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We present an experimental study of the electronic states of the nanolamellar compound Ti2SnC by means
of angle-resolved photoemission spectroscopy (ARPES). Experiments were performed on macroscopic single
crystals, and the observed Fermi surface and band structure were systematically compared with the output
of density functional theory calculations. The fine details of the Fermi surface predicted by theory are duly
evidenced by the ARPES measurements. The multiply connected Fermi surface (FS) is formed by a combination
of quasi-two-dimensional corrugated tubes and quasi-one-dimensional thin plates, centered on high-symmetry
axes and points, respectively. The quasi-one-dimensional FS region displays a clear Dirac-like dispersion. An
evanescent surface state is observed in addition to the bulk bands.
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I. INTRODUCTION

The Mn+1AXn nanolamellar carbides, also referred to as
MAX phases, form a large group of materials that have at-
tracted a lot of attention over the past two decades [1–3]. They
possess an unusual combination of metallic- and ceramic-like
properties, and they are also the precursors for MXenes [4,5],
a class of bidimensional materials that show great promise for
energy storage applications [6] and other fields [7].

Some bulk MAX phases such as Ti2AlC, Ti3SiC2, or
Cr2AlC have been investigated extensively due to their poten-
tial for applications in extreme conditions [2]. In contrast, and
as for many other compounds belonging to the MAX phase
family [2,8], the properties of Ti2SnC have been the focus of
a relatively small number of studies (see, e.g., [9–17]). Yet
this compound exhibits remarkable crack healing capabilities
[9], which could lead to the development of ceramic materi-
als with a prolonged lifetime under harsh thermal conditions
[9,10].

Up to now, Ti2SnC has been synthesized under poly-
crystalline powder form through standard sintering methods
[11–14], as well as in the form of polycrystalline thin film by
means of chemical or physical deposition techniques [15]. The
electronic properties of Ti2SnC are similar to those of most
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MAX phases, with an electronic conductivity higher than
other Sn-based MAX phases [11,12]. The electronic structure
of Ti2SnC is reported in several computational studies [16,17],
but the latter lack a precise determination of both the band
structure (BS) and the Fermi surface (FS), which were only
computed on very coarse k-meshes [17]. To our knowledge,
the electronic structure of Ti2SnC has not been experimentally
probed yet.

Recently, the Fermi surface and the near-Fermi-level
band structure of Cr2AlC, V2AlC, and Ti3SiC2 were exper-
imentally probed by means of angle-resolved photoemission
spectroscopy (ARPES) and density functional theory (DFT)
calculations [18–20]. Following these developments, it was
demonstrated that rigid band models could describe the BS
of the 211 MAX phases [21], a MAX phase’s subclass to
which Ti2SnC belongs. Yet, its electronic band structure is ex-
pected to differ from its Al-based counterpart Ti2AlC or other
Al-based MAX phases [21]. As mentioned above, the BSs
available in the literature were most often computed on very
coarse k-meshes, which do not allow one to conduct a thor-
ough and comprehensive analysis of the electronic structure.

The purpose of this work is to apply the methodology we
used for other 211 MAX phases (and other similar compounds
such as Mo4Ce4Al7C3 [22,23]) to Ti2SnC: We combined
ARPES experiments and DFT calculations in order to ob-
tain a reliable description of the electronic states of Ti2SnC
near the Fermi level and at intermediate energies. As for
Cr2AlC and other phases, the specificity of our approach
is that we grow macroscopic bulk single crystals of MAX
phases for photoemission experiments. This paper details the
growth of macroscopically large Ti2SnC bulk single crystals.
Their availability was key for probing the Ti2SnC FS and BS
through ARPES.
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The FS of Ti2SnC appears to be made up of a combination
of nearly two-dimensional (2D) vertical tubes centered in �,
and electron bands located around the H point (bands 43
and 44). The FS of the latter breaks down into two specific
kinds of domains, one being 2D in-plane and the other 1D
along c. The band structure and Fermi surface show some
resemblance to Ti3SiC2 due to the predominance of the Ti
d orbital contribution near EF . Despite some slight discrep-
ancies at intermediate energies, an overall good agreement
between ARPES and DFT is found. An excellent agreement
is obtained near the Fermi level. Evanescent surface states are
spotted, and bulk linear dispersive features are observed and
related to the complex morphology of bands 43 and 44 and
their respective FSs and isoenergy surfaces. As for Ti3SiC2,
these linear dispersions may lead to a non-negligible linear
behavior of the magnetoresistance at a high magnetic field
[20].

II. MATERIALS AND METHODS

Self-nucleated Ti2SnC single crystals were synthesized
by high-temperature solution growth in an induction-heated
growth reactor, following a process similar to that detailed in
[24–26]. The atomic ratio of Ti and Sn in the solution was
around 1:1, and carbon was provided by the dissolution of
the graphite crucible within the metallic solution. The high-
temperature set point was between 1800 and 1850°C, imposed
during 1 h before starting the slow cooling down (a few days).
The lateral dimensions of the as-grown crystals are typically
in the range of a few mm’s, some of them reaching up to
almost 1 cm. Crystals are up to a few 100 μm thick, and are
oriented toward (0001). Single crystals were cut in 3 mm × 3
mm squares before being cleaved within the UHV chamber
of the Cassiopée line at SOLEIL, which is equipped with
a SCIENTA R4000 analyzer for ARPES experiments. Base
pressure was set to about 10–9 Pa, and the temperature was
set to 13.4 K. ARPES spectra were recorded with a photon
energy of 97.5 eV in a linear horizontal polarization mode
that is equivalent to the s pol configuration described in [18].
Figure 9(a) is an exception here as it was recorded for an
energy of 22.5 eV at UVSOR-III BL7U. In this energy range,
and for similar systems, kz broadening is expected to be of the
order of 0.25–1 Å–1 [27], suggesting that a nearly complete
kz averaging of the band will occur over the Ti2SnC Brillouin
zone (BZ), for which π/c is approximately 0.23 Å–1. Energy
resolution is of the order of 10 meV.

The angular window of the entry slit of the photoelectron
detector goes from −17.50° to 12.3°, with a resolution of
0.046° for the variable labeled as θx. One can define θx as
the angle between the photoemitted electron beam line, which
reaches the middle of the slit detector, and an electron beam
line detected in another given part of the slit. θy is the angle
between the same line defined by the emitted electron beam
detected in the middle of the detector slit and the growth axis
of the crystal. It evolves within the [−10.75°, 32.75°] interval,
varying with angular steps of 0.5°. As a short reminder, θx and
θy define the value of kx and ky wave-vector coordinates in
reciprocal space, and in this work the crystal was aligned so
that kx and ky corresponded to the �K and �M crystal axes,
respectively. The angle between the incoming light beam and

the mediator of the line of the slit detector was set to 45°. The
overall experimental configuration is similar to the one used
in [18], and a more detailed description of the experimental
setup, including figures, can be found there. The ARPES anal-
ysis we performed is based on the framework of the three-step
model [28]. Scattering of the outgoing electron when crossing
the surface and other final-state effects are thus not taken into
account.

All DFT calculations were performed with the full-
potential LAPW+lo (linear augmented plane wave + lo-
calized orbitals) method implemented within the WIEN2K

software [29]. The standard spinless Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) functional
[30] was chosen. Wave functions were expanded up to an
RKM cutoff parameter of 9 to guarantee that convergence was
reached (RKM refers to the smallest “atomic sphere radius”
R times the largest K vector of the LAPW expansion used).
A dense 72 × 72 × 14 Monkhorst-Pack cell was used. For
GGA+SOC (spin-orbit coupling) calculations, the WIEN2K

basis of relativistic orbitals was used to describe the Ti or-
bitals, and SOC was taken into account for all atoms. The
overall level of convergence was set to 0.01 mRy. The Fermi
surface plots and Fermi velocity maps were computed using
FERMI SURFER and XCRYSDEN software [31,32].

III. FERMI SURFACE

As for other MAX phases, Ti2SnC crystallizes in the
P63/mmc space group [2,33] [the associated unit cell is given
in Fig. 1(a)] and its properties at the Fermi level EF are mostly
determined by the d orbitals of the Ti atoms [2,8]. In Fig. 1(c),
the BS of Ti2SnC is projected onto the various Ti d orbitals
and Sn px + py orbital states. Consistent with past density-
of-states (DOS) calculations [17], the various Ti d orbitals
dominate over other Sn p and other orbitals near EF . Yet,
about 1.5 eV below EF , the Sn px + py orbital contribution
gets stronger, as expected from Sn orbital-projected DOSs
[17], which are found to exhibit 5p local maxima around 2 and
3 eV. As for V2AlC, Cr2AlC, and Ti3SiC2, the knowledge of
the orbital character of the bands is key to the understanding of
the output of photoemission experiments [28,34], especially
for the case of ARPES, where the experimental spectra are
probed in a three-dimensional (E , θx, θy) or four-dimensional
(E , θx, θy, hν ) parameter space.

Combined with the orbital and angular dependence of the
photoionization cross section, orbital-projected BSs are used
to assess which band can be observed for a given experimental
configuration [28,34,35]. Here, the configuration is equivalent
to the s pol mode described in [18] (note that in [18], the x and
y axes are inverted with respect to the convention used here,
and so are the roles of θx and θy). The angular dependence
of the photoionization cross sections of the 3d orbitals was
computed in [18] for Cr2AlC from the formalism detailed in
[36]. One would obtain similar curves for the 3d orbitals of Ti
in Ti2SnC. Accordingly, bands with a strong dz

2 contribution
at EF should appear with a stronger intensity at small angle
and decrease at higher angles [18]. Bands 41 and 42, which
exhibit a non-negligible dz

2 character at EF [see Fig. 1(c)],
should give a strong contribution to the FS spectra at small
angle. As dyz and dxz contributions will overcome dz

2 at larger
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FIG. 1. (a) Ti2SnC unit cell. (b) Fermi surfaces of Ti2SnC plotted
over the first BZ, for the four-hole bands (b39-42) and the two-
electron bands crossing EF (b43-44). (c) Sketch of the first Brillouin
zone of Ti2SnC, with indicated directions. (d) Ti2SnC band structure
projected onto Ti d orbitals, dominant at the Fermi level, and Sn
px + py orbitals.

angles, the contribution of the other bands will become more
prominent at the edge of the first BZ and in the extended
BZs. An asymmetry of the ARPES signal intensity should be
observed over θx while the spectra should be symmetric along
θy [18].

The ARPES Fermi surface map is shown in Fig. 2(a). The
shape of the experimental FS spectra mostly corresponds to
a projection of the DFT FS shown in Fig. 2(b). The DFT
FS reproduces well the experimental spectra, but a few ef-
fects must be taken into account prior to other considerations:
First, matrix element effects can be tackled by considering
the angular dependence of the photoionization cross section
mentioned above. Consistent with the analysis above, FSs of
bands 41 and 42 appear prominently around the � point at
(0.0 Å–1, 0.0 Å–1). For the � point located at kx = 0.0 Å–1

and ky = 2.235 Å–1 (corresponding to θx = − 6.63◦ and
θy = 26.5◦ before azimuth rotating and converting the exper-
imental ARPES spectra into wave-vector units), the ARPES
signal is less intense, and the FS tube associated with bands 39
and 40 can clearly be spotted. Secondly, the three-dimensional
character of the FS needs to be considered. The Ti2SnC Fermi
surface involves four nearly 2D hole bands that form cylindri-
cal, corrugated tubes (bands 39 and 40) and hexagon-shaped
tubes (bands 41 and 42), with axes oriented along �A [see
Fig. 1(c)]. These FSs form distinctive line patterns on the

ARPES spectra, almost not blurred due to their nearly 2D
morphology. Hence, the effect of kz broadening is expected
to be negligible for these bands [37,38]. One must note that
we hereby refer to kz broadening as the fact that, for a given
kx, complete 3D bands contribute to the ARPES spectra, as
they are spanned over a full Brillouin zone along kz [37–40].
This broadening can thus be predicted by plotting a set of
dispersion curves with kz as a parameter that varies over one
BZ, as shown in Figs. 6(a) and 7(a). We do neglect the final-
state effects described in [20,41], which are also referred to as
kz broadening.

In contrast to the other bands, the contributions of bands
43 and 44 are electronlike. They exhibit well-defined inter-
connected domains that are either dispersive along kz only
(i.e., 1D-like; see the detailed discussion in Sec. IV B) or
dispersive in-plane (i.e., 2D-like; see also Sec. IV B). While
the FS of band 43 [Fig. 1(b)] is formed out of a warped tube
centered on the KH axis (so that dispersion is rather 2D-like
and in-plane), the band 44 FS consists in triangular, flat plates
located within HLA planes (i.e., 1D-like with dispersion along
c), and connected by tubes centered between the � and K
points [i.e., 2D-like with in-plane dispersion; see Fig. 1(b)].
Signatures of these tubes are visible on the ARPES spectra,
close to the coordinates (±0.5 Å–1, 1.5 Å–1). Similar to band
50 of Ti3SiC2, the contribution of band 44 to Ti2SnC ARPES
spectra corresponds to an averaging of that FS over kz [20].
Yet, due to the very small in-plane dispersion of this band in
(kx, ky) near the H point, the kz averaging should not lead to
an intense “projected FS” pattern. This is consistent with the
lower intensity of the H centered triangular surfaces displayed
by the ARPES spectra [Fig. 2(a)].

The overall FS of Ti2SnC thus shows a high degree of
anisotropy, and a similar anisotropy is found for the Fermi
velocity modulus map shown in Figs. 2(b) and 2(c). The
morphology of the FS shows some similarity with Ti3SiC2

[20]. The Fermi velocity vF , determined by using the FERMI

SURFER software [31], appears to be minimum for the two
embedded tubes closest to the �A axis. The Fermi velocity is
maximum for band 43, over MK. Although all FS regions are
highly anisotropic, their different orientations, combined with
the high Fermi velocity values, in-plane or along kz, suggest
that transport in Ti2SnC may not be nearly as 2D as a MAX
phase such as Cr2AlC [18]. In any case, it would be necessary
to assess the anisotropy of the relaxation time in order to fully
ascertain the anisotropies of Ti2SnC transport coefficients
[42,43], but this is way beyond the scope of this work. It is
remarkable that the FS essentially consists of tubes and very
thin plates, connected or not. This means that the electrons
at the Fermi energy do not display 3D behavior. Some of
them behave instead as if they were spatially confined in one
dimension, with an energy dispersion restricted to the c axis
(FS plates), whereas others are 2D, with an in-plane energy
dispersion (tubelike FS parts with their axis directed along c).
The 1D-like dispersion of band 44 is also very peculiar, for
it corresponds to a 1D Dirac-like dispersion located in the H
plane and slightly below EF [see the two linear dispersions
close to EF along the HK axis in Fig. 1(c), joining at a 1D
Dirac point located in H, whereas along AH and starting from
H, the dispersion of the two bands is totally flat and degener-
ate, indicating a local 1D character]. The LAPW+lo approach
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FIG. 2. (a) Extended ARPES Fermi surface mapping centered in �. The six directions indicated, respectively, correspond to the kx axes for
the BS in Figs. 5 (no. 1), 6(b) (no. 3), 7(b) and 7(c) (nos. 2 and 4), and 9(c) and 9(d) (nos. 5 and 6). For this intensity scale, the maximum of
the ARPES signal is 471 and the minimum is 14. The Ti2SnC FS computed by DFT is given within both the first BZ (b) and an alternative BZ
centered in L (c), with the FS velocity moduli vF represented as a color plot on the top of the surfaces.

makes it easy to determine how close the electron states are to
a linear combination of atomic orbitals. Here, the output of the
DFT calculations indicates that for electrons with an energy
close to EF , the weight of the augmented plane waves is small
compared to that of the atomic orbitals. This justifies the dis-
cussion in terms of the orbital character of the bands. Ti atoms
give the more prominent contribution to the states around
EF , as usually observed for MAX phases [2]. It is worth
noting that the 1D region around the H point corresponds to
Ti orbital contributions pointing out-of-plane, with an angle
that allows Sn atom contributions to be associated with the
electron wave functions with the wave vector around H (see
Fig. 1), a feature needed for out-of-plane delocalization. In
contrast, the Ti orbitals contributing to the in-plane hole bands
which are centered in the � point are mostly restricted to the
xy plane (see Fig. 1). A detailed experimental verification of
those dispersions as well as a comparison between ARPES
and DFT are presented in the next section.

IV. ENERGY BAND DISPERSION

A. General comparison between ARPES and DFT

Determination of the inner potential V0 was estimated from
the symmetry of band dispersive features along kz at some
kx lines, though the interplane Fermi surface mostly consists
of in-plane, quasi-two-dimensional regions. Figure 3(a) in-
dicates which k⊥ value is probed at a given k// for several
photon energies hν. hν = 97.5 and 22.5 eV correspond to k⊥
lying around � planes. Figure 3(b) shows interplane ARPES
Fermi surface mapping of Ti2SnC. ARPES trace lines nos.
7–9 defined in Fig. 3(a) result in the band structures shown
in Figs. 3(c), 3(d), and 3(e) for kx = 0.65 Å–1 (cut no. 7),

kx = 0.9 Å–1 (cut no. 8), and kx = 1.35 Å–1 ≈ KH (cut no. 9),
respectively. The inner potential value was estimated around
V0 = 22.5 eV. The quality of raw ARPES data can be as-
sessed by an examination of Fig. 4, which displays energy
distribution curves (EDCs) and momentum distribution curves
(MDCs). Figure 4 shows how clearly the band dispersions are
observed along two high-symmetry directions.

Band-structure mappings over directions no. 1 (�M), no. 3
(MK), and the two equivalent nos. 2 and 4 (�K) directions, as
defined in Fig. 2(a), are given in Figs. 5, 6, and 7, respectively.
The prominent dispersive features in the 0 to −0.5 eV window
show a high degree of consistency with DFT calculations. In
Fig. 5, the bands along �M seem to delimitate well most of the
dispersive features associated with each band. Nevertheless,
the positions of several bands located at least 1 eV below EF

are slightly shifted compared to their expected position from
DFT calculations. Most of these discrepancies appear within
a restricted wave-vector range near the M point, starting from
−1.0 eV below EF and then following below. Bands 41 and
42 are very close to each other in that range, and both exhibit
a minimum at the M point, located at −1.65 eV for the DFT
bands. From DFT, and as highlighted in Figs. 5 and 6(a) for
KMK, these bands are expected to depend weakly on kz in
this area, with an expected energy width of 20 meV for band
41 and 10 meV for band 42 when going from the M to the
L point. Both bands would be degenerate at the edge of the
BZ, along AL. The experimental ARPES spectra near the M
point show very intense features, with an apparent width of
around 0.5 eV at the M point. Overall, from −1 eV below EF ,
the experimental kz broadening seems to be somewhat larger
than what was expected from the DFT predictions. This is also
observed over MK as highlighted in Fig. 6(b). Broadening

195118-4



FERMI SURFACE AND BAND STRUCTURE OF … PHYSICAL REVIEW B 104, 195118 (2021)

FIG. 3. Part (a) indicates which k⊥ value is probed at a given
k// for several hν’s. hν = 97.5 and 22.5 eV correspond to k⊥ lying
around � planes. (b) Interplane ARPES Fermi surface mapping of
Ti2SnC. ARPES trace lines nos. 7 and 8 in (c)–(e) are shown in
(a) and (b). (c)–(e) Band structures along the cut no. 7 [(c) kx =
0.65 Å−1], no. 8 [(d) kx = 0.9 Å−1], and no. 9 [(e) kx = 1.35 Å−1 ∼
KH], respectively.

appears significantly larger than expected near the M point
from the kz projected BS in Fig. 6(a). However, close to EF

(especially the dispersion observed at a larger angle, right of
Fig. 5), the observed kz broadening remains small, leading
to well-defined lines. This is in agreement with the quasi-2D
character of those bands at EF . The asymmetry of the ARPES
signal intensity between the positive and negative wave-vector
area of the spectra is consistent with the asymmetry of the
photoionization cross section in s pol mode mentioned above
[18].

Other small discrepancies are still found in the area neigh-
boring the boundaries of the BZ for the flatter bands in the
−2.0 to −2.5 eV interval. There is a 260 meV downshift
between the ARPES and DFT bands near M or K points [see
Figs. 5, 6(b), and 7(b)], while the width of the ARPES signal
of the bands involved appears to match the broadening of

FIG. 4. Raw ARPES spectra of Ti2SnC shown as energy dis-
tribution curves (EDCs) (a),(b) and momentum distribution curves
(MDCs) (c), (d) along �M� (a), (c) (no. 1 in Fig. 3) and �KM (no. 4
in Fig. 3), respectively.

the DFT bands at or near the BZ edges in Figs. 6 and 7. It
must be noted that Sn px + py orbitals have a more significant
contribution to the density of states in this energy range. We
performed both SOC and DFT+U calculations with U = 2 eV
for the p orbital of Sn, but the resulting modifications of the
bands were not significant enough to explain the observed
relative discrepancies between experiments and calculations
at lower energies.

Then, closer to �, most of the ARPES bands at −1 eV
and below are reproduced quite well by DFT, and the widths
of the dispersive features match the ones obtained from the
kz projected band structures in Fig. 7(a). In Figs. 7(b) and
7(c), the band structure is probed over the directions no. 2
and no. 4, which are both equivalent to K�K but with no. 2
being recorded in a range of θy comprising between 25° and
30° and no. 4 for θy close to 0°. Comparing the output of
Figs. 7(b) and 7(c), the bands that appear on the experimental
spectra for the two �K directions nos. 2 and 4 are not the
same. For no. 2 [Fig. 7(b)], a set of multiple kz broadened
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FIG. 5. ARPES BS mapping of a Ti2SnC single crystal oriented
over �M� (respectively ALA, and corresponding to no. 1 as above),
together with the corresponding bulk bands computed by DFT, in
full burgundy lines for �M� in the � plane and dotted gray lines
for bands in the A planes, along ALA. An additional band is featured,
whose trace disappears after a few hours and which is not reproduced
by bulk DFT calculation (see the dotted red line, used as a guide for
the eyes). It shows a minimum at � for E ≈ −2.2 eV. As in all other
figures, the color scale is linear.

bands located between � and K close to the Fermi level show
a higher intensity. These bands are expected to be dominated
by dxy and dyz orbitals, which explains why they would have
a stronger contribution at high θy angles (or high ky). For no.
4, corresponding to θy = 0◦, the dispersive features associated
with these bands disappear, and the spectrum is dominated by
the hexagonal electron tube centered in �, which is expected
to display a strong dz

2 character. The variation of intensity in
the ARPES spectra for low and high θy angles is thus consis-
tent with the orbital character of the various bands and with
the angular dependence of the photoemission cross sections

FIG. 6. (a) kz projected bulk DFT bands over KMK (HLH) for
kz ranging from 0 (black color) to π/c (green). (b) ARPES band
mapping along no. 3, which corresponds to KMK (HLH) and extends
close to �(A). The color labels of the DFT bands lying either within
the � or A plane correspond to Fig. 5.

FIG. 7. (a) kz projected DFT BS along K�K. ARPES spectra
along directions no. 2 (b) and no. 4 (c) of Fig. 2. Both spectra account
for a band structure along �K (AH), and they are plotted with corre-
sponding theoretical bands from DFT calculations (in full burgundy
for �K and dotted gray for AH). Part (b) is recorded for relatively
large θy angles, in a range of 25°–30°, while (c) was recorded at a
smaller θy value, close to 0°. In (c), the same evanescent dispersions
as in Fig. 5 are located near �.

computed in [18]. A similar observation stands for the weakly
dispersive bands located between –2.0 and –2.5 eV. Overall,
it has to be stressed that the agreement between DFT and
ARPES is good.

B. Local quasi-2D or quasi-1D dispersions of band 45

Let us first focus on the FS around point H. The latter
is exactly centered on the flat FS triangular platelet with a
quasi-1D dispersion along the c axis [see Fig. 8(a)]. In Fig.
8(b) are given the dispersion curves parallel to �KM, with kz

as a parameter varying across a BZ cut centered on H (the
dispersion along AHL corresponds to the green line). H, as
the other points located midway between the two FS plates,
is a quasi-1D Dirac point. It is shown in Fig. 8(c), which
displays a 1D Dirac cone along KH. This is also illustrated
by the existence of a domain shown in Fig. 8(b) (roughly
for 0.5 < kx < 0.9 Å–1) for which the in-plane dispersions are
almost totally flat regardless of the value of kz, and the regular
spacing between the various kz values in Fig. 8(b) leads to a

195118-6



FERMI SURFACE AND BAND STRUCTURE OF … PHYSICAL REVIEW B 104, 195118 (2021)

FIG. 8. (a) Electron FS of band 45, which consists of triangular
plates centered at the H point and defined in a very narrow window
around H. These plates are connected by tubes whose axes are
located between � and K. (b) Zoom over the kz-broadened band
structure of Ti2SnC near the K point. The dispersion of band 45
is nearly flat around H and for energies close to EF . (c) Ti2SnC
GGA and GGA+SOC band structures along �KH. Two linear band
crossings are observed at δ and ζ points. Both are gapped when SOC
is taken into account, with a gap of roughly 73 meV at δ and 29 meV
at ζ .

regular spacing between neighboring dispersion curves. This
results from the linear dispersion along kz. Such a flat disper-
sion is indeed predicted along any in-plane direction starting
from a point located along KH. The quasi-1D Dirac points are
located less than 0.1 eV below EF . When taking SOC into
account, a gap opens with a value close to 29 meV [Fig. 8(c)].
Although extracting the dispersion along kz from the ARPES
data would have required detailed measurements and analysis
with varying photon energy, a good experimental indication
of a dispersive (or not) character along kz can nevertheless
be inferred from observing the ARPES signal intensity and
kz broadening of our spectra acquired for a constant incident
photon energy. Roughly speaking, and notwithstanding spe-
cific cross-section effects, a band with a strong dispersion
along kz will result in a much weaker signal, dispersed over
a wide energy area, whereas a quasi-2D band results, at the
2D limit, in well-defined and thin lines of strong intensity
(see, e.g., Ref. [20] for detailed explanations). As shown by
Figs. 6(a) and 8(b), the domain around K(H) with a predicted
linear dispersion along kz and no in-plane dispersion does
exhibit a low ARPES signal intensity that becomes more
intense at its boundaries, where the dispersions are predicted
to become 2D and in-plane [Fig. 6(b)]. The same considera-
tions apply to Fig. 7(b). The FS plate corresponding to this
quasi-1D linear dispersion should substantially contribute to
electrical transport along c .

Let us now consider the FS vertical tubes, the ones in-
tersecting the triangular plates of band 45 at their vertices
[see Fig. 8(a)]. From Fig. 9(a), those quasi-2D tubes gener-
ate an easily recognizable ARPES signal at EF , in contrast
with the kz-dispersed triangular plates described just above
[the contours of the FSs are also given in Fig. 9(b) for the
sake of comparison]. The 2D dispersion of the tubes is also
observable in the BS spectra corresponding to cuts nos. 5 and
6 defined in Fig. 2(a). Those spectra are shown in Figs. 9(c)
and 9(d). In Fig. 9(d), the 2D-like dispersion displayed by
the ARPES signal is clearly parabolic [symmetrical parabola
seen at the top left and right of Fig. 9(d)], as predicted by
DFT calculations (solid and dashed lines). Those FS tubes
should mainly contribute to the in-plane electrical transport,
as for other corrugated tubelike FSs with �A (bands 39–42)
or HK (band 43, tightly enclosing the features of band 45 just
described above) as axis.

C. Evanescent surface-state band

Another discrepancy from the predictions of the DFT
calculations is the manifestation of an evanescent band in
the ARPES spectra of Ti2SnC, with a minimum at � and
E − EF ≈ −2.2 eV, and a maximum near EF at the M point.
This can be observed in Figs. 5 and 7(c). The intensity of this
band decreases continuously over time until it almost totally
vanishes several hours after the crystals were cleaved in UHV
conditions, a fact strongly in favor of a potential surface-state
band subject to a slow surface passivation. A similar feature
was also observed for V2AlC single crystals [19]. As exposed
in [19], it is reasonable to relate this evanescent pattern to the
breaking of the d-orbital contribution of the M atom (here
Ti), pointing toward the cleaved surface and resulting in the
formation of an unstable surface band that follows the original
bulk MAX phase hexagonal symmetry. Our data do not allow
us to determine the origin of the passivation of the Ti2SnC
surface, but a possible explanation may be the oxidation of the
upper Ti layer. One can wonder whether such a state would lie
at the surface of any MAX phase whose surface has not been
reconstructed or oxidized after cleavage. Surface states were
not spotted for Cr2AlC and Ti3SiC2 single crystals [18,20],
but in these cases they may well have been hidden by the
intense signals from the other bulk bands.

V. CONCLUSION AND PROSPECTS

We performed a detailed study of the electronic band struc-
ture and Fermi surface of the MAX phase Ti2SnC by means of
ARPES and DFT calculations. Following past photoemission
studies of MAX phases, we provide an in-depth analysis of the
morphology of the FS and of the BS in an intermediate range
below the Fermi energy. Ti d orbitals are found to dominate
the near EF electronic structure, while Sn px + py orbitals
become somewhat more prominent at slightly lower energies.
The FS is found to be strongly anisotropic and somewhat
resembling that of Ti3SiC2. The presence of an additional
and evanescent surface-state band is suggested from the
comparison between ARPES and DFT band-structure map-
pings. This work provides a detailed description of the
electronic structure of Ti2SnC near EF and at intermediate en-
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FIG. 9. (a) ARPES mapping of Ti2SnC Fermi surface (in arbitrary angular units) near δ, close to the center of the two-dimensional tubes
joining the triangulate plate of Fig. 8(a). Corresponding DFT Fermi surface cuts are given in (b), where the full and dotted lines stand for the
Fermi lines in the AHL and the �KM planes, respectively. (c) ARPES spectra and DFT bands along no. 5 and (d) along no. 6. Both BSs cross
two δ points. Thick darker gray lines stand for the corresponding BS over the � plane, and dotted lighter gray lines stand for the A plane.

ergies that was still lacking. It may help to further understand
the transport properties of this nanolamellar transition metal
carbide. The FS is essentially formed of 2D-like tubes (cir-
cular or hexagonal) with axis �A, 2D-like tubes with HK axis
(triangular or rounded), and thin plates with a quasi-1D, linear
dispersion along c . The triangular tubes closely encircle the
complicated band formed by the plates and the small diameter
tubes with axis HK. It is worth noting that the FS displays a
very large number of parallel and flat facets inside the BZ, so
that many facets can be obtained from one another by a simple
translation with a common translation vector in reciprocal
space. This might favor phenomena possibly induced by FS
nesting, a point that has not been investigated yet in the case
of this particular phase.

In-plane and out-of-plane magnetotransport should there-
fore display very different properties, with out-of-plane, 1D
Dirac electrons and more conventional in-plane hole and elec-
tron contributions. To the best of our knowledge, systems
combining both kinds of bands (1D and 2D) are seldom found
in the literature (see, e.g., Ref. [44]), and they do not exhibit
orthogonal 1D and 2D contributions, as should be the case

for Ti2SnC. A recurrent problem of MAX phase characteri-
zation has been the difficulty in assessing magnetotransport
anisotropies, due to the lack of thick single-crystal availability
[45]. Progress in single-crystal quality should allow one to
study that possibility further.
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