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ABSTRACT

The odd parity nature of 4f states characterized by strong spin-orbit coupling and electronic correlations has led to a search for novel
topological phases among rare earth compounds, such as Kondo systems, heavy Fermions, and homogeneous mixed-valent materials. Our
target system is thulium telluride thin films whose bandgap is expected to be tuned as a function of lattice parameter. We systematically
investigate the growth conditions of Tm,Te, thin films on SrF, (111) substrates by molecular beam epitaxy. The ratio between Te and Tm
supply was precisely tuned, resulting in two different crystalline phases, which were confirmed by x-ray diffraction and x-ray photoemission
spectroscopy. By investigating the crystalline quality as a function of the substrate temperature, the optimal growth conditions were identified
for the desired Tm; Te; phase. Additional low energy electron diffraction and reflective high energy electron diffraction measurements confirm
the epitaxial growth of TmTe layers. X-ray reflectivity measurements demonstrate that homogeneous samples with sharp interfaces can be
obtained for varied thicknesses. Our results provide a reliable guidance to prepare homogeneous high-quality TmTe thin films and thus serve
as a basis for further electronic investigations.

© 2022 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/10.1063/5.0083276

I. INTRODUCTION most likely exhibit hybridization gaps between the localized 4 f states

and conduction band states. Considering the universal hybridiza-

Topologically nontrivial electronic structures in solids have
become a central topic in the field of condensed matter physics since
they highlight the importance of the phases of wave-functions in
physical properties. Strongly spin—orbit split bands have been scru-
tinized for insulating systems,"” and the concept has been applied
for semimetallic compounds.”* Simultaneously, the research activ-
ities for novel topological phases have been initiated among the
strongly correlated electron systems (SCES),”” where one can expect
further exotic states due to the interplay with strong correlation-
driven effects.”” In the case of the prototypical SmBg, investigations
have begun by revisiting the resistance plateau at low temperature
(T < 5 K)'"'" described by the Anderson model."> Subsequently,
the interest has been transferred to semi-metallic Sm-based homo-
geneous mixed valence (MV) compounds as well.' !

MYV systems'”'® are appropriate materials for topological stud-
ies in SCES because inverted bandgaps are expected to be present.
The 4f states with odd parity lie right at the Fermi-level (Er), which

tion strength between localized 4f states and conduction 5d states
among rare-earth compounds, MV phases are predicted to have
higher coherence temperature,l’—’18 which makes the realization in
the experiment more feasible.

Although diverse 4f compounds have claimed to be topologi-
cally non-trivial, there is a scarcity of angle-resolved photoemission
spectroscopy (ARPES) investigations, which could directly prove the
Dirac cone.'” However, recent slab calculation analyses have demon-
strated solutions to observe the Dirac points in fcc-structured MV
compounds by looking at different surface orientations.”””' Hence,
a MV system in a fcc structure is a very promising material for such
studies.

Our ultimate goal is to control the evolution of the hybridized
gap inversion, which entails a metal-insulator transition (MIT).
Thulium monochalcogenides (TmSe;_,Tey ) are our choice of mate-
rial for this study.”” ** This is a unique MV system having an
antiferromagnetic ground state (Tx < 4 K).”® By applying either
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pressure or chemical substitution, the MIT occurs in TmSe;_xTex
keeping the fcc structure and smooth connections in thermopower
and specific heat.””” The MIT also entails the variation in both
the valence of Tm, vy, from 2.65 + 0.05 (TmSe) to 2.01 + 0.01
(TmTe)”® *! and the crystalline lattice constant from armse = 5.71 A
to atmre = 6.35 A2 Thus, applying pressure or chalcogen
substitution plays almost an identical role.

Instead of applying pressure or chemical substitution, we
implement the thin film growth of TmTe on a substrate with a
smaller lattice constant than the bulk TmTe, with the aim of applying
compressive strain.’”* By tuning the thickness of the samples, MIT
and a change in vty are expected. Another advantage of the film
growth approach is that various oriented surfaces become accessi-
ble by choosing a suitable substrate.”® The natural cleaving plane of
Tm monochalcogenide bulk crystals limits the access to the (001)
orientation.

The growth of TmTe thin films has not yet been extensively
investigated.”*”” Thus, in this study, we systematically study the
growth behavior of TmTe thin films on the (111) surface of stron-
tium fluoride (SrF,) substrates, which has a lattice constant of
ase, = 5.7996 A. SrF, has a cubic structure with weak bonds between
the fluorine atoms along the [111] direction, such as CaF, and
BaF,.%® Our grown films have been investigated as functions of Tm
and Te fluxes and substrate temperature. Structural and electronic
characterization studies were performed using x-ray diffraction
(XRD), x-ray reflectivity (XRR), x-ray photoemission spectroscopy
(XPS), reflection high-energy electron diffraction (RHEED), and
low-energy electron diffraction (LEED). Depending on the growth
parameters, different Tm,Te, stoichiometries and modes of growth
have been obtained. We identify a narrow window of growth param-
eters to obtain epitaxial Tm; Te; films with a layer-by-layer growth
mode.

Il. CRYSTALLINE PHASES OF THULIUM TELLURIDE

Thulium telluride has been reported to exist in different sto-
ichiometric phases, with Tm;Te; and Tm,Tes; being the more
common ones. These phases are characterized by different stoi-
chiometries, resulting in a change in the crystalline structure, the
lattice constant, and the valence of thulium.”

Kaldis et al’’ presented a phase diagram derived from their
studies on bulk crystal preparation. The first phase is the Tm-
monotelluride (Tm,; Te; ) with its simple rock-salt (space group, Fm-
3m) structure (Fig. 1). In this stoichiometry, TmTe is suggested to be
a pure divalent Tm**. The reported lattice constant is a = 6.36 A/
for bulk crystals and ao = 6.34 A?® for the powder sample.

The second phase occurs for a strong Tm-deficiency (or excess
of Te), leading to the crystallization of Tm,Tes (TmoesTe) with an
orthorhombic Sc,S; structure (space group, Fddd). This structure
is a super-structure of the rock-salt type, where the stoichiometry
is accommodated by the presence of ordered Tm vacancies,’® as
depicted in the cut along the [620] direction in Fig. 1(b). The lattice
constants are reported to be a’ = 25.631(30) A, b’ = 12.060(20) A,
and ¢’ = 8.541(5) A with the corresponding NaCl lattice constant
of the subcell gy = 6.0400(8) A.” > The orientation of the rock-
salt sub-cell is such that its [101] ([010]) direction is parallel to the
[100] ([010]) direction of the Sc,S; structure. This results in the
accordance of the NaCl (111) planes with the Sc,S3 (022) and (620)
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FIG. 1. Representation of the crystalline structures of the phases Tm4Tey in (a)
and Tm;Tes in (b) and their equivalent orientations. The blue layer in (a) indicates
the (111) plane in the NaCl structure.

planes (see Fig. 1). In this phase, the valence of Tm is very close to
tri-valence.

I1l. EXPERIMENTAL DETAILS

For this work, Tm,Te, thin films were grown on freshly cleaved
SrF, (111) substrates using effusion cells charged with Tm (99.999%)
and Te (99.9999%). The cells were operated around 850 and 280 °C
for Tm and Te, respectively. The beam equivalent pressure (BEP) is
monitored by placing an ion gauge at the substrate position before
and after each growth. The average BEP value is used as refer-
ence. We define the parameter ®g = BEPr./BEPry, to determine the
ratio between the molecular fluxes of tellurium and thulium. Hence,
@ =0 corresponds to a pure thulium film. In this work, BEPty
was kept constant, while the influence of @ and substrate temper-
ature was investigated. The base pressure of the growth chamber is
5 x107"" mbar, and it does not exceed 3 x 10™® mbar during deposi-
tion. The SrF, substrates are pre-heated at 400 °C for 30 min before
starting deposition. The film surface is monitored in situ and dur-
ing the growth using a reflection high-energy electron diffraction
(RHEED) system. The RHEED system is equipped with a 30 keV
electron gun and a CCD camera installed in front of the fluorescent
screen. The crystalline structure representations (Fig. 1) were drawn
using the software package VESTA.*

The x-ray diffraction (XRD) and x-ray reflectometry (XRR)
curves were acquired using a Bruker high resolution x-ray
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diffractometer providing Cu K, radiation with 1 = 1.54056 A,
equipped with a Gobel mirror, a Ge (220) monochromator, and a
scintillator detector. In order to extract quantitative information, the
XRR curves were calculated using the GenX software package.*!
X-ray photoelectron spectroscopy (XPS) experiments were per-
formed in situ directly after growth. The photoemission cham-
ber is connected by ultra-high vacuum lines to the molecular
beam epitaxy (MBE) chamber and is equipped with a Mg anode
(Mg K, 1253.7 V) and a Scienta SES200 photoelectron analyzer.
Low energy electron diffraction (LEED) measurements were carried
out in situ using a Thermo VG Scientific standard LEED system.

IV. RESULTS AND DISCUSSION

The growth of the Tm,Te, films was investigated in different
directions. First, a series of films was prepared with different Te to
Tm beam flux ratios (®r) in order to obtain the desired stoichiom-
etry. Subsequently, by fixing ®r to obtain a single phase Tm;Te;,
a series was prepared by varying the substrate temperature. The
growth parameters to obtain epitaxial layers with high-crystalline
quality were determined. By carefully selecting the best experimen-
tal conditions to obtain these layers, we investigate the growth
dynamics of the samples.

However, since the structural analysis was performed ex situ by
XRD and XRR and Tm compounds are very sensitive to the adsorp-
tion of molecules and gases, it was necessary to first find a proper
protective capping layer to prevent oxidation and thus the destruc-
tion of the crystalline structure of the films. For this, three different
compounds were tested as a protective cap on the Tm,Te, films:
Te, Bi;Te3, and BaF,. Due to the small lattice-mismatch, BaF, and
Bi, Tes serve very well as protective capping layers, growing homoge-
neously on top of TmTe with substrate temperature fixed at 250 °C.
We also found out that Bi,Te; grows epitaxially with the Bi;Tes
(0001) surface parallel to the (111) surface of TmTe. Pure tellurium,
on the other hand, requires a more delicate approach. Depending on
the substrate temperature, Te deposition results in different struc-
tures. At 240 °C, pure Te does not stick on the surface,””"* while
at room temperature, it grows as columns that are permeable to
oxygen. In order to have a homogeneous coverage, the substrate
temperature has to be kept around 80 °C. The benefit of Te is the
easy removal of the capping layer by thermal desorption. In this
work, we decided to use BaF; as a protective capping layer because of
the long-term reliability in terms of protecting the crystal structure
of the films, the easy growth, and the sufficiency of very thin caps. In
addition, BaF, is highly insulating and transparent from the ultravi-
olet to the far infra-red, which could facilitate transport and optical
investigations.

A. Tellurium supply

To explore the possibility of different phases of Tm,Te,, our
first approach was to vary the amount of Te supply while keeping the
beam flux of thulium constant at BEPty, = 2.4 x10~7 mbar. For this
series, the substrate temperature Ty, = 425 °C and the deposition
time #5054 = 60 min were kept constant.

The surface of the films was investigated by RHEED after 10
min of deposition. Figure 2 displays the RHEED patterns acquired
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FIG. 2. Search for the optimal @ value for the epitaxial growth. RHEED patterns

acquired along the [211] azimuth after 10 min of deposition of thulium telluride
layers on SrF, (111) substrates as a function of ®g beam flux ratio are shown.
The substrate temperature was kept constant at 425 °C.

for samples prepared with different ®g values. For ®g = 1.78, sin-
gle dots with high intensity are observable, indicating the nucleation
of three-dimensional islands on the surface. The observed RHEED
patterns resemble the strained Stranski-Krastanov patterns of GaAs
quantum dots.** For a flux ratio of @z = 2.68, the sharp dots appear
elongated along the surface normal, indicating that the surface is
becoming flatter and smoother. Increasing the extra Te supply even
more leads to a different ordering of the surface. For ®r = 3.16,
several dots appear vertically aligned, while for @ = 4.12, polycrys-
talline domains start to be formed, as indicated by dashed circles
in this figure. A diagonal order of diffraction spots is visible for
®p < 2.68, while for ®r > 3.16, a vertical order is present. Blue dots
in Fig. 2 indicate this ordering.

The crystal structures were determined by XRD measurements
and are shown in Fig. 3(a). All the measurements are normalized to
the height of the respective substrate peak SrF, (222) and aligned
to its theoretical position at 26 = 54.7869° for Cu K,. The small
peak around 26 = 49.15° represents the same substrate peak but
induced by the remnant Cu K line of the x-ray gun. Depending on
@p, the diffraction curves present an additional peak either around
20 = 49.6° (for ®r < 2.68) or around 20 = 52.3° (for ®r > 3.01).
These peaks correspond to Tm; Te; (222) and the overlap of Tm,Tes
(044) and (1240), respectively. These Tm,Tes; orientations, which
correspond to the rock-salt sub-lattice [111] orientation, are also
confirmed by the presence of its (022) and (620) Bragg peaks around
26 =25.5° (not shown here). The observation of the overlap of (1200)
and (004) reflections around 26 = 42.2°, respectively, corresponding
to NaCl sub-lattice orientations [101] and [101] points out a sec-
ond growth orientation of Tm;,Tes, while for Tm; Te;, only the [111]
orientation is observed.

The clear presence of distinct Bragg peaks as a function of ®g
allows us to determine a sharp threshold to obtain a single phase
Tm;Te; or TmyTe;. To compare these results to reported lattice
constants from the literature,”” we calculated the lattice constant
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FIG. 3. Structural and electronic characterization of thulium telluride layers pre-
pared with different ®g values. (a) X-ray diffraction curves recorded in the vicinity
of the SrF, (222) diffraction peak. (b) Experimental lattice constants obtained from
(a). The solid lines indicate the bulk lattice constant of the respective phases. (c)
X-ray photoelectron spectroscopy results acquired right after the growth of the
films.

from the peak position assuming a cubic lattice for both phases, as
shown in Fig. 1. The dependence between the cubic lattice constant
and @p is plotted in Fig. 3(b). The error bars represent the propaga-
tion of uncertainty of the fitting parameter errors from Voigt curves.
The straight lines serve as comparison to the literature bulk values
for both Tm,Te, phases, while the vertical dashed line marks the
threshold in @ between both phases.

Thulium valence was investigated by XPS as a function of ®r.
Figure 3(c) shows the photoemission spectra of the Tm 4f levels
acquired in situ right after the growth of the samples. The spectra
show a clear valence transition from Tm** to Tm’* when increas-
ing ®r above 2.68 and thus corroborate the threshold found on
the structural analysis. The different valencies match exactly the
phases of thulium telluride observed in Fig. 3(a). Even though the Te
sticking coefficient tends to decrease dramatically for substrate tem-
peratures above 200 °C** and for other rock-salt semiconductors,
such as PbTe and SnTe, a single stoichiometry 1:1 is always reached,
and thulium telluride layers can present very distinct phases depend-
ing on the growth conditions. Based on these results, for a reliable
growth of the Tm,; Te; phase, ®r was defined to a value of 2.0 far
enough from the threshold to the other phase.

B. Substrate temperature

The ideal extra Te supply (®r) to obtain a pure Tm; Te; phase
was defined to be 2.0. Thus, for further investigations, we kept

ARTICLE scitation.org/journall/adv

@p ~ 2.0 and varied the substrate temperature Ty,;, between 350 and
575 °C. The deposition time was fixed as 60 min for all samples.

Figure 4 displays the RHEED patterns recorded after 5 min of
deposition of thulium telluride on SrF, (111) substrates for different
T, values. At low substrate temperature (Tg,;, = 350 °C), the grow-
ing layer presents a poly-crystalline texture with faint spots. This
indicates that TmTe clusters crystallize on the surface of the sub-
strate randomly oriented. By increasing the substrate temperature to
Ty = 425 °C and thus providing more thermal energy to the system,
the acquired RHEED pattern indicates the formation of oriented
islands on the substrate. For films grown at Ty,;, = 550 °C, a mix-
ture of streaky RHEED patterns modulated with dots indicates that
the growing surface is becoming flatter and smoother. A pure layer-
by-layer growth mode was reached at Ty, = 575 °C, where no signs
of island growth were observed. These RHEED patterns, observed at
different Ty, values, clearly show that substrate temperature plays
an essential role in determining the crystalline quality and growth
dynamics of these layers.

To determine the crystalline structure of these samples, XRD
measurements were performed. The results are presented in Fig.
5(a). For the whole investigated range of substrate temperature,
the measured curves present a single Tm;Te; phase. The inset in
(a) shows rocking curves recorded around the Tm;Te; (222) Bragg
peak. It can be observed that by increasing the substrate temperature,
a narrowing of the full width at half maximum (FWHM) is reached,
indicating an enhancement of the crystalline quality. The measured
lattice constant stays around ap = 6.35 A. Figure 5(b) shows the cal-
culated rock-salt lattice constants ag and the extracted full width of
half maximum (FWHM) from rocking curves. The dotted lines in
(b) serve as guides to the eye. Since the FWHM can be seen as a
crystal quality factor, its exponential decay with increasing substrate
temperature is a clear indication of improved crystalline quality at
higher Ty,;,. The lattice constants, extracted from the XRD measure-
ments, present a slight increase by raising the substrate temperature.

i =3508€ T,,=425°C
.
o .
o le]
. : .
o‘\direct beam—-»é
i =5508@ T =5/5KE@
-
0 | . | ' |
: o

o
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FIG. 4. Investigation of the influence of Ty, on the growth of TmTe films. RHEED
patterns acquired along the [211] azimuth after 5 min of deposition of thulium tel-
luride on SrF, (111) substrates as a function of the substrate temperature are
shown. For all samples, ®g was kept around 2.0.
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FIG. 5. Structural and electronic characterization of thulium telluride layers pre-
pared at different substrate temperatures and @ fixed at 2.0. (a) X-ray diffraction
curves recorded in the vicinity of the SrF, (222) diffraction peak. (b) Experimental
full width at half maximum values and lattice constants obtained from the TmTe
(222) diffraction peak shown in (a). The dotted lines serve as guides to the eye. (c)
X-ray photoelectron spectroscopy results acquired in situ right after the growth of
the samples.

The lattice constant a is calculated using the Bragg equation with
the peak position of Tm;Te; (222). Since this peak position is
determined by the spacing between the (222) inter-layers, stacked
along the out-of-plane direction [111], an increase in the lattice con-
stant ao represents a tensile deformation out-of-plane. This could
occur due to the reinforced acceptance at higher temperatures of the
substrate induced compressive in-plane strain, which would lead to
the tensile strain out-of-plane to keep the unit cell volume constant.
In order to investigate the electronic structure of these samples, XPS
measurements were performed and are presented in Fig. 5(c). All
measured samples exhibit spectra with nearly Tm** valence of the
4f states, except for the sample with poly-crystalline texture that was
prepared at the lowest Ty, value. In this case, a small intensity of the
density of states corresponding to Tm>" can be observed. Despite
the sample being prepared at Ty,; = 350 °C, XPS also confirms the
right Tm; Te; phase.

C. Epitaxial growth with optimal conditions

In order to obtain more information about the growth dynam-
ics of TmTe, films with varied thicknesses were prepared. For this,
the experimental conditions to obtain a single phase with high crys-
talline order were used. The substrate temperature was set to Ty,
= 575°C and the Tm/Te flux ratio to ®g = 2.0. Two samples were
prepared with a deposition time of 20 and 60 min, respectively.

Figure 6(a) shows LEED images acquired in situ at 53 and
75 eV from a fresh surface of a 1250 A thick TmTe film. Since
the atomic order on the (111) plane of the rock-salt structure
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FIG. 6. High-quality epitaxial layers of Tm;Tes grown on SrF;, (111) substrates.
(a) LEED images of a 1250 A thick TmTe film acquired with 53 and 75 eV. (b)
RHEED patterns acquired after 60 min of deposition of TmTe along two different
azimuths. (c) RHEED intensity recorded as a function of time, showing a layer-by-
layer deposition since the initial stages of epitaxy. (d) XRR curves of TmTe films
grown on SrF, substrates together with the calculated curves. The samples were
covered with a BaF; protective capping layer.

is hexagonal, as shown in Fig. 1, the LEED measurements con-
firm the epitaxial growth. No signs of surface reconstruction can
be observed, and the sharp spots with low background intensity
indicate a highly oriented surface. RHEED measurements acquired
from the same sample are presented in Fig. 6(b). The presence
of only two equivalent azimuths, rotated by 30° from each other,
confirms a single domain of our layers. The streaky RHEED pat-
terns with low background intensity indicate that a smooth and
flat surface is exposed. The RHEED intensity [blue box in Fig.
6(b)] was monitored from the beginning of deposition, and Fig.
6(c) shows the graph of intensity vs time. From the instant when
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the Te and Tm shutters are open, oscillations in the RHEED pat-
terns can be observed. A maximum of the oscillation occurs when
a complete and closed layer is grown. Clear oscillations can be
observed once the growth starts. Considering the thickness of one
monolayer along the [111] direction as dp[111] = ao/\/§ =3.666 A,
a growth rate of 0.42 A/s (0.12 ML/s) is obtained.

The ex situ XRR measurements obtained from samples grown
for 20 and 60 min are presented in Fig. 6(d). The samples were
covered by a protective BaF, capping layer to avoid surface contam-
ination. The software package GenX was used to calculate the XRR
curves in order to extract quantitative information. The presence
of pronounced and clear interference fringes indicates a homoge-
neous layer with smooth interfaces over the whole substrate area.
The film grown for 60 min results in a thickness of drmre = 1238 A
and thus a growth rate of 0.34 A/s, while the thickness of the film
grown for 20 min results in roughly a third of the previous value,
namely, drmre = 484 A (0.40 A/s). The thickness of the capping layer
is also extracted as dpar, = 243 A and dpar, = 154 A, respectively.
These results indicate that at specific growth conditions, a layer-by-
layer growth mode can be obtained. By controlling the deposition
time, homogeneous layers with smooth interfaces can be prepared
with different thicknesses.

V. SUMMARY

In this work, the molecular beam epitaxy of Tm,Te, was sys-
tematically investigated on SrF, (111) substrates by co-evaporation
of Tm and Te. Structural analysis demonstrates that two differ-
ent stoichiometric phases of thulium telluride can be obtained
depending on the extra Te supply: TmTe (2.68 < ®r) and Tm,Te;
(®r > 3.01). The existence of these distinct phases is also supported
by XPS measurements. For thulium monotelluride, the crystalline
quality significantly improves by increasing the substrate tempera-
ture to Ty, = 575°C. At these conditions, RHEED measurements
revealed a layer-by-layer growth mode that remains throughout the
whole deposition. XRR measurements demonstrate homogeneous
layers, with sharp and smooth interfaces. Our results provide a
reliable guidance to prepare homogeneous high-quality TmTe thin
films and thus serve as a basis for further electronic investigations.
This is of great interest for the examination of new non-trivial
topological phases in strongly correlated systems based on thulium
chalcogenides.
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