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‘We have synthesized Fe.,Te thin films by means of molecular beam epitaxy (MBE) under Te-limited growth
conditions. We found that epitaxial layer-by-layer growth is possible for a wide range of excess Fe values, wider
than expected from what is known from studies on the bulk material. Using x-ray magnetic circular dichroism
spectroscopy at the Fe L, 3 and Te M, 5 edges, we observed that films with high excess Fe contain ferromagnetic
clusters while films with lower excess Fe remain nonmagnetic. Moreover, x-ray absorption spectroscopy showed
that it is possible to obtain films with very similar electronic structure as that of a high quality bulk single crystal
Fe, 14Te. Our results suggest that MBE with Te-limited growth may provide an opportunity to synthesize FeTe
films with smaller amounts of excess Fe as to come closer to a possible superconducting phase.
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I. INTRODUCTION

Within the family of Fe-based superconductors [1-3], FeSe
has been one of the most studied materials due to its simple
binary crystal structure [3]. Its sister compound FeTe has
received considerable attention as well, but surprisingly the
latter is not superconducting. Instead, FeTe is an insulator that
orders antiferromagnetically at low temperatures [4,5]. Also
astonishing is the contrasting behavior upon application of
external pressure: while FeSe enhances its superconducting
temperature [6—8], FeTe becomes ferromagnetic when it turns
into a metal at high pressures [9,10]. Adding to the com-
plexity, bulk FeTe only forms in the presence of excess Fe,
ie., Fe,Te with 0.04 <y < 0.17 [11-13], which is quite
different from FeSe, which is known to exhibit a negligible
homogeneity range only.

FeTe in thin film form has also been studied. Many of the
investigations were carried out with the focus on how one
can induce superconductivity using thin films [14]. It came
as a surprise that a partial oxidation of the Fe;,Te thin films
by exposure to oxygen can indeed induce superconductivity
[15-18]. This has to be contrasted with the observation that
the superconductivity in FeSe thin films is destroyed by oxy-
gen exposure [17]. For bulk FeTe samples the situation is more
complicated. It seems that superconductivity can be induced
by reaction with oxygen or other chemicals only if there is
also some minimum amount of S or Se in the system [19-21].
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The reasons behind the mechanism of superconductivity upon
oxygen exposure are still not well understood, although there
are some indications that the variation of interstitial Fe might
play a crucial role [20].

Pulsed laser deposition (PLD) [14—17] and molecular beam
epitaxy (MBE) [18,22,23] have been applied to synthesize the
films. In these earlier PLD studies, nominally stoichiometric
targets or targets with some excess Te have been used. In the
MBE investigations, the synthesis of the films was effectively
carried out under the so-called Fe-limited growth conditions,
in which the Te is deposited in excess and, at the same time,
most of this excess is re-evaporated by using sufficiently high
substrate temperatures.

In this study we explored a different route for the prepara-
tion of FeTe thin films. We applied the Te-limited growth in
our MBE process. Our objective is to investigate the stability
range of the excess Fe for the formation of FeTe films. By
determining the electronic and magnetic properties of the
Fe4,Te films we aim to gain better insight into the growth
properties of the films and to estimate whether films can be
made with very small amounts of excess Fe, as to come closer
to a possible superconducting phase. The structural, electronic
and magnetic characterization measurements were carried out
in situ in order to ensure reliable data.

II. EXPERIMENT

The FeTe films were grown by MBE on epi-polished MgO
(001) substrates purchased from CrysTec GmbH. Prior to the
deposition, the substrates were annealed at 600°C for 2 h
in an oxygen atmosphere of 3x10~7 mbar. The substrate
temperature was kept at 250 °C during growth.

For all the reported films, the growth time was fixed at
30 min. Fe and Te were evaporated from effusion cells. The
flux rates of the Fe and Te were measured by a quartz crystal
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FIG. 1. RHEED patterns after 30 min of FeTe films growth. The Te deposition rate x varies among (a) 1, (b) 2, (c) 2.5, (d) 3, (e) 3.5, (f) 4,

(g) 5, and (h) 7 A/min, while the Fe rate is fixed for all films at 1 A/min.

monitor at the growth position. The Fe flux rate was set
at 1 A/ min (Tge ~ 1220°C effusion cell temperature) for
all films, while the Te flux rate (named x throughout the
report) was varied between 1 and 7 A/ min (T ~245-265°C
effusion cell temperature). The base pressure of the MBE
system was 5x 1070 mbar.

In situ and real-time monitoring of the epitaxial growth
was performed by reflection high-energy electron diffraction
(RHEED) measurements using a STAIB Instruments RH35
system. The kinetic energy of the electrons was set at 20 keV.
X-ray absorption spectroscopy (XAS) and x-ray magnetic
circular dichroism (XMCD) measurements at the Fe L, 3 and
Te M, 5 edges were carried out in situ at the 11A Dragon beam
line of the Taiwan Light Source at the NSRRC in Taiwan. The
spectra were recorded at room temperature in the total electron
yield mode with a photon-energy resolution of 0.25 eV. An
Fe;O3 and a Cr,0O3 crystal were measured simultaneously
in a separate chamber to obtain relative energy referencing
with an accuracy better than a few meV for the Fe L, 3 (hv =
700-730 eV) and Te M4 5 (hv = 565-590 eV) spectra. The
Fe L3 white line of Fe,Oj3 is set at 706.2 eV and the first peak
of the Cr L3 of Cr,0O3 at 574.7 eV. A magnetic field of about
0.28 T was applied. The pressure of the XAS/XMCD cham-
ber was 2x 107! mbar during the measurements. In order to
compare the electronic properties of the films, we used a bulk
sample with composition Fe; 14Te, synthesized by chemical
vapor transport as described in [24]. The XAS measurements
on this sample were performed at the TPS 45A beam line of
the Taiwan Photon Source at the NSRRC in Taiwan.

Ex situ x-ray diffraction (XRD) measurements were used
to further characterize the structural quality of the films. The
measurements were performed with a PANalytical X’ Pert
PRO diffractometer using monochromatic Cu-K,; radiation
(A = 1.54056 A).

III. RESULTS

Figure 1 shows the RHEED patterns of the films prepared
with the Fe deposition rate fixed at 1 A/min and with Te
deposition rates x varied between 1 and 7 A/min. These
RHEED pictures were all taken after 30 min of deposition.
One can observe spots and rings for the film prepared with x =
1 A/min (a), indicating polycrystalline and island growth. For
x =2 A/min (b), some faint streaky patterns can be seen
on top of a high background, and for x = 2.5, 3, 3.5, 4,
and 5 A/min (c)—(g) the same streaky patterns become much
clearer. Forx =7 A/ min (h), new additional streaks as well as
spots start to appear. The results indicate that for x = 1 and 7
A/ min the films consist of several different phases. For x = 2,
2.5,3,3.5,4,and 5 A/ min, the appearance of the same streaky
patterns is in agreement with the presence of the Fe;i,Te
phase of the bulk, although the amount and quality could vary
depending on how clear and crisp the patterns are with respect
to the background. We note that, although MgO (001) has a
high lattice mismatch (~9%), the layered structure of FeTe
relies on van der Waals epitaxy, which enables a crystalline
growth of the films.

To obtain more information about the growth process,
we have monitored the intensity of the specular spot of the
RHEED as a function of time. We have been able to observe
intensity oscillations for the films prepared with x = 2, 2.5, 3,
3.5, and 4 A/min. In Fig. 2(a) we show an example of such
oscillations for a film with x = 2 A/min. These pronounced
oscillations indicate a layer-by-layer epitaxial growth. We
found that the oscillation time varies with x. It is about 183 s
per monolayer (s/ML) for the x = 2 A/min film and becomes
shorter for higher x values. Converting these numbers into
monolayer per minute (ML /min), we then can plot the growth
rate as a function of x. This is displayed in Fig. 2(b). We
can notice a strong linear relationship between the growth
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FIG. 2. (a) Oscillations of the RHEED specular spot for a film
with x = 2 A/min. (b) Dependence of the growth rate of the FeTe
thin films with the Te deposition rate x as determined from the time
period of the RHEED oscillations. The dashed line is a linear fit with
intercept fixed at 0.

rate and the Te deposition rate, establishing that the growth
is controlled by the Te supply. We are thus operating in a
Te-limited growth mode. This is to be contrasted to the earlier
thin film studies where the Fe supply was limiting the growth
[18,22,23]. This is caused by the low substrate temperature
relative to the Te supply rate used in our study.

To characterize the electronic properties of the films, we
have carried out x-ray absorption (XAS) measurements on the
films across the Fe L, 3 and Te M4 s edges. For comparison
we have also collected the XAS spectra of a bulk single
crystal with the composition Fe; 14Te. Figure 3 shows these
results. We can observe that for films with x = 1 and 2 A /min
(black curves) there are strong deviations in the Fe L, 3 and
Te M4 5 spectra with respect to those of the Fe; j4Te bulk
reference (red curve). For films with x = 2.5, 3, 3.5, 4, and
5 A/min on the other hand, the spectra (black curves) are quite
similar to those of the bulk (red curve). For the x = 7 A /min
film (black curve) we can, once again, observe substantial
differences with the bulk (red curve). These results indicate
that substantial amounts of different phases are present in the
low and high x films, but that for x in the range of 2.5-5 A /min
we are quite close to the bulk Fe;,Te phase.

Figure 4 depicts Fe L, 3 and Te M4 5 XAS and XMCD spec-
tra, taken at room temperature, for a representative selection
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FIG. 3. (a) FeL,3 and (b) TeM,s XAS spectra of the FeTe
thin films prepared with varying Te deposition rates x (black) in
comparison to the XAS spectra of single crystalline bulk Fe; 4, Te
(red).

of the films. For x = 1 A/min, we observe in Fig. 4(a) that
the Fe L, 3 spectrum taken with the positive light helicity
(black curve) is different from the one taken with negative
light helicity (red curve). Their difference or XMCD spectrum
(green curve) reaches a maximum value of about 18% at
706 eV photon energy. Also at the Te M4 5 edges there is a
difference in the XAS spectra taken with the two helicities.
The XMCD effect at 572 eV amounts to about 10%. For
films grown with x = 3.5 and 7 A/min, there is essentially
no difference in the XAS for the two helicities. The XMCD is
smaller than 0.1%—0.2% across both the Fe and Te edges.

In Fig. 5 we summarize the XMCD results for the entire x
range covered in this study. We found that there is a substantial
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FIG. 4. Fe L, 5 (top panels) and Te M, 5 (bottom panels) XAS (black/red curves for positive/negative helicities of the light) and XMCD
(green curves) spectra for FeTe thin films with x = 1 A/min (a) and (d), x = 3.5 A/min (b) and (e), and x = 7 A/min (c) and (f). All spectra
were measured at room temperature in normal incidence. Note that the XMCD signals are multiplied with various factors that are indicated in

the legends.

and even strong XMCD signal for films grown with x = 1 and
2 A/min, and that this XMCD signal drops quickly for x =
2.5 and 3 A /min films. The XMCD is tiny for x = 3.5 A/min,
and is beyond detection for the highest x values, 4, 5, and
7 A/min.

From the RHEED data, we can deduce that epitaxial strain
does not play a significant role, as the lattice constant is
relaxed to the value expected for bulk samples. This can be
due to the weakness of the van der Waals forces between
layers of FeTe. Therefore, a comparison with bulk samples
should be possible. For these, it is known that Fe;,,Te with
0.06 < y < 0.16 is paramagnetic at room temperature [13].
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FIG. 5. Dependence of Fe and Te XMCD effect with Te deposi-
tion rate x.

Therefore, films that show XMCD should have Fe in excess
of y = 0.16. The fact that films with x = 1 and 2 A /min have
very strong XMCD may even indicate that there the excess
Fe forms metallic clusters that are ferromagnetic, thereby
also polarizing magnetically the adjacent Te atoms. Yet, it
is also conceivable that part of the excess Fe is interstitial
and then interacts with the in-plane Fe as to form magnetic
clusters. Such a scenario was proposed by a study using
density functional calculations [25].

To complement the characterization of the films, we also
have investigated ex sifu their crystal structure using XRD.
A selection of XRD scans is presented in Fig. 6. For x =
2.5-4 A/min, all the peaks can be indexed to FeTe (0 0 ). For
x =5 A/min, we detect not only FeTe (0 0 n) peaks but also
a secondary phase which can be identified as FeTe,, marked
with an asterisk in Fig. 6. This phase becomes predominant
for x = 7 A/min, with all the observed peaks belonging to it.
For x = 1, 2 A/min, no crystalline phase could be identified
through XRD.

IV. DISCUSSION

Our thin film experiments using the Te-limited growth
reveal that epitaxial and crystalline FeTe films can be syn-
thesized for a wide range of Te-deposition rates x. Clear
and similar RHEED patterns can be observed for x ranging
from 2.5 to 5 A/min. Intensity oscillations of the specular
spot in the RHEED can be recorded for films with x from
2.5 to 4 A/min, actually even from x = 2 A/min. The XRD
data also show that for x =2.54 A/min, the films only
show (0 0 n) peaks that belong to the FeTe phase. From the
XAS measurements we find that, from x = 2.5 to 3.5 A /min,
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FIG. 6. Ex situ XRD 6-26 scans of FeTe films with x =4, 5,
7 A/min. A new phase (marked by an asterisk) appears for x =
5 A/min. This is the predominant phase for the film with x =
7 A/min.

the films have very similar electronic properties as the bulk
Fe| 14Te single crystal, and from the XMCD we see that
there is no ferromagnetism for films with x = 3.5 A/min or
higher. From all these results combined we can infer that the
x =3.5 A/min film has a composition which is very close
or identical to that of the bulk Fe; 4Te single crystal. This
implies that the x = 2.5 A/min film should correspond to
a Fej goTe system and that the x = 4 A/min film should be
close to a stoichiometric Fe; goTe. The latter assignment is
consistent with our XRD observation that FeTe, peaks are
visible only in films with higher x values, namely x = 5 and
7 A/min.

The picture that arises from our study is the following:
films that were grown with x = 1 and 2 A/min Te deposition
rates have nominal compositions of roughly Fe,Te and Fe,Te,
respectively. They contain large amounts of presumably Fe
metal clusters that are ferromagnetic. It is nevertheless sur-
prising that RHEED intensity oscillations can be observed for

the x =2 A/min film, suggesting that a substantial part of
the excess Fe is residing in the interstitial positions of the
FeTe phase. For x = 2.5-3.5 A/min, we have a layer-by-
layer growth of Fe; ,Te films with the composition ranging
from Feyg¢pTe to Fe;14Te, in which the excess Fe resides
interstitially. For x =4 A/min we may have achieved the
stoichiometric Fe; gyTe compound and, for higher x values,
FeTe, starts to be formed as well.

A note should be added regarding the purity of the Fe,,Te
films. The presence of noncrystalline parasitic phases cannot,
at this stage, be completely excluded. The electronic and
structural properties explored in this work point towards a
promising route to synthesize Fe; ooTe. However, other char-
acterization techniques, as in sifu transport measurements,
shall be also explored in the future.

V. CONCLUSIONS

To summarize, we were able to prepare good quality thin
films of the Fe;,Te system. The composition ranges from
Fe, goTe to Fe; goTe, which is a wider y range than antici-
pated from studies on Fe;,Te bulk material [11-13]. More-
over, x-ray absorption and x-ray magnetic circular dichroism
measurements show that it is possible to obtain films with
very similar electronic properties as that of a high quality
bulk single crystal Fe; 4Te. Even a high quality film with
a nominally stoichiometric Fe;gTe composition could be
made. These results suggest that molecular beam epitaxy
in the Te-limited growth mode may provide an opportunity
to synthesize FeTe in a controlled manner that can become
superconducting.
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