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ABSTRACT

AgCrSe, exhibits remarkably high ionic conduction, an inversion symmetry-breaking structural transition, and is host to complex non-
colinear magnetic orders. Despite its attractive physical and chemical properties and its potential for technological applications, studies of 3
this compound to date are focused almost exclusively on bulk samples. Here, we report the growth of AgCrSe, thin films via molecular
beam epitaxy. Single-orientated epitaxial growth was confirmed by x-ray diffraction, while resonant photoemission spectroscopy measure-
ments indicate a consistent electronic structure as compared to bulk single crystals. We further demonstrate significant flexibility of the
grain morphology and cation stoichiometry of this compound via control of the growth parameters, paving the way for the targeted engi-
neering of the electronic and chemical properties of AgCrSe; in thin-film form.

S¥:20:GL ¥20z Aenuer

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0184273

I. INTRODUCTION anti-ferromagnetic order within the triangular Cr in-plane sublattice
at low temperature,(”7 and in AgCrSe;, the formation of a half-
metallic electron gas at the CrSe,-terminated surface.”

There are two inequivalent Ag sites between these CrSe,
layers, both forming triangular sublattices in AgCrSe,. At room
temperature, Ag atoms exclusively occupy only one of these sublat-
tices, making the structure non-centrosymmetric [Fig. 1(b),
bottom]. Upon heating, however, AgCrSe, exhibits an order-disor-
der transition. A significant increase in Ag ion mobility leads to a
dynamical population of both Ag sublattices, which makes all Ag
sites, on average, half-filled [Fig. 1(b), top], causing a symmetry
change from R3m to R3m and restoring inversion symmetry."”"’
Liquid-like thermal conduction has been reported on AgCrSe, in
the superionic state,'' where transverse vibrations of Ag atoms are

Layered materials often exhibit useful and interesting proper-
ties, in part due to the prevalence of quantum size effects owing to
their inherently restricted dimensionality. Among such systems,
materials that form as “natural heterostructures,” in which each
layer contributes distinct properties, provide a unique playground to
explore novel phenomena arising from interactions between the
charge, spin, orbital, and structural degrees of freedom of the dispa-
rate subsystems. AgCrSe, is one such material, comprised of alter-
nately stacked triangular-lattice CrSe, and Ag layers [Fig. 1(a)]." The
CrSe, sublattice is analogous to the van der Waals (vdW) crystal
CrSe,,” which is currently under intense investigation as a possible
host of two-dimensional magnetism.”* Unlike the vdW compounds,

however, additional Ag atoms are located between the CrSe; layers  gyppressed by the ultrafast atomic fluctuations inherent to the
in AgCrSe;, making this material a close relative to the Cr-based  order—disorder transition, resulting in extremely low lattice thermal
delafossite oxides, e.g, AgCrO,.” In such delafossites, trivalent Cr conduction.
ions (Cr’*) with a 3d’ electron configuration half-fill the t,, orbit- High ionic conductivity makes AgCrSe; an interesting candi-
als, giving rise to S =2 magnetism, which results in a frustrated date for investigation for use in solid fuel batteries, eliminating the
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FIG. 1. (a) The room-temperature crystal structure of AgCrSe, where CrSe;
layers and Ag layers are stacked alternately along the c-axis direction.’ The
lattice parameters reported for bulk crystals at room temperature are
abuk = 3.6798-3.6834 A, and cpu = 21.210-21.231 A, respectively."*'® (b)
Top view of the Ag sublattice in the ordered (bottom) and disordered (top) state.
Two inequivalent configurations are possible for Ag atoms (red filled circles and
circles with broken line). In the ordered state, Ag atoms predominantly occupy
the former configuration while a thermally driven melting of this order allows
both configurations with equal probability at high temperature.

use of flammable Li-based liquid electrolytes. Furthermore, the low
thermal conductivity also gives this material group an advantageous
position for other technological applications such as thermal insu-
lation and efficient thermoelectric devices. This motivates develop-
ing approaches to stabilize AgCrSe, in thin-film geometries. For
example, quantum confinement and the introduction of material
interfaces, which effectively scatter phonons or serve to filter out
the low-energy electrons at interfacial energy barriers, can provide
a powerful route for enhancing thermoelectric figures of merit,"”
while there are several promising reports of tunable ionic and
thermal conductivity via control of material thickness, grain size,
and the formation of nanocomposites.'”~'” To date, however, such
approaches have barely been applied to AgCrSe,, and developing
experimental pathways to control its crystal growth with nanoscale
precision is strongly desired.

In this study, we have employed thin film synthesis using
molecular beam epitaxy (MBE). This technique is known for its
excellent controllability of the growth parameters, and thus its
ability to fabricate thin films with high crystalline quality. Here, we
report the first growth of AgCrSe, thin films and the characteriza-
tion of their morphological and electronic properties.

Il. EXPERIMENTAL DETAILS

All samples shown in this report were fabricated using molec-
ular beam epitaxy (MBE) in a DCA Instruments R450 system.
Elemental sources (Cr, Se, and Ag) were evaporated using an effu-
sion cell, valved cracker cell, and electron-beam evaporator (Focus
GmbH, UVH evaporator EFM 3T), respectively. Flux rates of each
constituent element are controlled independently. As a standard
growth condition, cell temperatures for Cr and Se are kept at 1050
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and 150°C (cell)/500°C (cracker), respectively. The Ag flux is
monitored in real time using a flux monitor, which provides a
current value corresponding to the Ag flux. Due to the much
higher vapor pressure of Se as compared to transition metal ele-
ments, the Se-to-metal flux ratio was kept more than ten times
larger than the stoichiometric ratio in order to minimize Se defi-
ciency in the films. Similarly, all samples were cooled in the Se
environment (Se partial pressure Ps, = 1 x 10~/ mbar).

Selection of substrate materials is one of the most crucial parts
of thin film synthesis. Unless otherwise stated, we employed highly
orientated pyrolytic graphite (HOPG, MaTeck GmbH, epitaxial
strain € =~ —30%) as a growth substrate for all the samples dis-
cussed here. This allows for growing quasi “free-standing”
unstrained thin films via a van der Waals epitaxy-like growth,'” in
order to investigate the intrinsic behavior of AgCrSe;. The HOPG
substrates are freshly cleaved just before introducing them into a
vacuum chamber. However, the in-plane polycrystalline nature of
HOPG substrates makes them unsuitable to use for x-ray diffrac-
tion (XRD) measurements. We thus also fabricated a companion
sample using a 6H-SiC (TankeBlue Co. Ltd.) substrate, which was
thermally treated to form an overlayer of bi-layer graphene. In
order to achieve enough signal intensity for accurate analysis for
phase identification and crystal orientation, this sample has ~ 8
times larger thickness compared to the other films studied here. In
order to achieve this thickness in a feasible time, a slightly higher
growth rate was used, with the Cr cell temperature set at
1100 °C. The substrates were all degassed prior to growth at 50°C
above the growth temperature for 10 min in vacuum.

Throughout the deposition, the surface morphology and the
in-plane lattice spacing of the material are monitored with reflec-
tion high energy electron diffraction (RHEED, STAIB RH15), and
ex situ x-ray diffraction (XRD, Bruker D8) was used to confirm the
crystalline phase. Samples were also examined with x-ray absorp-
tion spectroscopy (XAS) and resonant photoemission spectroscopy
(resPES) to probe the chemical environments of the constituent
metal elements and the electronic structure of the resulting films.
For these samples, we deposited an amorphous Se layer at room
temperature, before removing the samples from vacuum for trans-
port to APE-HE beamline at Elettra Sincrotrone, Trieste,'® for the
spectroscopic characterization. The Se capping layers were approxi-
mately 20 A thick and were removed just before the measurements
by heating the samples in vacuum up to desorption temperature of
Se, in a similar manner described elsewhere.'””’ The Se 3d XPS
spectrum was constantly monitored during decapping to minimize
the residual Se on the surface while preventing the decomposition
of the phase. Atomic force microscopy (AFM, Park systems NX10)
measurements were performed in a non-contact mode, to evaluate
the surface morphology.

lll. RESULTS AND DISCUSSIONS

Figure 2(a) shows RHEED image taken during the deposition
of AgCrSe, on a graphene/SiC substrate (similar results were
obtained for growth on HOPG substrates, see Fig. S1 in the
supplementary material). Clear and sharp diffraction streaks are
obtained from the growing epilayer (orange arrows), indicating a
relatively smooth and well-ordered surface. In addition, a faint
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FIG. 2. (a) RHEED image during the growth of AgCrSe, on a bi-layer gra-
phene/SiC substrate, taken 10 min after starting the deposition, for an estimated
film thickness of ~7 A. Diffraction patterns originating from substrate and epi-
layer are indicated with blue and orange arrows, respectively. (b) 26-w XRD
pattern of the same sample shown in (a). The indexed peaks are diffraction
from AgCrSe; (0 0 3/) planes along with substrate-related peaks (denoted as
S), indicating epitaxial growth of singly orientated AgCrSe;,. On the other hand,
small signals related to Cr,Se; were observed too; this may imply a finite
amount of Ag deficiency in the film. (c) XRR profile of the same sample as
shown in (b). Compared to a simulated curve for a AgCrSe; film with smoother
surface (shown as a gray dotted curve), the experimental data show a strongly
damped oscillation, suggesting a non uniform, rough film surface.

diffraction pattern is observed corresponding to the growth sub-
strate, which eventually disappears as the coverage and film thick-
ness are increased. The in-plane lattice constants estimated from
our RHEED measurements range from 3.56 to 3.83 A, and there
were no significant differences between in-plane lattice constants of
films grown on HOPG and those on graphene/SiC. Including
samples grown on both types of substrates, we obtained an average
value of 3.66 A. This value is comparable to, although slightly
smaller than, typical values reported for bulk crystals of AgCrSe,
(@pux = 3.6798-3.6834 A»*'%). The variation of in-plane lattice
constants can be attributed to some off-stoichiometry in the film
composition, as discussed in more detail below.

We show XRD measurement (26-w scan) of a companion
sample grown on an epitaxial graphene/SiC substrate in Fig. 2(b).
In addition to the SiC substrate, sharp peaks related to (0 0 3I)
planes of AgCrSe, can be clearly resolved, indicating the coherent
growth of c-axis orientated AgCrSe,. We note that the difference in
the lattice constant between the two known bulk polymorphs of
AgCrSe; [Fig. 1(b)] is less than 0.1%. It is therefore not possible to
distinguish the crystal symmetry solely based on the XRD results
presented here, and we thus hope that our work will serve as a
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motivation for future detailed structural studies in the future. We
can still extract some basic materials’ parameters from these mea-
surements. In particular, the c-axis lattice constant, derived by
Nelson—Reily fitting to the peak positions,”" is 21.17 + 0.06 A,
again slightly shorter yet comparable to the values reported for
bulk crystals (cpux = 21.210-21.231 A>>'%). On the other hand,
small signals from Cr,Se; impurity phase can also be seen, suggest-
ing propensity for the inclusion of regions of Ag-poor off-
stoichiometry. The film thickness was estimated from fitting to the
x-ray reflectivity (XRR) profile to be ~ 16.8 nm, while a damped
oscillation can be observed too [Fig. 2(c)] which typically reflects
some non-uniformity and roughening on the film surface. Atomic
force microscopy (AFM) measurements on this sample confirm a
rather rough surface morphology of the as-grown epilayers, with
root mean square roughness of ~ 4.4 nm.

The reduced lattice parameters as compared to bulk AgCrSe,
and the presence of residual Cr,Se;s inclusions likely reflect a finite
Ag deficiency in our grown films. Indeed, Ag vacancies are also
known to be a prevalent cause of off-stoichiometry in the synthesis
of bulk samples.”” To explore this further, and to investigate the
possibility of deliberate tuning of the chemical and physical proper-
ties in AgCrSe;, thin films, we have systematically varied the growth
temperature (T) and Ag flux during the growth. Figure 3(a) shows
AFM images of films grown with a range of substrate temperatures
and incident Ag flux, while the Cr and Se fluxes and the growth
duration were kept unchanged. The film growth proceeds, in all
cases, via the formation of relatively small crystalline grains. As the
growth temperature increases, these grains become larger, trans-
forming from randomly formed islands to thermodynamically pre-
ferred triangular/hexagonal islands, with smoother surfaces.
Consistent with this, we find that the measured RHEED patterns
from these samples (see Fig. S2 in the supplementary material)
exhibit sharper film streaks for samples grown at higher tempera-
tures and with lower Ag fluxes. To quantify this, we have estimated
the crystallographic correlation length from the measured full
width at half maximum (FWHM) of the film streaks from line cuts
through our RHEED images, taken after cooling to room tempera-
ture. The correlation length is plotted as a function of growth tem-
perature and Ag flux in Fig. 3(b). Similar to the trend on the
surface morphology shown in Fig. 3(a), it is clear from these how
higher growth temperature generally acts to increase the correlation
length while lowering the Ag flux also provides an additional con-
tribution to improving the crystal quality. This largely reflects an
increase in the atomic mobility with increasing growth temperature.
Moreover, by reducing the Ag flux, we find a slight reduction of
the film coverage which appears to indicate that the growth rate of
AgCrSe, is limited by the Ag supply in this regime. Thus, the
improved island morphology for lower Ag flux likely reflects the
effects of the reduced growth rate, which in turn effectively
increases the time available for both surface and edge diffusion.
These tendencies qualitatively match with the previously reported
trend on the epitaxial growth of various binary transition metal
dichalcogenides,” suggesting a universal scheme for controlling
grain morphology in thin film growth of both binary and complex
transition metal chalcogenide systems.

From these studies, it is evident that higher growth tempera-
ture is advantageous for the formation of smooth and larger
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FIG. 3. (a) AFM images of AgCrSe; thin films grown on HOPG substrates,
using different growth temperature (Ts) and Ag flux. All images are in the same
0.4 x 0.4 um? scale with 205 px x 205 px resolution. As the growth temperature
increases (from bottom to top in the figure), the grain shape changes from a
random rounded shape to thermodynamically favored triangular/hexagonal
shapes. Lowering the Ag flux (from right to left) brings similar changes as well
as a slight reduction in the film coverage, implying reduction of growth rate
leading to enhanced surface and edge diffusion. (b) Crystallographic correlation
length and (c) a-axis lattice constants of AgCrSe, thin films on HOPG, derived
from RHEED images at room temperature (see Fig. S2 in the supplementary
material). The in-plane lattice constant of bulk samples (Ref. 1) is shown as a
horizontal gray line in (c). Similar to the grain morphology visible in the AFM
images, the estimated correlation lengths increase when using higher growth
temperature and lower Ag flux, reflecting improved crystal quality, while these
growth parameters also influence the film composition resulting in a range of
in-plane lattice constants.
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surfaces of AgCrSe, thin films. However, it also affects the film
composition. In Fig. 3(c), we show the g-axis lattice constants of
the same films shown in Fig. 3(b), as similarly derived from
RHEED images. In particular, we find that the g-axis parameter
reduces with increasing growth temperature, which corresponds to
a reduced Ag-to-Cr ratio in the films.”* This can be understood
from the relative vapor pressures of the constituent elements, with
the vapor pressure of Ag 3-4 orders of magnitude higher than that
of Cr in the temperature range used for the film growth.”*”” This
makes the formation of intrinsic Ag vacancies more likely to occur,
particularly at the higher growth temperatures, promoting the
desorption of Ag atoms from the film surface. We find, however,
that this Ag loss can at least partially be compensated by increasing
the Ag flux supplied during the growth, driving a tendency for the
lattice constant to increase. This is particularly pronounced for
lower growth temperatures, while negligible changes with Ag flux
are observed at the highest growth temperatures studied here. We
attribute this different behavior to the relatively high vapor pressure
of Ag, with increased desorption likely at the higher growth tem-
peratures. This therefore suggests that Ag deficiency can be sup-
pressed both by supplying excess Ag to compensate the Ag loss
and by slightly lowering the growth temperature. In fact, at the
lowest growth temperatures and highest Ag fluxes, we find lattice
constants even larger than in bulk crystals, where Ag deficiency is
still known to be common. We note, however, the complex inter-
play with the morphology of the sample as discussed above.
Different parameter regimes of stoichiometry and morphology,
therefore, appear possible. In particular, as the growth temperature
is the primary factor to determine grain morphology (both size and
shape), we propose that Ag flux can then be used as the main
tuning parameter to control the growth rate and composition of
AgCrSe,, ie., Ag vacancy concentration, with moderately higher
growth temperatures maintained to optimize the film morphology.

Having established the possibility to stabilize phase-pure
Ag;_sCrSe; in thin-film form, we now investigate the electronic
structure of such samples. We show in Fig. 4(a) XAS measurements
with linear horizontal polarization at the Cr L,; edge. The spec-
trum shown here is in good agreement with the characteristic
profile of Cr** in ionic systems, except that the multiplet structure
is smeared out as compared to, e.g., Cr>*-based oxides.”® This sug-
gests higher charge transfer and a more covalent nature of Cr-Se
bonding in this system,” " with our measurements in excellent agree-
ment with XAS measurements from bulk AgCrSe, samples.”"

In Fig. 4(b), we show the valence band photoemission spectra
measured in the soft x-ray regime. A broad valence bandwidth of
~8¢eV is found, with negligible spectral weight at the Fermi level.
This indicates that our films are semiconducting, but with the
Fermi level located close to the top of the valence band, as is also
the case for bulk AgCrSe,.”” Two pronounced peaks in the valence
band density of states (VB-DOS) are observed at around 1-2eV
and 6 eV below the Fermi level. To probe the elemental contribu-
tion of these, we measured the VB-DOS as the photon energy is
tuned across the Cr L,3 x-ray absorption edges [resonant photo-
emission (resPES)], where the spectral weight from Cr-derived
states is enhanced as the probing photon energy is tuned into reso-
nance with the dipole-allowed core-to-valence transition. A clear
increase in spectral weight of the peak at E — Ep ~ —2 eV allows us
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FIG. 4. (a) Cr Ly3-edge XAS measurements and (b) resPES measurements
from a AgCrSe;, thin film grown on an HOPG substrate with a film thickness of
~20 A. The colors of the filled circles on the XAS profile indicate photon ener-
gies where resPES measurements were taken. (c) Cr partial density of states
(PDOS) calculated by subtracting the off-resonant spectra (hv =566.5 eV) from
the on-resonant one (hv =576.5eV). The resulting Cr PDOS closely matches
that gg)served in similar measurements from bulk single crystal AgCrSe; (gray
line).

to assign this peak as arising due to Cr-derived states, while the
weight of the peak at ~ —6 eV binding energy remains rather cons-
tant with changing photon energy. We thus attribute this to
Ag-derived states, consistent with the nominal Ag!* charge state,
and a d' electron configuration of the Ag layers. These states
should be rather localized here, and they thus give rise to a substan-
tial contribution to the DOS.

To assess the degree of hybridization of the Cr and Se states,
we show the Cr partial DOS, extracted as the difference of photo-
emission spectra measured on and off resonance, in Fig. 4(c). This
shows non-negligible Cr weight over an extended energy range
throughout the DOS, pointing to significant Cr-Se hybridization,
consistent with our XAS measurements discussed above. Indeed,
our resPES spectra are in excellent agreement with those previously
obtained from bulk AgCrSe, single crystal samples’ [Fig. 4(c)].
This not only provides additional support to our structural charac-
terizations performed above, but further indicates that the elec-
tronic structure of AgCrSe; thin films remains largely unchanged
from those of the bulk compound, at least at the thickness range
we have investigated here.

IV. CONCLUSION

In summary, we have systematically investigated the growth
window for epitaxial growth of AgCrSe, thin films by means of
molecular beam epitaxy. We have demonstrated the possibility for
tuning both the surface morphology and stoichiometry, in
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particular, the amount of Ag deficiency, by varying the growth
temperature and the Ag flux used during the growth. From x-ray
absorption spectroscopy and resonant photoemission, we have
shown that our samples support a nominal Cr>" valence and an
electronic structure markedly similar to that of the bulk single
crystal, suggesting thin films of AgCrSe, as an ideal platform in
which to investigate, and attempt to control, the magnetic order on
the Cr sites, as well as to explore the influence of cation off-
stoichiometry on superionic conduction in this system.

SUPPLEMENTARY MATERIAL

See the supplementary material for the comparison of RHEED
images between AgCrSe, thin films grown on two different sub-
strates, i.e., HOPG and graphene/SiC (Fig. S1) and AgCrSe, films
grown on HOPG with varied growth temperature as well as Ag flux
(Fig. S2).
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