From the diffraction
data, we have determined direction-dependent thermal expansion
coefficients of αa¼ 1.12(4)� 10�5K�1, αb ¼ 1.19(6)� 10�5K�1,
and αc¼ 1.35(3)� 10�5K�1 and a volume thermal expansion
coefficient of αV ¼ 3.7(1)� 10�5K�1 between 40 and 300 K using

the relation αi¼ [dai/dT]/a300 where [dai/dT] represents the deriv-
ative of lattice parameter ai and a300 is the value of the corre-
sponding lattice parameter at 300 K. Along the [100] and [010]
direction, we found nearly identical thermal expansion coeffi-
cients, whereas the one derived from the c lattice parameter is
slightly larger. The anisotropic thermal expansion of Sb2Se3
indicates that the weaker intra- and interchain interactions
mainly contribute to the [001] direction, whereas the contribution
of these interactions to the other directions is smaller. However,
to further investigate the distribution of the different bonding in
the crystal structure of Sb2Se3 (temperature-dependent), single-
crystal data are required.

The total DPS of Sb2Se3 determined experimentally and
obtained from first-principles calculations is shown in
Figure 3 (the 121Sb and Se partial DPS are shown in Figure 4).
To allow for an easier comparison of the results, the amplitude,
I(DPS), of the theoretically predicted DPS was scaled to the experi-
mental one by ε1 ⋅ IðDPSÞ, where ε1 is a fictive scaling factor. For
Sb2Se3, an experimental cutoff energy of around 32meV was
found. The compound is therefore harder than Sb2Te3 (�21meV)
but softer than Sb2S3 (�40meV). Thus, our experimental data
support the conclusion of a previous study.[6]

The temperature-dependent isochoric heat capacity of Sb2Se3
was calculated from the measured total DPS using Equation (1)

cV ðTÞ ¼ 3 · n · R ·

Z

C:E:

0

GðEÞ ⋅
x2 ⋅ expðxÞ

ðexpðxÞ � 1Þ2
dE (1)

where n is the number of oscillators, R is the universal gas
constant, G(E) is the total DPS, and x¼ E/kB·T (kB¼ Boltzmann
constant).[10] An integration was performed up to the cutoff
energy of 32meV (C.E. ¼ cutoff energy). The obtained heat
capacity data were fitted with the Debye model[10] (Equation (2))

cV ðTÞ ¼ 9 · n · R ·

�

T

θD;INS

�

3
Z

θD;NIS=T

0

x4 ⋅ expðxÞ

ðexpðxÞ � 1Þ2
dE (2)

Figure 1. Projection of the Sb2Se3 structure
[5] on the ac plane. The different

Wyckoff positions are labeled.

Figure 2. Temperature dependence of the normalized lattice parameter of
Sb2Se3. Lattice parameters at 300 K are the following: a¼ 11.7752(7) Å,
b¼ 3.9749(2) Å, c¼ 11.6255(5) Å.
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We found a macroscopic Debye temperature of θD,INS¼
233(3) K, which is significantly larger than the value presented

by Herrmann et al.[9] (177.1(4) K).

From our 121SbNIS experiment, we have determined the values
of 0.47(1) for the Lamb–Mössbauer factor and 120(6) Nm�1 for

the mean force constant, respectively. A mean force constant of

Figure 3. Left: Total DPS of Sb2Se3measured (black line dots) and calculated (colored lines). Scaling factors of 1.05 (middle) and 1.108 (bottom), respectively,
were applied to the theoretical data. Right: Fragment of the Sb2Se3 structure adapted from ref. [5] in which the different Wyckoff positions are labeled. The
energy ranges in which atoms at given Wyckoff position dominate the DPS of Sb2Se3 correspond to the ones from ref. [6] and are marked in the phonon data.

Figure 4. Sb and Se partial DPS of Sb2Se3 derived from the INS and NIS data and obtained from the first-principles calculations. Scaling factors
(middle, bottom) were applied to achieve an overlap between experimental and theoretical phonon data in the high-energy range (E> 15meV).
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100(6) Nm�1 was calculated for Se from the area weighted DPS,

g(E), using Equation (3)

ϕi ¼ Mi ⋅

Z

∞

0

gðEÞ ⋅ E2

ℏ2
dE (3)

where Mi is the element mass and ℏ corresponds to the reduced

Planck constant. The theoretical force constants Φijαβ are

accessible from the forces Fiα and a displacement djβ (i and j stand
for two individual atoms, whereas α and β indicate the Cartesian

directions x, y and z) via the relation

Fijαβ ¼ �Fiα=djβ (4)

As already discussed by Stoffel et al.,[7] the averaged force

constants Φ̄ for each atom resulting from their own displace-
ments in the same direction as the forces (therefore, i¼ j and

α¼ β in Equation (4)) can be directly compared with the experi-
mentally determined ones (Table 1). In general, the experimental

and theoretical Sb mean force constants provide slightly larger

values compared with the Se data. The theoretical averaged force
constants of antimony are smaller than the experimental value

by �25%, whereas for Se we found deviations between about
12% and 20%.

In addition, we have predicted the directionally resolved mean

force constant for each symmetry-independent atom to quantify
the anisotropy of the bond strength in Sb2Se3. Obviously, the

largest mean force constants are found along the [100] direction,

whereas, in the [010] direction, the smallest values occur;
therefore, it is indicated that the strongest and weakest Sb─Se

bonds occur along this direction, respectively. Moreover, we
found that the directionally resolved force constants of both

elements in the x direction are much closer to the experimental
values. For selenium, this effect is much stronger than for

antimony.
Element-specific Debye temperatures, θD,i, were calculated

from the partial Sb and Se DPS using Equation (5)

θD,i ¼

�

3

k2B ⋅

R

C:E:
0 gðEÞdE=E2

�1
2

(5)

where kB is the Boltzmann constant, g(E) is the respective partial

DPS, and C.E. represents the cutoff energy. We found Debye
temperatures of θD,Sb¼ 160(6) K and θD,Se¼ 239(6) K for

Sb and Se, respectively. As expected from their masses, the
Debye temperature of Se is larger than the one of Sb. Using

the same procedure, we have also calculated the element-specific

Debye temperatures from the theoretically predicted Sb and
Se DPS as shown in Figure 4. We found the theoretical Debye

temperatures of θD,Sb ¼ 141.57 K and θD,Se ¼ 189.23 K. The
theoretically predicted Sb Debye temperature slightly underesti-

mates the corresponding experimental value, whereas for
Se theory underestimates the Debye temperature more clearly.

To explain the origin of these deviations, we provide a detailed
analysis of our experimentally determined and theoretically

predicted total and partial DPS in the following.
According to the results of a previous study,[6] the modes in

the low-energy range between about 0 and 10meV in both the

experimental and theoretical DPS are dominated by Sb, whereas
energetically higher lying modes are dominated by Se. Due to the

limited resolution, the experimental data show fewer features
than the theoretical ones. The comparison shows that, between

0 and 15meV, the experimentally determined and theoretically
predicted mode energies are in very good agreement, whereas

their intensities differ significantly (especially between 6 and
10meV). At higher energies, a pronounced mismatch between

theory and experiment is clearly visible both in the total and
partial DPS (Figure 3 and 4).

To better understand the deviations between the experimental

and theoretical data, we have scaled the mode energies of the
theoretically determined DPS to the experimental one by apply-

ing a fictive scaling factor ε2 ⋅ EðDPSÞ. It is important to mention
that our scaling ignores the conversion of the norm of the

theoretical DPS (which would be given by ε2 ⋅ EðDPSÞ with
1
ε1
⋅ IðDPSÞ and ε1¼ ε2). This is, as we selected the same scaling

for the intensities of the theoretical DPS as introduced earlier for
all of the following analysis (ε1¼ ε2 is not necessarily given) to

ease the understanding of our statements.
Initial energy-scaling factors were derived from the ratio

between the lattice parameters determined in this study at
40 K (which corresponds to the same temperature at which we

have measured our NIS data) and the corresponding data
delivered in the study by Deringer et al.[6] (Table 2). A scaling

factor of 1.05—comparable with the ratio of experimentally
and theoretically determined unit cell volumes (Table 2)—leads

to an overlap in the energy range between 15 and 25meV,
whereas the ratios of the individual lattice parameters a, b, c

are too small to gain a sufficient overlap in this energy range.
To produce an overlap of the modes at higher energies of the

total DPS, a larger scaling factor of 1.108 (1.12 for Sb DPS;
1.105 for Se DPS) must be used. As this factor is significantly

larger than those derived from the difference in unit cell volumes
and in lattice parameters, respectively, we assume that the

Table 1. Experimental and theoretical atomic force constants of Sb2Se3.
Φ̄ is the average force constant andΦx,y,z are the directionally resolved ones.

Atom Φ̄exp [Nm�1] Φ̄theo [Nm�1] Φx [Nm�1] Φy [Nm�1] Φz [Nm�1]

Sb1 120(6) 87.3 94.8 96.3 70.8

Sb2 92.6 111.9 81.0 85.0

Se1 82.2 109.4 64.0 73.4

Se2 100(6) 79.8 81.6 80.1 77.8

Se3 88.1 97.2 71.3 95.7

Table 2. Lattice parameter of Sb2Se3 derived from the low-temperature
powder diffraction measurements (40 K), and theory[6] and their ratios
(denoted as “Eexp/Etheo”).

This study Ref. [6] Eexp/Etheo

a [Å] 11.7405(5) 11.534 1.018

b [Å] 3.9624(1) 3.960 1.001

c [Å] 11.5846(4) 11.221 1.032

V [Å3] 539.92(5) 512.52 1.052
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applied theoretical approach underestimates the bond strength of
at least some of the covalent Sb─Se bonds. This is supported by
the fact that most of the predicted bond lengths of the covalent
Sb─Se bonds[6] are significantly longer than the corresponding
experimental values.[5] Unfortunately, total and partial DPS
calculated from experimental lattice parameters and bond
lengths provided phonon data with a significant imaginary
contribution which clearly indicates that the structural model is
unstable with respect to the underlying methodology. Therefore,
a more detailed analysis of the bond strength in the theoretical
and experimental structure is not possible.

The total DPS of Sb2Se3 was measured at 39, 150, and 300 K
(Figure 5). The comparison shows that all phonon modes soften
with increasing temperature, as expected, as the thermal
movement of the atoms increases, resulting in a weakening of
the Sb─Se bonds and Sb─Se interactions.

To accurately determine the peak positions of the modes
highlighted in Figure 4, we have fitted our experimental data
with a series of Gaussian functions (Figure S2, Supporting
Information). In Figure S3, Supporting Information, the
extracted mode energies are plotted depending on the unit cell
volumes which were obtained from our low-temperature powder
diffraction study. We have subsequently applied linear fits to the
data in Figure S3, Supporting Information, to determine the
slope δE

δV (Table 3). From these values, we have determined
the Grüneisen parameters γi (γi ¼

V300

E300
⋅
δE
δV; V, V300, E, E300: unit

cell volume/mode energy at temperature T, 300 K; δE
δV slope) in

Figure S2, Supporting Information, of all modes which are
shown in Table 3. In Figure S4, Supporting Information, we
show the energy-dependent changes of the Grüneisen parameter
of all vibrational modes which we have determined from our
discrete Fourier transform calculations. In general, the
calculated Grüneisen parameter decreases with the increasing
mode energy. In Table 3, we compare our theoretical γi values
to the experimental ones. Obviously, the experimentally deter-
mined Grüneisen parameter of the two energetically lowest-lying
modes fit nicely to the theoretical data, whereas for all energeti-
cally higher-lying modes we observed pronounced deviations

between the experimental and theoretical data. At this point,
it is important to re-emphasize that in our theoretical approach
the thermal expansion of the unit cell is considered by an expan-
sion of the simulation cell at 0 K and, therefore, the Sb─Se bond

lengths remain constant over the entire temperature range.
Therefore, the discrepancy between the experimentally and
theoretically determined Grüneisen parameter might be due to
the temperature-induced changes of the Sb─Se bond lengths,

which are only present in our experimental data.

3. Conclusions

The lattice dynamics of Sb2Se3 was investigated by a combination
of XRD, INS and NIS measurements, and first-principles calcu-
lations. The low-temperature behavior of Sb2Se3 was studied by

powder diffraction measurements for the first time. The material
shows an exclusively positive thermal expansion and an anisot-
ropy along the [001] direction. We assume that this is caused by
the higher contribution of weaker intra- and interchain interac-

tions in this direction. However, based on our neutron data, we
did not observe any anomalous temperature-induced changes
and all modes soften with increasing temperature. To further
understand the low-temperature behavior of the crystal structure

and vibrational properties of Sb2Se3, single-crystal data are
required; however, this is out of the scope of this study.

Based on the mean force constants, total and element-specific
Debye temperatures, and Grüneisen parameters, we provided a
detailed analysis of the lattice dynamics of this compound.

Although our theoretical approach is not suitable to accurately
reproduce the measured total and partial DPS, reflected from
numerical deviations between the experimentally determined
and theoretically predicted values of the vibrational parameters,
a proper scaling of our predicted phonon data, however, clearly

shows that the observed deviations are not only due to the mis-
match between the experimentally determined and theoretically
predicted lattice parameters. Therefore, we conclude that the
theoretical data underestimate the strength of at least some of

the covalent Sb─Se bonds.
Figure 5. Temperature-induced mode shifts in the total DPS of Sb2Se3.
The mode shifts are emphasized by dashed lines.

Table 3. Experimental mode energies (Eexp.) and their volume-dependent
changes (δE/δV ) as derived from Figure S3, Supporting Information, from
which the Grüneisen parameter (γexp) was determined. Theoretical
Grüneisen parameters (γtheo.) are shown for comparison. Error bars
in Eexp and δE/δV were taken from the fits shown in Figure 3 and 4,
respectively.

Eexp [meV] δE/δV [meV Å�3] γexp. γtheo.

7.34(17) –0.043(2) 3.19(17) 3.0

11.28(20) –0.041(23) 2.0(12) 1.9

14.77(19) –0.020(8) 0.74(30) 2.1

18.35(18) –0.068(12) 2.0(36) 0.6

21.57(19) –0.084(18) 2.1(45) 0.6

23.63(19) –0.114(7) 2.6(17) 0.1

26.09(19) –0.075(17) 1.6(36) 0.01
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4. Experimental Section

For the 121Sb NIS measurement, a polycrystalline Sb2Se3 sample was
synthesized according to the procedure described by Herrmann et al.[9]

For the INS experiments, a commercial Sb2Se3 sample (Sigma Aldrich,
99.999%) was used. The choice of different samples was explained
because it was difficult to synthesize the amount of sample required
for the INS experiment by the method presented by Herrmann et al.[9]

The phase purity of both samples was confirmed by XRD measurements.
The chemical composition was studied by X-ray fluorescence spectroscopy
(XFS), which resulted in a composition of Sb2.00(1)Se3.01(1) for both
samples.

Low-temperature powder diffraction measurements on the NIS
sample were performed using a Huber G670 Guinier Camera which
was equipped with a He closed-cycle cryostat and an image plate detector
(Cu Kα,1; 2θ¼ 0�–100�; Δθ¼ 0.005�). The sample was cooled down to
40 K using a cooling rate of 5 Kmin�1. Powder diffraction patterns of
Sb2Se3 were collected with an exposure time of 2 h every 40 K up to
280 K and at 150 and 300 K. Between each temperature point, the temper-
ature was raised with a rate of 5 Kmin�1 and subsequently stabilized using
a dwell time of 5 min.

Le Bail refinements were performed on all powder patterns using the
program JANA2006.[11] The background was described with 100 points
and fitted together with the zero shift using a 20-parameter Legendre
polynomial function. The peak profile was fitted with a pseudo-Voigt
function including an angle-independent Lorentzian (LX) and Gaussian
contribution (GW). Starting values for the lattice parameter at ambient
temperature were taken from a previous study.[5]

INS experiments on Sb2Se3 were performed at the beamline Wide
Angular-Range Chopper Spectrometer (ARCS) (Spallation Neutron Source
[SNS], ORNL, TN, USA).[12] An Al can was filled with the sample in He
atmosphere and then sealed with an indium ring. An empty Al can was
used for background determination. Time-of-flight (TOF) spectra of
Sb2Se3 were collected at 39, 150, and 300 K using an incident neutron
energy of 45meV. The frequencies of the T0 chopper and of the Fermi
chopper were set to 90 and 300 Hz, respectively.[12] At each temperature,
data were measured twice for 1 h. The binning of the measured TOF spec-
tra and the subsequent calculation of scattering functions was performed
with the program Data Analysis and Visualization Environment (DAVE).[13]

The sample scattering functions were determined by subtracting the
empty can data from the measured total scattering function. In the scat-
tering data, a Bragg peak at around 2.7–2.8 Å�1 was selected and the
energy spectrum around this peak served as elastic line for the subsequent
data treatment. The inelastic contribution was deduced by subtracting the
elastic line using the program subs02 (P01, DESY). The total DPS was
determined using a modified version of the program DOS.[14] For
separating multiphonons, the recoil energy was set to a value of 2 meV
close to the average value of ðℏ ⋅QÞ2=2 ⋅mi (ℏ: reduced Planck constant;
Q: average momentum transfer; mi: element mass) in the compound.

The 121Sb NIS experiments were performed at the Dynamics Beamline
P01 at PETRA-III (DESY, Hamburg) using a sapphire backscattering high-
resolution monochromator.[15,16] The incident beam energy was adjusted
to the Sb resonance (37.13 keV). About 5mg of Sb2Se3 were distributed on
an area of 5� 5 mm2 and covered by Al tape. The sample was placed in a
cryostat and cooled to a temperature of 15 K to get a sufficiently high
Lamb–Mössbauer factor. Using detailed thermal balances of the negative
and positive parts of the spectrum evaluated with the Bose–Einstein
statistics, the sample temperature was estimated to be 39(5) K. NIS
spectra were measured over 8 h in several scans, which were binned
and summed up. All spectra were collected with an energy resolution
of around 1.4 meV. The 121Sb partial DPS was calculated from the NIS
spectrum using a modified version of the program DOS,[14] which includes
a deconvolution of the NIS spectra with the instrumental function and
convolution by a Gaussian function to consider the asymmetry of
the instrumental function. The instrumental resolution function and the
NIS spectrum of Sb2Se3 are shown in Figure S1, Supporting Information.

For the subsequent data treatment, both the total and partial DPS were
normalized to the area between 0meV and the cutoff energy (see later).

The Se partial DPS of Sb2Se3 was determined by subtracting the Sb
partial DPS from the total (neutron weighted) one, using Equation (6)

GðEÞ ¼

P

i ni ⋅ giðEÞ ⋅
σi
Mi

P

i ni ⋅
σi
Mi

(6)

where G(E) and g(E)i are the total and element/isotope-specific DPS,
respectively; σi is the element-specific total neutron scattering cross-
section (Sb: 3.90(6) barns, Se: 8.30(6) barns[17]); Mi is the element mass
(Sb: 121.76 amu, Se:78.97 amu); and ni is the fraction of the elements.

Density-functional theoretical (DFT) calculations were performed using
the Vienna Ab Initio Simulation Package (VASP)[18] in the framework of the
projector augmented wave method.[19] Plane-wave basis sets with kinetic
energies up to 500 eV were utilized. Exchange and correlation were treated
following the local density approximation (LDA).[20] It is important to
mention that the LDA functional should not be used together with func-
tional for van der Waals correction, so we avoided including such van der
Waals correction on purpose. However, the theoretical approach applied
in this study resulted in astonishingly good results in previous studies and
was therefore also chosen here.[6,7,21] Phonon properties were computed
using the Phonopy program[22] based on forces obtained by VASP using
2� 6� 2 super cells related to the orthorhombic Sb2Se3 unit cell. Total
and partial densities of phonon states were computed on 8� 24� 8
meshes of reciprocal space points. A weighting of our theoretically
predicted total and partial DPS by the element-specific neutron scattering
cross sections was conducted using Equation (6). Atomic force constants
were derived from the force constant matrices obtained from Phonopy as
described by Stoffel et al.[7] Mode-specific Grüneisen parameters were
calculated as implemented in Phonopy using 8� 24� 8 meshes of
reciprocal space points and data obtained from the equilibrium structure
and theoretically optimized structures based on scaled lattice vectors
(�1%). All calculations were performed at a reference temperature of 0 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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