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Effects of aging processes at the surface of the superconductor β-FeSe
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This work reports a complete analysis of surface degradation in β-FeSe single crystals; which includes the
dependence on aging and temperature of Raman spectra, electrical transport resistivity, and XPS depth profiling
characterization. All measurements are consistent with the emergence of clusters of Se and the presence of FeOx

in the surface of the crystals. The vibrational modes of the Se clusters are coupled to the β-FeSe ones as seen
in the structural transition. Moreover, this degraded surface can behave like a quasi-two-dimensional layer, as
supported by a theoretical model and also consistent with Raman spectra. While the degradation of thin films of
β-FeSe in air is widely known, with a corresponding loss of the superconducting properties, in single crystals
with aged surfaces we observe an enhancement of the superconducting properties.
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I. INTRODUCTION

Iron selenide (β-FeSe) is a superconductor with tetrag-
onal crystal structure at room temperature, which becomes
orthorhombic when cooled below the nematic transition tem-
perature around 90 K. It has a superconducting critical
temperature Tc = 8 K that goes up to 37 K [1] when a pressure
of 9 GPa is applied along the c axis. β-FeSe presents no
magnetic order down to its superconducting transition temper-
ature [2], which may suggest a strong relationship between the
appearance of superconductivity and the normal vibrational
modes of the crystal [3]. Selenium atoms and iron atoms
vibrational modes A1g and B1g, respectively [4], are the only
Raman active modes in the c-axis backscattering geometry,
according to the space group P4/nmm of the system.

This material is composed of stacked Fe-Se sheets bonded
by van der Waals forces along the c axis [5,6]. This makes the
crystal very easy to cleave, exposing a clean fresh surface.
In addition, similar to what occurs for other selenides, the
surface of β-FeSe draws great interest related to the potential
experimental manifestation of Dirac-like states [7–9]. This
fact and the search of topologically protected states in other
selenides (e.g., Bi2Se3) or novel sensing devices (e.g., MoSe2,
TiSe2, TaSe2) has promoted the analysis of surface vibrational
states in Raman experiments. In several of these systems,
as in β-FeSe, extra peaks appear in very thin samples. The
ubiquity of a peak around 250 cm−1 in several systems as
Bi2Se3 [10–12] MoSe2 [13], TiSe2 [14,15], and TaSe2 [16],
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is a challenge since varied interpretations have been proposed
in the literature for this feature.

Amorphous selenium is commonly used to create a pro-
tective layer to reduce reactivity of the surfaces and enhance
rigidity. This selenium surface capping treatment is used to
allow ex situ measurements out of the growth chambers or fur-
nace capsules, since a thermal decapping at low temperatures
(∼200 ◦C) is possible [17].

In the present work, when Raman spectra are collected
on a recently cleaved surface, we distinguish two peaks, at-
tributed to A1g(Se) and B1g(Fe). As time passes, another peak
at 250 cm−1 progressively appears.

An associated effect is also revealed in the superconducting
properties since we observe an enhancement of the supercon-
ducting transition temperature in the aged samples. This effect
is also observed in β-FeSe by reducing the thickness [18].

In order to elucidate the surface phenomena evolution,
we performed temperature (5–800 K) and polarization de-
pendent Raman spectra measurements. We also studied the
surface chemical composition through x-ray photoelectron
spectroscopy (XPS) on fresh and aged samples as a function
of depth. The results unveil the presence of iron oxide in
the aged samples, which results in material segregation. The
aged surface is composed of a mixture of FeOx, bonded Se
ions, FeSe in ionic bonding, and β-FeSe. Furthermore, we
calculated the dispersion relationship in the harmonic ap-
proximation for a single sheet of β-FeSe. These calculations
predict three Raman active optical phonon modes near the
center of the Brillouin zone: one attributed to Se vibrations,
another to Fe vibrations, and the last one to a combination of
vibrations of both kinds of atoms. This calculated last mode is
curiously coincident with the main peak appearing with aging
in our samples, attributed to amorphous selenium [19,20].

2469-9950/2022/106(21)/214507(13) 214507-1 ©2022 American Physical Society

https://orcid.org/0000-0002-9945-6213
https://orcid.org/0000-0001-5912-0646
https://orcid.org/0000-0001-6977-271X
https://orcid.org/0000-0002-2408-2878
https://orcid.org/0000-0003-0973-8442
https://orcid.org/0000-0002-1799-0595
https://orcid.org/0000-0002-0505-9613
https://orcid.org/0000-0001-9889-9875
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.214507&domain=pdf&date_stamp=2022-12-08
https://doi.org/10.1103/PhysRevB.106.214507


L. LANOËL et al. PHYSICAL REVIEW B 106, 214507 (2022)

FIG. 1. (a) X-ray θ -2θ diffractogram showing only 00l reflexions. Inset: The rocking curve around the [001] peak is shown. (b) Magneti-
zation ZFC-FC (cooling in zero field and in an applied field of 10 Oe). (c) Electrical resistivity vs temperature curves with 16 T and with no
applied field. The arrow points out the nematic transition temperature. In the inset a unit cell of β-FeSe is shown. Green corresponds to Se and
brown to Fe.

II. EXPERIMENTAL DETAILS

Samples were grown using the flux method in a mixture of
KCl and AlCl3 salts, for more than a month in an evacuated
SiO2 ampoule at 395 ◦C [21]. Further details on the crystal
growth method can be found in Ref. [3].

The crystals were fixed to a holder inside a cryostat and
a furnace, using GE7031 resin and silver paste, respectively,
where micro-Raman spectra were collected in backscatter-
ing geometry over a wide range of temperature (5–800 K).
For these measurements we employed a Horiba Scientific
LabRAM HR Evolution spectrometer equipped with ×10,
×20, and ×100 objectives. Excitation was done using a
633 nm He-Ne laser.

The surface chemical composition and chemical state
of the samples were studied by x-ray photoelectron spec-
troscopy (XPS) using a monochromatic Al Kα x-ray source
(1486.71 eV) and a 150 mm hemispherical spectrometer
(Phoibos150, SPECS). For the analysis, the samples were
mounted on adhesive graphitic carbon tape. The binding en-
ergy (BE) scale was determined by measuring the Fermi level
cutoff and the C1s from the tape (284.5 eV).

The topology of the samples was characterized by atomic
force microscopy (AFM) measurements in a Dimension
3100 Brucker microscope. The AFM image was performed
in tapping mode. For the stoichiometry and morphology
characterization we use a FEI Quanta200 scanning electron
microscope (SEM). X-ray spectra were taken in a PANalytical
Empyrean diffractometer. Magnetization measurements were
performed in a MPMS-5S QD-SQUID magnetometer. We
carried out resistivity measurements in a standard cryostat,
using a four contact configuration.

III. RESULTS

A. General sample characterization

In Fig. 1 we show a x-ray diffractogram, magnetization vs
temperature (T ) and electrical resistivity vs T characterization
measurements, displaying typical β-FeSe features [22]. The
electrical transport curve has a typical shape from 300 to 2 K
with its characteristic kink around ≈90 K [indicated by the
arrow in Fig. 1(c)], positive magnetoresistance (when the field

is applied parallel to the c axis) below the nematic transition
temperature, and a Tc = 8.4 K. Magnetization measurements
confirm no magnetic order down to the superconducting tran-
sition temperature and x-ray diffraction confirms the β-FeSe
phase with no evidence of spurious phases. When the samples
are fresh out of the furnace they exhibit a gray metallic,
homogeneous surface. In Fig. 2(a) a photograph of the sample
in the Raman spectrometer is shown, the pale pink color is due
to reflections from the incident source. The lumps observed in
AFM images [Figs. 2(c) and 2(d)] are the first indication of
the surface degradation [23]. They tend to grow in diameter
and height as the sample ages. As this happens, the color of
the surface changes. In Fig. 2(b) a partially cleaved sample is
shown. The surface steps heights between aged and cleaved
part, measured by AFM, result in a mean value of ≈86 nm,
which is an upper bound of the thickness of the aged surface.

Raman measurements on samples fresh out of the furnace
or freshly cleaved show two peaks as seen in Fig. 3, in good

FIG. 2. (a) Photo of a sample immediately after taken out of
the furnace. (b) Photo of an aged sample where part of the surface
was cleaved (homogeneous pale pink part) and some part was not
(yellow-green color part). (c) AFM deflection image of the cleaved
zone some days after being made, where multiple clusters with the
same shape can be seen. (d) Zoom on one cluster from image (c).
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FIG. 3. Raman measurements of the cleaved and noncleaved
samples (bottom and top panels) at 300 (red line) and 5 K (black
line). Both measurements were made in parallel polarization config-
uration. The arrows indicate the bulk Se and Fe vibrational modes.

agreement with the one reported in Ref. [24]. After aging at
room temperature in air for tens of days, a new broad peak
appears at 250 cm−1, with a low energy shoulder around
233 cm−1. Another observed feature is the appearance of a
low energy broad phonon tail below 150 cm−1 as can be seen
in Fig. 3. This feature may correspond to the presence of
amorphous Se as we will discuss later. Fresh samples only
show a flat, low intensity background below this energy, with
no temperature dependence, as can be seen in the lower panel
of Fig. 3 for comparison. The use of different spot sizes
[different objectives 10× (NA 0.20) to 100× (NA 0.90)] has
no effect on the resulting spectra.

Measurements in air increasing the incident laser power
on an aged sample (not shown) show that all the peaks shift
to lower energies and the peak at 250 cm−1 loses it relative
intensity. When the sample is visibly heat damaged, a hematite
(Fe2O3) [25] spectrum appears. Furthermore, EDS measure-
ments in the damaged spot show a decrease in the amount of
Se along with the appearance of oxygen, while outside the
spot the amount of Se and Fe are stoichiometric.

In the lower panel of Fig. 5 the spectra polarization depen-
dence is shown. The legend indicates the laser and analyzer
polarization angles in that order. The results show that the
peak attributed to Se vibrations (178 cm−1) corresponds to
A1g symmetry, and the one attributed to Fe (193 cm−1) to B1g

symmetry, in agreement with Gnezdilov et al. in Ref. [24].
The new peak observed at 250 cm−1 has the same polarization
dependence as the one at 178 cm−1.

B. Raman spectra temperature dependence

Temperature dependence of the Raman spectra taken on
the sample from Fig. 2(b) are shown in Figs. 4 and 5. At room
temperature, the two peaks of the cleaved part (Fig. 4) are at
179.8 and 193 cm−1, whereas the new peak that appears for
the aged part (Fig. 5) is at 250 cm−1, along with the broad

FIG. 4. Raman measurements of the cleaved part of the sample
as a function of temperature. Upper section shows measurements be-
low room temperature and lower section measurements above room
temperature. The spectra spacing is proportional to the temperature
difference between them. The red dotted line indicates the peak
positions as a guide to the eye. See more detailed analysis in Fig. 7.

FIG. 5. Upper section: Raman measurements for the noncleaved
part of the sample as a function of temperature below room tem-
perature. The arrow indicates the beginning of the broad phonon
tail below 150 cm−1. In the lower section spectra polarization de-
pendence is shown. The legend indicates the laser and analyzer
polarization angle; on the top of each peak we display its normal
mode representation.

214507-3



L. LANOËL et al. PHYSICAL REVIEW B 106, 214507 (2022)

phonon tail below 150 cm−1. The peak positions observed in
the cleaved part remain in the aged part. All measurements
displayed in Figs. 4 and 5 were made in parallel polarization
configuration. Below room temperature both peaks present in
the cleaved part of the sample shift to higher energies (see
upper panel of Fig. 4) as it has been reported before [24]. As
to the new peak present in the aged part, we observed small
changes in its energy toward higher energies as temperature
drops down to 5 K, see upper panel in Fig. 5. A more de-
tailed analysis on the peak position and areas is presented in
Sec. III C.

Measurements in a furnace at high vacuum, and paral-
lel polarization configuration, were performed on an aged
sample and a freshly cleaved sample up to 473 and 773 K,
respectively. On the cleaved sample we observe a pronounced
shift of the mode attributed to Fe towards lower energies, as
expected, and a smaller shift of the mode attributed to Se.
Above ≈453 K the two peaks tend to merge (Fig. 4). After the
measurements we recover the original spectrum at 293 K. For
the noncleaved sample we can see in Fig. 6 how the new peak
at 250 cm−1 gradually disappears irreversibly. When temper-
ature reaches 473 K it disappears. This temperature is in good
agreement with the one reported for thermal decapping of
selenium coverage in Ref. [17]. However, once the sample is
cooled down to room temperature, there are regions that are
visually different showing two surface colors. Zone 1: a peak
at 182 cm−1 and signs of a peak at 219 cm−1 are observed.
Zone 2: a peak at 192 cm−1 appears (see inset of Fig. 6).

This indicates that some kind of material segregation oc-
curs in the surface of the aged sample upon heating. The new
spectra observed in zone 1, along with its formation temper-
ature, are in good agreement with the one reported for FeSe2

[26], while the zone 2 is consistent with iron oxide [27]. It is
worth mentioning that the presence of iron oxide and selenium
in excess was also detected at the surface of aged samples in
our XPS measurements (see Sec. III D).

C. Analysis of the results

A detailed analysis of the peaks is shown in Fig. 7. The area
of each peak, corrected by the phonon thermal population,
along with their positions, are obtained for each temperature
from a Lorentzian fit, see Appendix E.

The results for the Raman cross section of the peaks corre-
sponding to A1g(Se) and B1g(Fe) in the cleaved and not cleaved
parts of the sample [see Fig. 2(b)] below room temperature are
shown in Figs. 7(a) and 7(b). Raman cross section of A1g and
B1g modes present at the cleaved part of the sample increases
as temperature decreases down to the structural transition (Ts),
highlighted by a shadow light-gray zone ranging from 80 to
90 K, where they exhibit a maximum. Meanwhile, in the case
of the aged sample, both peaks exhibit a distinctive feature
as we approach Ts where a discontinuity of the Raman cross
section occurs. This feature is more pronounced in the B1g

case.
For the new peak at 250 cm−1 and its shoulder at 233 cm−1,

the results below room temperature can be seen in Fig. 7(c).
The shoulder has a monotonous increase with decreasing tem-
perature, except around the nematic transition temperature,
where an anomaly can be distinguished. The main peak, at
250 cm−1, has a similar behavior to the other peaks in the

FIG. 6. Evolution of noncleaved sample spectrum from 293 to
473 K. Inset: Measurement at room temperature in two different po-
sitions of the sample after heating. The black line shows the spectra
taken from the data of Ref. [26] for FeSe2 and the dotted red line
corresponds to an iron oxide (magnetite) Raman spectra [27].

noncleaved part of the sample, displaying a monotonous be-
havior down to near Ts, where a discontinuity in the Raman
cross section is observed.

The discontinuous change of the Raman cross section, ob-
served below room temperature, of the modes A1g, B1g, and
the new one at 250 cm−1 present in the aged parts of the
sample, when approaching the nematic transition temperature
indicates a strong correlation between electronic states and
vibrational modes in this material. This suggests that the new
peak near 250 cm−1 is intrinsic to the sample or belongs to a
capping which is closely correlated to the bulk of the sample.

In Fig. 7(d) we show the Raman cross section from A1g and
B1g peaks, in non-aged samples at all measured temperatures,
ranging from 5 to 773 K. At Ts (also highlighted by a shadow
gray zone ranging from 80 to 90 K) a maximum is observed.
Above room temperature the Raman cross section of both
peaks diminishes with increasing temperature up to 473 K,
indicated by a dashed purple line, where they become indis-
tinguishable (see Appendix E). Above this temperature, only
one peak was fitted, labeled by “A1g + B1g.” Pink circles were
used to represent this convolved peak Raman cross section.
In Fig. 7(d) the data below room temperature were vertically
translated so they match with the measurements above room
temperature.

In the case of the new peak observed in aged samples at
250 cm−1 and its shoulder, we see in Fig. 7(e) how above
room temperature their Raman cross section diminish irre-
versibly up to 473 K, where it completely disappears, as
previously mentioned.

From the fits we also determine each of the peaks ener-
gies, which are displayed for all the measured temperatures
in Fig. 7(e). For the peak at 250 cm−1 and its shoulder, we
observe a minimum in its energy-temperature dependence
just above room temperature. This indicates that this aged
part is not stable above room temperature. This is also sup-
ported by the resulting spectra after heating which indicates
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 7. Raman cross section versus temperature below room temperature for the cleaved and aged parts of the sample of modes (a) A1g,
(b) B1g, and (c) 233 and 250 cm−1. (d) Evolution of the Raman cross section of A1g and B1g modes for freshly cleaved samples is shown below
and above room temperature. The data below room temperature were vertically translated to match the one above room temperature. Pink
circles above 473 K (indicated by a dashed vertical purple line) correspond to the fit of the peak that results from the convolution of both
modes. In (e) the Raman cross section temperature dependence of 233 and 250 cm−1 modes are shown. The left axis corresponds to the results
below room temperature and the right axis to the ones above room temperature, indicated by arrows. Different samples were used in the low
and high temperature runs. (f) The peaks energies as a function of temperature. The dashed lines on top of each data set corresponds to a 5
point average smooth. The shadow light gray in each graph indicates the structural transition temperature ranging from 80 to 90 K.

that material segregation occurs (see Sec. III B). Below room
temperature the peak at 250 cm−1 has a linear energy shift
towards higher energies, its rate of change diminishes below
the structural and nematic transition temperature Ts.

As to the A1g and B1g energy dependence, we can see
that below room temperature they have a linear energy shift
towards higher energies, with the rate of change A1g less pro-
nounced than the one for B1g (as was discussed in Ref. [24]).
Both rates of change diminish below Ts, exhibiting the same
behavior as the peak at 250 cm−1. Besides, we observe that
the energy dependence from the modes present both in the
cleaved and aged part of the sample are identical.

Above room temperature, the energy-temperature depen-
dence remains the same for both peaks while they tend to
merge at about 473 K where they become indistinguishable,
above this temperature we fit only one peak (see Appendix E).

The rate of energy change of this convolved peak is slightly
larger than the one calculated from the average of those of A1g

and B1g. As can be seen in Fig. 7(d) and Appendix E, the A1g

Raman cross section has much less weight in the convolved
peak than the B1g one, thus a larger rate of energy change of
the combined peak may be expected.

The energy dependence of all peaks except the one at
233 cm−1 has the same behavior below room temperature,
exhibiting a change of slope below the structural transition.
This fact supports the idea that the new peak at 250 cm−1 is
intrinsic or belongs to a capping closely correlated to the bulk.
This is not the case of the peak at 233 cm−1, whose area and
energy dependence are monotonous below room temperature.
Above it, this peak is unstable. Although the two new peaks
appear together, one is correlated to the bulk sample peaks,
and the other one is not.
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FIG. 8. Upper panel: Spectra taken at Fe2p, Se3p, and Se3d energies, in an old sample surface A, which displays the mentioned Raman
spectra (see Fig. 3 top panel) as a function of sputtering. Lower panel: Spectra taken from an old sample surface B, which does not display the
new Raman feature as a function of sputtering. Brown curves in both panels correspond to spectra taken in a cleaved sample C. Vertical lines
indicate the higher spin state binding energies for the different chemical species: FeOx , Fe0, Se0, Se2−, SeO2, and β-FeSe. The boxes on the
right indicate the composition on each stage of the sputtering depth profiling.

D. Surface chemical composition

An XPS study was conducted on β-FeSe crystal surfaces
aged in air to have a better insight on the evolution with
time of the surface chemical state of iron and selenium. We
performed a depth profile study on β-FeSe surfaces aged
in air for two months (A), one month (B), and on a just
cleaved β-FeSe surface (C). A corresponds to an aged sam-
ple displaying the mentioned Raman feature while B and C
display typical β-FeSe Raman spectra. The cleaved sample
C was withdrawn from the high vacuum chamber after being
measured with XPS and aged in air for a month (to become
sample B).

The Fe 2p, Se 3p, and Se 3d spectra were analyzed, where
the Se 3d partially overlaps with the Fe 3p core-level peak. In
Fig. 8 the mentioned core-levels spectra on each sample sur-
face are shown, with the intensity axes the same at each stage.
The upper panel corresponds to the depth profile of sample
A, and the lower panel to the depth profile of sample B. The
brown curves on each panel correspond to the cleaved sample
spectra C in the chemical state of pure β-FeSe compound, to
which A and B converge.

For the cleaved surface C (after 15 min of sputtering with
2 kV) the main components of the Se 3d and Fe 2p core level
were identified at BE = 54.2 eV and BE = 707 eV, both
in close agreement with the reported values for the β-FeSe
compound [28,29]. In the aged samples we performed a depth
profiling with Ar+ sputtering cycles at 2–3 kV over longer
times. The estimated sputtering rate is 7 Å/min in the Ar+

sputtering cycle at 2 kV. The total surface material removed

is estimated around hundreds of nanometers in the case of
sample A and tens of nanometers in the case of sample B.

The Fe chemical state is metallic on sample C, while is
mainly oxidized in the other two aged samples (black curves).
As we sputtered the surface the oxidized iron gradually dis-
appears giving place to a metallic Fe signal (sharp peak at
BE ≈ 707 eV). As this happens we observe how the chemical
state of selenium, in both aged samples (A and B), is strongly
modified.

In sample A we start with a surface mainly composed of
iron oxide, metallic selenium (Se0), and a small amount of
SeO2 [30] (only observed at this sample initial stage). After
5 min of sputtering at 2 kV, the pure metallic selenium is
drastically reduced and completely disappeared after the third
sputtering (blue curve in Fig. 8 upper panel). Also, at this
point, the Se 3p peak shows contributions at lower BE than the
one corresponding to the β-FeSe compound at BE ≈ 160 eV.
A similar trend is observed in the Se 3d energy range, where
a lower binding energy contribution appears at BE ≈ 53.6 eV
(see labels Se2− in the blue curve). From this point onwards
there is a progressive appearance of the β-FeSe compound,
as evidenced in the last two shown stages (pink and gray
curves). There the Se 3p and Se 3d peaks show a main con-
tribution at BE ≈ 160.6 eV and BE = 54.2 eV, respectively,
and the Fe 2p and Fe 3p at BE = 707 eV and BE ≈ 52.8 eV,
respectively.

For B sample (lower panel in Fig. 8) we observe that Se
chemical state in the initial spectra (black curves) resemble
the state of the A sample after the third sputtering (blue curve

214507-6
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FIG. 9. Evolution of the superconducting onset temperature and
critical temperature with thermal cycling in a sample with an aged
surface. The dark gray line shows the resistivity versus temperature
dependence of an as-grown sample. In the inset a scheme (not to
scale) of the prepared sample is shown. Upper panel shows the
transition region measured after one year in the same sample.

in Fig. 8 upper panel). At this stage we can clearly identify
oxidized iron in the Fe 2p spectra. Also, in the Se 3p and Se
3d spectra there are contributions at lower BE than for the
β-FeSe compound (see labels Se2− in the black curve). As we
continue to sputter, all the spectra resemble more and more
the cleaved sample (C), reference spectra.

In the aged surface B we identify the contributions of Se−2

(see labels in the black curve, lower panel of Fig. 8) that
becomes pure metallic Se0 in the A surface, aged for longer
times (black curve in Fig. 8 upper panel). This result suggests
the formation of Fe2+Se2− as an intermediate state, which
decompose into FeOx and bulk metallic Se0. In conclusion, for
surfaces aged longer in air, the β-FeSe compound decomposes
into pure metallic Se that concentrate on top layers leaving the
iron in oxidized states over many layers.

E. Electrical transport measurements

Taking into account the composition of the aged surface
and being aware about the many reports on β-FeSe films and
its critical transition temperature dependence with thickness
[18,31,32], we proceed to measure the aged surface electrical
transport properties. In the attempt to manipulate the aged
surface as less as possible, we cleaved a sample and attached
electrical contacts to this side, leaving on the other side an
aged surface that was glued to a sapphire sample holder with
a minimum amount of GE7031 varnish (see inset in Fig. 9).

In Fig. 9 we can observe that after a thermal cycling
(up to 300 K) the sample onset and critical temperature
(defined as zero resistivity temperature) rises. Besides,
we have also observed small changes in the resistivity
temperature dependence above the nematic transition.
Initially TOnset = 10.5 K and Tc = 8.6 K were measured. The
final temperatures were TOnset = 13.8 K and Tc = 10 K. This
enhancement of Tc after thermal cycling was not observed in
an as-grown (non-aged) sample, for which TOnset = 9 K and

Tc = 8.4 K. From our results, and using experimental data
from Ref. [18] we estimate that a Tc of 10 K corresponds to
a sample with an effective thickness of 80 nm (≈160 sheets)
which is similar to the aged sample layer thickness measured
by AFM (≈86 nm) and the removed thickness by sputtering
in the case of sample A, see Sec. III D.

We remeasured the sample after one year, and the enhanced
superconducting properties remain, as can be seen in the upper
panel of Fig. 9. Nevertheless, no percolation at higher Tc is
observed.

IV. DISCUSSION

There were conflicting conclusions regarding in which
manner low dimensionality enhances the superconducting
features in the case of β-FeSe films, and degrades them in
the case of flakes taken from a single crystal of β-FeSe [33].
Also, it has been reported how the degradation of this material
in air destroys the superconductivity [29]. There have been
reports arguing the crucial role of stress in the appearance of
superconductivity in films [34] as also in flakes [35].

We calculated the phonon dispersion relation using Bloch
waves and group theory, considering a harmonic potential for
one sheet of β-FeSe. The system formed by one sheet of
β-FeSe corresponds to the C4v point group, which has all of its
A1 and B1 Raman modes active. The results of both methods
are in good agreement, displaying three optical phonon modes
with symmetries A1, B1, and A1. The energy relationship
of these modes was compared with our experimental results
(A1g, B1g, and the new peak at 250 cm−1) and the agreement
between them is higher than 99%. Also the expected symme-
tries of the three vibrational modes correspond with the ones
observed by polarization measurements: A1 (180 cm−1), B1
(193 cm−1), and A1 (250 cm−1); see lower panel in Fig. 5. For
more information see Appendix A.

According to the XPS study performed in Sec. III D, we
found evidence of the presence of a ionic compound, like
Fe+2Se−2, as an intermediate state that decompose into FeOx

and bulk metallic Se0. This result is in agreement with the
work of Shesana et al. [30] that suggests the instability of
this compound. As a result, the iron gets oxidized and the
seleniums to which it was bond are released and begin to
interact with each other, producing the observed a-Se Raman
spectra present in the aged samples. As for the remaining β-
FeSe present in the surface, it could result uncorrelated from
the bulk in this mixed state producing a quasi-bidimensional
behavior near the surface, originating a new Raman active
peak, expected at ≈250 cm−1. Another feature indicating the
decorrelation of the aged surface is the appearance of a
layer-breathing mode which comes along with the peak at
250 cm−1, see Appendix B. This might explain the enhance-
ment of the Tc assuming that the β-FeSe present in the aged
part is not only uncorrelated from the bulk, but it is also
stressed due to the differential contraction produced by the
varnish which was used to attach the sample to a sapphire
holder. The varnish contraction would also explain the de-
pendence of Tc with the thermal cycling, since it could be
producing a rearrangement of the surface material with higher
percolation thresholds, improving the aged β-FeSe surface
superconducting properties.

The peak at 250 cm−1 was also reported by Yang et al. in
exfoliated sheets of β-FeSe crystals [23]. In this work they
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report its appearance with aging, its relation to the sample
thickness, and Tc degradation. They also assert that this new
peak is due to the formation of amorphous selenium nanopar-
ticles in the surface of the sample. According to Ref. [36]
the peak at 250 cm−1 along with its shoulder corresponds
to vibrational modes attributed to selenium allotropes of low
dimensionality. Massat et al. [37], in the additional informa-
tion, show the appearance of the new peak at 250 cm−1 along
with the low energy feature below 150 cm−1, in β-FeSe single
crystals. In this work they report how the tail below 150 cm−1

is quenched due to the application of pressure along the c axis.
We attribute the presence of this low energy tail to the Se
acoustic branch which is observed as a step below the energy
of its phonon gap [38] at 150 cm−1. This is sustained in the
loss of long-range translational symmetry (characteristic of
amorphous materials), where the Raman selection rules for
a crystalline material no longer hold. Also considering that
the Raman signal at 250 cm−1 is only due to the formation of
a-Se at the aged surface of the sample, we expect this to be
depolarized. In this sense we performed a depolarization ratio
analysis of this signal which unveil a polarized contribution to
this new peak, see Appendix C.

The above discussed phenomena results in an old-surface
coating, mainly composed of Se allotropes and iron oxide
of ∼100 nm that protects the rest of the material. Cleavage
is enough to remove this protective surface and recover the
β-FeSe single crystal.

In order to see whether a similar aging process is also found
in the layered, nonsuperconducting iron telluride β-FeTe com-
pound, we have performed Raman measurements that are
described in Appendix D. In this experiment the observed
spectra on an aged sample is in good agreement with tellurium
prepared in two-dimensional (2D) form. After cleaving the
sample, we recover typical β-FeTe Raman spectra.

V. CONCLUSIONS

We propose that the changes in the Raman spectrum are
due to the formation of Fe2+Se2− (in ionic state) which, be-
cause of its instability, results in an oxidation of Fe atoms and
free Se atoms in the surface of the sample. This layer acts
as a cover capping, protecting the rest of the material. This
could also produce a loss of translational symmetry from the
remaining β-FeSe in the first aged sheets of the sample, near
the surface, leading to a quasi-bidimensional (2D) behavior.
According to our calculations, this originates a new Raman
active mode at ≈250 cm−1, which may be covered up by the
presence of the a-Se spectra.

We correlate the Tc enhancement in transport experiments
to the aged surface of the sample. The stress induced at the
aged surface layer by either the chemical disordered interfaces
or by the small amount of varnish, between sample and sample
holder, is a plausible explanation for the increase in the critical
temperature.

In the literature there are discrepancies about the origin of
this new a-Se Raman peak at 250 cm−1 with its shoulder and
with the low energy tail below 150 cm−1. Also the presence of
a similar phenomena observed in β-FeTe single crystals leads
to the possibility that the aging process is ubiquitous to many
binary chalcogenides compounds. A word of caution should
be issued for future work in this kind of materials.
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APPENDIX A: HARMONIC APPROXIMATION

The normal vibrational modes of one sheet of β-FeSe was
modeled in the harmonic approximation. We consider our
system as made by square unit cells (see pink dashed square
in Fig. 10), within which there are four atoms: two Fe in the
middle of the square faces, one Se above (or below) the iron
plane in the center, and four atoms of Se below (or above) in
the corners. This configuration corresponds to a C4v symmetry
group which has 12 Raman active modes, 3 A1, 1 B1, and 4 E .
The modes with E representation are vibrations in x, y axes
and the rest of them are vibrations along the z axis.

FIG. 10. Upper section: Fit of the experimental data with the
theoretical calculations. λ is the eigenvalue from the theoretical
calculation. Middle section: Scheme of one sheet of β-FeSe. The
pink slashed line determines one arbitrary unit cell of the system
and the black square shows the notation used for the Hamiltonian.
Bottom section: Scheme of the vibrational modes along the c axis
for a β-FeSe single sheet.
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We consider interactions to second nearest neighbors, i.e.,
Se-Fe, Fe-Fe, and Se-Se interactions, as can be seen in the
following Hamiltonian (see the black square in Fig. 10 as a
guide for the index used for our calculation):

H = K ′

2
{(Fe2y − Se2y + Se2z − Fe2z )2

+ (Fe1x − Se2x + Se2z − Fe1z )2

+ (Se1y − Fe1y + Fe1z − Se1z )2

+ (Se1x − Fe2x + Fe2z − Se1z )2}

+ C

4
(Se1x − Se2x + Se1y

− Se2y + Se2z − Se1z )2

+ D

4
(Fe1x − Fe2x + Fe2y − Fe1y)2.

This model predicts three optical modes in the center of the
Brillouin zone. From lowest to highest energy: vibrations of
Se atoms only, vibrations of Fe atoms only, and a combination
of vibration of both kinds of atoms (see lower section of
Fig. 10 for a scheme of each mode). The expected polarization
symmetries of each mode are A1 for the Se, B1 for the Fe, and
A1 for the last mode. As mentioned in the general sample char-
acterization section, the polarization dependence of the peaks
is the same as the expected from our model. We compare
the theoretical relative energy expected vs the experimental
energy results, and the coefficient of determination (R2) is
higher than 0.99 for all temperatures. Also from the slope of
the linear fit in Fig. 10 we estimated the bond energy (only
taking into account first neighbor interactions, i.e., K ′ � C)
of the covalent union of Fe-Se atoms obtaining a value of
≈1.5 eV.

APPENDIX B: LOW FREQUENCY
LAYER-BREATHING MODE

Layered materials, whose atoms are linked by covalent
bonds within a layer (intralayer) and have an interlayer inter-

FIG. 11. Black curve: Typical β-FeSe spectrum taken at 6.5 K.
Red curve: Spectrum from the same sample 2 months later at 140 K.
We see how the layer-breathing mode appears along with the new
peak at 250 cm−1. Black curve was vertically translated for clarity.

FIG. 12. Red curve: Spectrum collected with laser and analyzer
polarization parallel to each other at 300 K. Black curve: Same
spectrum after depolarization ratio analysis. We observe how the
peak at 233 cm−1 completely disappears.

action of van der Waals nature, have characteristic vibrational
modes in the low frequency Raman spectra. These are known
as the breathing mode and the shearing mode, which corre-
spond to vibrations between layers along the direction normal
to the plane and in-plane displacement, respectively. In partic-
ular, the frequency of these modes could be used to describe
and characterize the interlayer coupling and the number of
layers involved in the mode [39].

In our experiment we have observed that these modes ap-
pear with aging. We measured a sample displaying typical
β-FeSe spectrum, and two months later we observed how
the new peak at 250 cm−1 appears, along with a peak at low
energy at ∼82 cm−1, with satellites on each side, see Fig. 11.

FIG. 13. Raman spectra of FeTe single crystal before and after
cleaving at room temperature. The peak values in the main frame are
obtained fitting Lorentzian shaped curves.
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FIG. 14. Experimental spectra of the 250 and 233 cm−1 peaks and their fits taken at (a) 300 K, (b) 200 K, (c) 115 K, (d) 100 K, (e) 95 K,
(f) 77.5 K, (g) 51 K, (h) 19.9 K, and (i) 5.2 K. The light gray line shows A1g and B1g peaks which were subtracted to perform the fit.

The measurements shown in Fig. 11 were made in a macro
backscattering configuration with a 514 nm wavelength laser.

A simple one-dimensional model described in Ref. [39]
by Liang et al., where each layer is considered as a body
whose neighbors are along the c axis, gives these vibrational
mode energies as a function of the number of layers, the unit
cell density mass, and the van der Waals force constant. The
calculated value of the force constant in our experiment is
consistent with the ones reported for similar systems.

APPENDIX C: DEPOLARIZATION RATIO ANALYSIS

Assuming that the new signal observed in aged samples,
i.e., the new peak at 250 cm−1 with its shoulder at 233 cm−1

and the tail below 150 cm−1, is due to the presence of
amorphous selenium (a-Se) at the surface, this signal should
be depolarized since a-Se has no crystalline order. In this
sense we performed a depolarization ratio analysis [40,41]
of the spectra presented in Fig. 5 lower panel. The depolar-

ization ratio is defined as the ratio of the Raman intensity
collected when the polarization of incident and scattered light
are perpendicular to that collected when the polarization of
incident and scattered light are parallel to each other, ρ =
I⊥/I‖. According to Placzek’s polarizability approximation,
this ratio is less than 0.75 for totally symmetric vibrational
mode (polarized), and equal to or grater than 0.75 for the
others (depolarized) [41]. So we can say

0 < I‖ − I⊥/0.75 → Polarized mode,

0 � I‖ − I⊥/0.75 → Depolarized mode. (C1)

In Fig. 12 we can see a spectrum where the polarization of
the incident laser beam and analyzer are parallel (red curve)
and a spectrum where the depolarization ratio analysis from
Eq. (C1) was performed (black curve). From the analysis we
see that the peak at 250 cm−1 has a polarized component. We
attribute this polarized component to the new mode predicted
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FIG. 15. Measured A1g and B1g peaks and their fits taken at (a) 303 K, (b) 373 K, (c) 413 K, (d) 473 K, (e) 488 K, (f) 503 K, (g) 573 K,
(h) 663 K, and (i) 763 K.

by the model from Appendix A since crystalline selenium
signal should be found at 233 cm−1 [42].

APPENDIX D: RELATED RESULTS AND MATERIALS

In order to search for the appearance of 2D behavior
with aging in a related material, we have measured the
Raman spectra at room temperature for a β-FeTe single crys-
talline sample [43] aged in air, before and after cleaving.
The spectra are shown in Fig. 13 displaying very different
sets of peaks. The measurements before cleavage display
peaks at: 93.7(3), 102.8(3), 123.23(2), 142.29(6) cm−1, and
overtones. This spectrum features correspond to those found
in elemental tellurium prepared in a 2D form [44]. After
cleaving, the measurement shows two peaks at 157 and 200
cm−1 consistent with the Raman spectra of single crystal
β-FeTe [45].

APPENDIX E: DECONVOLUTION AND FITS

For the data analysis from Sec. III C we deconvolve the
peak observed at aged samples in two peaks by Lorentzian
fits, one at 250 cm−1 and other at 233 cm−1. The contribution
of A1g and B1g was subtracted from the data. Some fits can be
seen in Fig. 14. The coefficient of determination is R2 ≈ 0.99
for all temperatures.

In Fig. 15 we display the high temperature measurements
of the A1g and B1g peaks and its fits. As temperature rises,
both peaks shift towards lower energies with different rates
(see Fig. 7) up to 473 K; beyond this temperature, both peaks
become indistinguishable within the error.

All the analyzed data were corrected by the phonon thermal
population, this is performed by dividing the peak’s intensity
by (n + 1), where n is the the Bose factor for the correspond-
ing temperature.
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