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Abstract
Inelastic neutron scattering (INS) measurements of a powder specimen of cation
conducting AgCuS have been performed in its β-phase at 298 and 348 K and in
its α-phase at 398 K by neutron time-of-flight (TOF) scattering. The neutron-
weighted phonon density of states, G(ε), of the superionic and non-superionic
phases of AgCuS has been obtained. G(ε) reveals a non-Debye behaviour at
low energy that is caused by the presence of low-energy modes at 2.6 meV
observed in the dynamic structure factor. The origin of this mode is not clear.
The β → α phase transition at 366 K is accompanied by considerable softening
of several modes and simultaneous broadening of all peaks that result in a large
increase of quasi-elastic intensity. Thermodynamic variables have been derived
on the basis of G(ε).

1. Introduction

A ternary compound of silver copper sulphide, AgCuS, has long been known to occur in nature
with the mineral name stromeyerite [1–6]. The crystal structures of the low-temperature γ -
phase, and the room-temperature β-phase of AgCuS with a γ → β phase transition at ∼250 K,
were studied precisely in [7]: β- and γ -AgCuS have closely related orthorhombic symmetry
with space groups Cmc21 (No. 36) and Pmc21 (No. 26). The room-temperature structure
is based on the distorted hexagonal close packing of S atoms. The Cu atoms have trigonal
coordination, coplanar with hexagonally packed sulfur layers. These layers are bridged by two-
coordinate Ag atoms, which have large and highly anisotropic thermal motion and are bonded
with near linear geometry to sulfur. The structure of γ -AgCuS differs in that the copper–sulfur
sheets have become buckled and the Ag atoms are ordered into the sites either side of the
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point about which they were vibrating at room temperature. The γ → β phase transition is
a second-order ‘order–disorder’ transition with respect to the Ag sublattice, which is strongly
related to changes in the lattice dynamics also. One of the major differences between the
β- and γ -phases is a greatly diminished thermal motion of silver in γ -AgCuS [7]. As the
temperature increases, AgCuS transforms at 366.5 K into a hexagonal α-phase, which reveals
unusual physical properties, namely, anomalously high ionic conductivity. Sulfur atoms in
α-AgCuS retain their hexagonal close-packed (hcp) configuration, but both silver and copper
cations are disordered. However, Skarda et al refined the structure at T = 388 K by neutron
powder diffraction and found that the Ag and Cu are not completely disordered [6]. Instead,
most of the Cu atoms remain coplanar with sulfur as in the room-temperature phase. A next
phase, appearing on further heating, is characterized by face-centred cubic (fcc) packing of
sulfur [4, 5]. It is supposed that Ag and Cu ions are completely disordered in that cubic phase,
though its structure has not yet ben studied [5, 6].

Originally, the main interest in AgCuS was focused on its mineralogical occurrence.
Recently, the high ionic conductivity and gradual disorder in the sequential phase transitions
has renewed the interest in this compound. As is known, the lattice dynamics and diffusion
in superionic conductors are closely related. In particular, it is assumed that diffusion in
superionics can be considered as a process connected with the low-energy optic (LEO) mode
observed in the vibrational spectra of superionics [8]. Low-energy (LE) excitations have been
observed by inelastic neutron scattering in the low-temperature phase of cation conducting
superionics and it was suggested that the LE mode is connected with the localized vibration of
the conducting type of ion [9] or with low-energy flat transverse acoustic (TA) phonons [10].
Wakamura considered the lattice dynamics in superionics based on a linear chain with two
kinds of atom [10]. He showed that the value of LE excitation is related to the frequency of
the transverse zone-edge acoustic phonon. This leads to the proportionality of ELE ∼ 1/

√
m,

where m is the heavier atomic mass. Recently, Sakuma, on the basis of INS results, has pointed
out that the values of the LE excitation depend on the mass of the heaviest ion in the compound
as 1/

√
m and not on the mass of the conducting ions [11].

It is important to consider another approach to the LE mode in superionic conductors
proposed by Boyer [12]. Boyer has provided an explanation for superionicity in CaF2, in terms
of high-temperature instability of a perfect lattice [12]. It has been argued that the softening
of the lowest-energy mode in CaF2 is related to the onset of the ionic conductivity, since both
effects occur at similar temperatures and lattice constants. CaF2 has the fluorite structure,
similar to many other superionic conductors where the LE mode has been observed [8–10]. At
the LE mode, fluorine anions move along cubic axis directions with cage cations at rest. It is
apparently of importance that neighbouring chains move out of phase. In this case fluorine ions
can move in the cubic axis directions without restriction. To fit together an insufficient value of
the amplitude of LE mode and the value of the minimal distance between two tetrahedral sites,
Boyer has suggested that mobile ions disordered mostly over tetrahedral sites should first go in
the direction of the empty octahedral sites to reduce a large potential barrier and after that jump
to an adjacent tetrahedral site. The proposed mechanism of diffusion agrees with the results
of [13–15] where a diffusion pathway of mobile ions in fcc superionic conductors along the
tetrahedral sites in ‘skewed’ 〈100〉 directions through the peripheries of octahedral cavities was
proposed.

Without doubt, the lattice dynamics and in particular the LE modes are key to under-
standing the phenomenon of superionicity. However, the role of the LE modes in superionic
conductors is not clear. For example, recent INS measurements performed on single-crystal and
powder superionic Cu2−δSe have shown no low-energy optic mode in this compound, though
TA modes in Cu1.85Se are unusually flat over the major part of the Brillouin zone [9].
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In the present work we report the results of inelastic neutron scattering studies of lattice
dynamics in the powder α- and β-AgCuS superionic conductor, which to the best of our
knowledge has not been studied up to now.

2. Experiments and data reduction

AgCuS powder samples were synthesized by a solid-state reaction method. The phase
purity of the sample was confirmed by powder x-ray diffraction using a STOE STADI P
diffractometer (Cu Kα1 radiation, curved Ge(111) monochromator, transmission mode, step
0.03◦ (2θ), curved phase-sensitive detector). Calorimetric analysis was performed with
simultaneous thermal analysis (STA) measurements, which combined thermogravimetry (TG)
and differential scanning calorimetry (DSC). The measurements were performed using a
Netzsch STA 429 device at a heating–cooling rate of 10 K min−1 in argon atmosphere in the
300–1000 K temperature range. The constant pressure heat capacity Cp was measured in the
3–300 K temperature range. The inelastic neutron scattering experiment was performed with
the DIN-2PI time-of-flight (TOF) spectrometer of direct geometry installed at the IBR-II pulsed
neutron reactor in the Joint Institute for Nuclear Research, (Dubna, Russia) [16].

The inelastic neutron scattering spectra of β-AgCuS were collected at 298, 348 K, and
of α-AgCuS at 398 K. The initial neutron energy E0 was 11.8 meV. Neutron scattering data
were collected simultaneously by about 180 He3 detectors, grouped into 12 units at constant
scattering angles ϑ in the range 28◦ < ϑ < 134◦. The energy resolution was about 5–8%
for energy transfers between 0 and 60 meV. A polycrystalline sample (about 60 g) was placed
in a hollow cylinder of 6 cm in diameter and 12 cm of height made from thin aluminium
foil. The thickness of the sample was about 1–1.5 mm. The transmission of the sample
was about 95%. The vacuum in the sample chamber during measurements was better than
5 × 10−2 mm Hg. Empty container and vanadium normalization measurements were also
performed. The standard corrections for background due to the empty container (taking into
account self-shielding), normalization and detector efficiency corrections were applied to the
measured differential cross section data by the standard data reduction procedure at DIN-2PI.
The neutron-weighted phonon density of states (PDOS) was obtained by an average of the
generalized energy distribution function G(Q, ε) over a Q range of neutron wavevector transfer
of 1–7 Å

−1
. The generalized energy distribution function G(Q, ε) is related to the dynamic

structure factor S(Q, ε) by the relation

G(Q, ε) = 2M

(h̄ Q)2

ε

n(ε) + 1
e2W (Q)S(Q, ε), (1)

where M is the mass of the scattering unit, 2W (Q) is the Debye–Waller exponent, and n(ε)

is the Bose–Einstein distribution function. The neutron-weighted PDOS, G(ε), is equal to the
sum of the weighted individual atom partial densities of states, G p(ε), with weighting factors
cpσp

Mp
, where cp, σp, Mp are the concentration, total neutron scattering cross section and mass,

for the pth atomic species. For the present case, the neutron-weighted factors cpσp

m p
for Ag, Cu

and S are 0.046, 0.125, 0.032. So contributions from thermal vibrations of all elements are
observable in the experimental PDOS.

In the strict sense, the neutron-weighted PDOS includes contributions connected with
multiphonon and multiple-scattering events which should be taken into account during data
analysis. Multiple scattering is estimated to be very small in the total intensity of INS spectra
(5% at the most) and is expected to produce a smooth background; this correction has not been
taken into account. In general, the correction for multiple intensity in the case of a 95% neutron
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Figure 1. X-ray diffraction pattern of β-AgCuS at 298 K. The Rietveld fit is based on the model
proposed in [7]. Crosses are experimental data, the line through the crosses is the calculated profile
and the lower curve is their difference. Tick marks show the calculated positions of β-AgCuS Bragg
reflections.

transition factor can produce only a minor effect on the result of the PDOS [17]. In contrast, the
contribution connected with the multiphonon component in AgCuS could be rather high due
to elevated temperatures of the measurements and a very high amplitude of thermal motion in
AgCuS. A multiphonon correction procedure was applied as described in [18].

3. Data analysis and results

X-ray diffraction (XRD) analysis was performed on AgCuS at room temperature before and
after the INS measurements. The XRD results reveal AgCuS as a single phase during all INS
measurements and show reversibility of the α–β phase transition. At room temperature, AgCuS
has the β-phase structure, in agreement with [7] (figure 1). The DSC curve of AgCuS measured
in argon atmosphere displays strong endothermic signals at 370 and 936 K, which correspond
to the superionic phase transition and the melting point, respectively (figure 2). The weight of
the sample did not change during STA measurements within a precision of 0.2%.

The PDOSs of β-AgCuS at 298, 348 K and α-AgCuS at 398 K with calculated
multiphonon and one-phonon contributions are presented in figure 3. The low-energy region
(ε < 2 meV) where G(ε) could not be analysed because of the elastic peak is shown by
hatching; in this energy region G(ε) was approximated by the Debye law ∼ε2. The spectra of
G(ε) in β-AgCuS at 298 K can be described as a broad distribution up to ∼25 meV with
two overlapped maxima at 6, 10.5 meV and a high-energy tail extended up to ∼42 meV.
For T = 298 and 348 K, the resulting G(ε) agree within statistical errors, which suggests
a harmonic behaviour of β-AgCuS in this temperature range. For T = 398 K, on the other
hand, there is an increase in low-energy modes below 4 meV, and at an energy above 4 meV the
shape of G(ε) is smeared out; peaks at ε ∼ 6 and 10.5 meV transform to one broad distribution
centred at ∼11 meV.
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Figure 2. STA traces for AgCuS measured at a heating rate of 10 K min−1 in argon atmosphere. The
solid line is the DSC curve, and filled circles correspond to the TG curve. Endothermic peaks (1)
and (2) correspond to the β → α superionic phase transition and melting point, respectively.

The PDOS demonstrates the linear dependence on ε at an energy ε > 2 meV for all three
temperatures, instead of the parabolic one G(ε) ∼ ε2 typical of 3D solids. We can assume
that the linear dependence of G(ε) ∼ ε is connected with the presence of the low-energy mode
and resolution effects of the measurements. The lowest-energy modes were observed in INS
spectra of β-AgCuS at 2.6 meV. Analysis of the angle (Q) dependence of the INS spectra was
not performed because of limited statistics. To improve the statistics we present spectra of the
dynamic structure factor of AgCuS at 298, 348 and 398 K in figure 4 summarized over all
detectors. Peaks at 2.6 meV are seen in β-AgCuS at both sides of the spectra—the neutron
energy gain and the neutron energy loss. Peaks at 6 and 10.5 meV well observable at G(ε)

spectra can be distinguished in the S(ε) spectra as barely perceptible bending. No drastic
changes in the line-shape of the S(ε) spectra or shift in the peak positions take place as the
temperature of the sample increases from 298 to 348 K. At the same time, as the temperature
increases to T = 398 K the S(ε) spectrum of α-AgCuS changes considerably. The low-
energy part of S(ε) merges with the elastic peak to become a unified broad energy distribution
centred at ∼0 meV with long tails extended to 15–20 meV. The changes in S(ε) at the β → α

phase transition most probably are caused by softening of low-energy modes with simultaneous
increase of the peak width.

Some important lattice dynamics parameters can be obtained from the PDOS: for example,
the Debye temperature 
D, lattice specific heat capacity (CV ), the mean-square displacements
〈u2〉 for the scattering unit and also the n-moments of the PDOS (Gn(ε)). The Debye
temperature can be extracted from G(ε) under the assumption that G(ε) has Debye-like
behaviour in the low-energy limit. We define the Debye model PDOS extending up to a Debye
cut-off energy εD as

GD(ε) =
{

αε2, ε � εD

0, ε > εD
(2)
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Figure 3. The PDOSs in AgCuS at 298, 348 and 398 K with one-phonon and multiphonon
contributions: experiment—empty circles, one-phonon—filled circles, multiphonon contribution—
solid line. The dashed region corresponds to the energy range where G(ε) was interpolated to 0
according to the Debye law.

where the constant α is given by the normalization condition
∫ εD

0 G(ε) dε = 1, i.e. the Debye
cut-off is determined as 3

ε3
D

= 1, and the Debye temperature as 
DkB = εD. 〈u2〉 was derived

by an iteration procedure during multiphonon correction [18]. To compare results on 〈u2〉
obtained from G(ε) with XRD results we have calculated the neutron-weighted 〈u2〉 from the
XRD results:

〈u2〉 = uAg
iso

cAgσAg

MAg
+ uCu

iso

cCuσCu

MCu
+ uS

iso

cSσS

MS
, (3)
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Figure 4. Dynamic structure factor of AgCuS averaged over all angles at 298, 348 and 398 K.

where uiso is an isotropic thermal factor for Ag, Cu and S (see figure 7). The first and second
moments of G(ε) that have a clear physical meaning were determined in the usual way:

Gn(ε) =
∫ εD

0
G(ε)εn dε. (4)

The first momentum G1(ε) corresponds to the mean energy of the PDOS 〈ε〉 and the second
one G2(ε) to mean-square energy 〈ε2〉 that is in turn related to the mean force constant V :

V = M

h̄2

∫ ∞

0
G(ε)ε2 dε. (5)

If we neglect the temperature dependence of the density of states (quasi-harmonic
approximation) then the constant-volume lattice specific heat per atom can be expressed as

CV = 3kB

∫ ∞

0
G(ε)

(
βε

eβε − 1

)2

εβε dε. (6)

The temperature dependence of the total heat capacity Cp(T ) derived from calorimetric
measurements and the lattice heat capacity Cv(T ) calculated from G(ε) measured at 298 K
in quasi-harmonic approximation are shown in figure 5. The quite good agreement between the
measured and the calculated lattice specific heat gives confirmation of the validity of the shapes
and of the characteristics of the PDOS, whereas a small difference can result from anharmonic
effects, electronic or other non-vibrational contributions. It should be noted that the neutron-
weighted PDOS does not correspond exactly to real G(ε); however, the multiphonon correction
improves the agreement between Cp(T ) and Cv(T ). The lattice specific heat Cv(T ) calculated
in the frame of the Debye model agrees with the experimental Cp(T ) much less than Cv(T )

derived from experimental neutron-weighted G(ε). This demonstrates the importance of the
optic mode contributions to the thermal properties of AgCuS, which are not considered in the
Debye model. To analyse the heat capacity behaviour at low temperature we plot C/T versus
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Figure 5. Experimental C p(T ) obtained using the calorimetric method and lattice heat capacity
Cv(T ) derived from G(ε) in quasi-harmonic approximation. The dot–dashed line corresponds to
Cv(T ) calculated according to the Debye model, 
D = 130 K.

Table 1. Thermal parameters derived on the basis of G(ε).

T = 298 K T = 348 K T = 398 K

Cv (J (mol K)−1) 23.8 24.1 24.3

D (K)

ε→0
125.9 ± 10 125.0 ± 10 112 ± 10

〈ε〉 (meV) 16.4 ± 0.5 16.2 ± 0.6 16.5 ± 0.5
〈ε2〉 (meV2) 381 ± 12 368 ± 15 381 ± 12

〈u2〉 (Å
2
) 0.012 ± 0.001 0.014 ± 0.0015 0.018 ± 0.001

the temperature squared in figure 6. The low-temperature T 3 regime of the lattice specific heat
does not extend beyond a few kelvins for α- and β-AgCuS, and both dependences demonstrate
a negative curvature at T > 5 K. This is hardly surprising for the lattice specific heat because
of the unusual linear dependence of G(ε) ∼ ε in the accessed experimental low-energy region.
However, Cp(T )/T demonstrates a large positive curvature at T > 5 K that is direct evidence
of the existence of the low-energy mode in fully ordered γ -AgCuS. Linear fitting of C/T has
shown the term corresponding to electronic conductivity to be equal to zero in the limit of
precision.

The resulting vibrational contribution to the specific heat CV , mean-square displacement
〈u2〉, and the first and second moments of G(ε) as representative values for 298, 348 and 398 K
are given in table 1. The first and second moments of G(ε), 〈ε〉 and 〈ε2〉, at all temperatures
(T = 298, 348 and 398 K), can be considered as coinciding results in the precision of the
experiment. Values of Debye temperature and the mean-square displacement 〈u2〉 derived
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Figure 6. Total specific heat C/T of AgCuS (filled circles) and neutron-weighted lattice specific
heat Cvib/T of β-AgCuS (empty triangles) derived in the quasi-harmonic approximation from G(ε)

at 298 K. Linear interpolation is shown by lines.
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Figure 7. The neutron-weighted mean-square displacement 〈u2〉 (AgCuS) derived from INS (G(ε)

at 298, 348 and 398 K) and XRD (Uiso) experiments. The temperature dependence of 〈u2〉 derived
from G(ε) at T = 298 and 348 K in the quasi-harmonic approximation is coincident (small filled
circles).

at 298, 348 and 398 K are indicative of both a gradual (general) phonon softening as the
temperature increases and a drastic lattice vibrational softening at the β → α phase transition.
The results of temperature dependence of 〈u2(T )〉 derived from G(ε) at 298 and 348 K in
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the quasi-harmonic approximation are identical. The mean-square displacement increases with
temperature within the β-phase in such a manner that linear interpolation of 〈u2(T )〉 to low
temperature results in 〈u2〉 = 0 at T = 0 K (see figure 7). Such a temperature dependence
corresponds to harmonic behaviour of the thermal vibrations in β-AgCuS. Agreement between
G(ε) at 298 and 348 K shows that modifications of S(ε) as the temperature increases from
298 to 348 K are related to the increase of the thermal-population factor, but are not connected
with anharmonic effects. At the same time, 〈u2〉 derived from G(ε) at 398 K does not agree
with a linear interpolation for T = 298 and 348 K, that is connected with changes in the
character of thermal vibrations at the superionic phase transition. Results on 〈u2〉 derived from
XRD experiments are shown in figure 7. The agreement between the XRD and INS results
is quite good. Values of 〈u2〉 from XRD are also impossible to interpolate linearly because
AgCuS at T = 120 and 298 K exists in different phases and also because at 13 K quantum
effects in the lattice vibration are significant. Notice that 〈u2〉 in β-AgCuS (T = 298, 323 K)
derived from XRD data is smaller than 〈u2〉 derived from G(ε) at 298 and 348 K. According
to [7], a significant feature of the structure is a large and highly anisotropic motion of Ag
atoms. Since the neutron-weighted factor for silver is quite small (three times smaller than
the same factor for copper), a small error in the derivation of G(ε) can produce a significant
error in the determination of high-amplitude vibration states. At the same time, the smaller
value of 〈u2〉 obtained on the basis of INS results may be an indication of the absence of
static disorder in β-AgCuS. This is confirmation that the motion of silver would be better
described by an anharmonic model rather than by static disorder [7]. The small neutron-
weighted factor for silver could also be a reason why G(ε) demonstrates harmonic behaviour
in β-AgCuS. Actually, it is expected that the strongest anharmonic effects in AgCuS are
related to thermal motion of silver atoms which is masked by its small contribution to the
neutron-weighted G(ε).

The Debye temperature derived in the low-energy limit from G(ε) measured at 298 and
348 K coincides, and equals 125 K. The Debye temperature derived from G(ε) at 398 K
equals 112 K. At the same time, 
D derived from calorimetric measurements equals 187 K.
The higher value of 
D obtained from calorimetric measurements is evidence that the lattice
vibrations in γ -AgCuS are much harder than in β- and α-AgCuS. Hence on the basis of the
INS results and heat capacity measurements we can conclude that phase transitions in AgCuS
from the γ - to the β- and further to the α-phase with a gradual disordering are accompanied
by considerable softening of the lattice vibrations. If we consider the invariability of the
thermodynamic parameters CV , 〈ε〉 and 〈ε2〉 which are calculated by integration of G(ε)

over all the energy range of lattice vibrations, we state that the most important changes in
the lattice dynamics take place at the β → α phase transition at the low-energy part of the
spectra. The most striking peculiarity of the lattice dynamics in AgCuS is the presence of a
low-energy mode near 2.6 meV, which is probably connected with localized vibrations of the
heaviest silver ions in AgCuS. However, strong evidence about the nature of the LE peaks
can be deduced from single-crystal INS experiments. Indeed, the INS experiment performed
on single-crystal Cu1.85Se has revealed that dispersionless LE modes observed in INS spectra
of powder α- and β-Cu2−δSe are connected with the flat transverse acoustic phonons, but not
with the optic mode [9]. The presence of flat acoustic phonons in AgCuS is not excluded.
Such a type of acoustic phonons has been observed in binary compounds of YB6, ZrB12, LaB6,
where bonding between one type of atoms was weak [19]. On the basis of crystallographic
results of AgCuS (the high value of uiso for Ag, a gradual disordering of silver sublattice
with temperature) we expect the bonding strength between Ag and CuS sublattice to be
weak also.

10
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4. Conclusion

In conclusion, this paper describes INS measurements of the ternary AgCuS superionic
conductor in the non-superionic β- and superionic α-phases. Low-energy modes are observed
in S(ε) and G(ε) spectra of β-AgCuS near 2.6, 6, and 10.5 meV. The neutron-weighted PDOS
show a non-Debye-like behaviour for α- and β-AgCuS in the low-energy region accessed in
our experiment as a result of the existence of the low-energy mode at ∼2.6 meV. The origin of
this mode is not clear, but it could be related to optic-like localized vibrations of Ag ions or it
could be a flat acoustic phonon. The low-temperature specific heat measurements give a strong
indication of the low-energy anomaly in the PDOS of γ -AgCuS.

The dynamic structure factor changes with temperature within the β-phase (T = 298,
348 K) according to the thermal-population factor; the PDOS does not reveal any temperature
dependence. At the β → α phase transition the INS spectra and PDOS change considerably.
The modifications of lattice dynamics at the β → α phase transition consist of essential
phonon softening and smearing of the peaks. These modifications take place, first of all, at
the low-energy part of the PDOS whereas the high-energy part of the spectra does not change
significantly. A consistent temperature dependence of the PDOS in β-AgCuS at 298 and 348 K
and for 〈u2〉 indicates that the anharmonicity in the lattice dynamics of β-AgCuS is connected
mostly with thermal motions of the silver ions. Single-crystal INS investigations of AgCuS as
well as numerical studies of the PDOS (especially the atomic partial PDOS) are needed.
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