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Orbital mixing at the onset of high-temperature superconductivity in FeSe,_,Te,/CaF,
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We perform systematic high-resolution angle-resolved photoemission spectroscopy of iron-chalcogenide
superconductor FeSe;_,Te, films on CaF, which exhibit a unique paramagnetic nematicity at x = O (pristine
FeSe) and a gigantic 7. enhancement at the critical Te concentration (x.) of x ~ 0.2. Upon increasing the Te
concentration from x = 0, the electronlike Fermi-surface shape at the Brillouin-zone corner shows a clear change
associated with a remarkable energy shift of the d.,. . orbital, indicative of the suppression of nematicity near x..
Evolution of band structure at the Brillouin-zone center is characterized by a drastic upward shift of the d,, band
with increasing x, leading to an orbital switching from d,_ . to d,. . + d., accompanied by a mass enhancement.
These results demonstrate that the pristine and high-7; FeSe,_, Te, have distinctly different electronic structures.
The present study lays the foundation for understanding the origin of high-7; superconductivity and the interplay

with electronic nematicity.

DOI: 10.1103/PhysRevResearch.3..012007

Iron-based high-temperature 7. superconductors are a
multiorbital system, in which all five Fe 3d orbitals are
involved in the low-energy electronic structure. As an emer-
gent phenomenon associated with the multiorbital nature,
the electronic nematicity, defined as a spontaneous break-
ing of rotational symmetry [1-8], is at the forefront of
research in condensed-matter physics. The nematic state is
widely observed near the superconducting state in iron-based
superconductors, so particular interest is focused on the inter-
play between nematicity and superconductivity. However, the
nematicity is strongly coupled to the collinear-type antiferro-
magnetic order accompanied by a tetragonal-to-orthorhombic
structural transition [9], which makes it difficult to isolate the
influence of nematicity from antiferromagnetism.

Among iron-based superconductors, FeSe [10,11] is a
unique system showing nematicity without antiferromagnetic
order. Because of this unique property, recent studies on FeSe
have revealed several important insights into nematicity and
the impact on superconductivity, such as a large energy shift
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of the d; and d,, bands due to the lifting of orbital degen-
eracy around the structural transition temperature 7; ~ 90 K
[12-17] and a signature of orbital-selective pairing below
T. [18-21]. FeSe also has a great advantage in tunability
of superconductivity through chemical substitution [22-24],
high-pressure application [25,26], and/or carrier doping
[27-29]. Therefore, one can investigate the interplay between
nematicity and superconductivity by precisely tracing the
evolution of the electronic structure responsible for nematic-
ity and superconductivity while controlling some physical
parameters. In this respect, isovalent-substituted FeSe;_,Te,
films grown on CaF, substrate (FeSe;_,Te,/CaF;) offer an
excellent platform because the nematicity without antiferro-
magnetic order is realized in FeSe/CaF, (x = 0) as in bulk
FeSe [30,31] and the highest T; of 23 K among non-carrier-
doped FeSe-based compounds has been reported at the critical
Te concentration x, of ~(.2 at ambient pressure [23,24,32]
[Fig. 1(a)] (note that bulk FeSe;_,Te, crystals of 0.1 < x <
0.4 were unavailable due to the phase separation [22]). It
is thus desirable to determine experimentally the electronic
structure of FeSe;_,Te,/CaF; as a function of x.
Angle-resolved photoemission spectroscopy (ARPES) is
the best suited technique to probe the momentum-resolved
electronic structure. However, there is no systematic ARPES
report on FeSe;_, Te, /CaF, with a series of different x values,
mainly due to the difficulties in fabricating FeSe,_,Te, /CaF;
and in preparing a clean surface necessary for ARPES mea-
surements. In this Letter, by overcoming these difficulties,
we report a systematic ARPES study on the evolution of
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FIG. 1. (a) Phase diagram of FeSe,_,Te,/CaF, as a function of Te concentration x [23]. Also shown are plots of (b) the APRES intensity
and (c) the corresponding second-derivative intensity, measured along the I'-M line at 7 = 30 K for FeSe/CaF, (x = 0) with linearly polarized
21.2-eV photons. The temperature dependence of the second-derivative ARPES intensity at the M point is shown for (d) x = 0, (e) x = 0.1,
(f) x = 0.2, and (g) x = 0.3. The red curves in (c)—(g) are a guide for the eyes to trace the band dispersions.

the electronic structure in FeSe;_,Te,/CaF, over a wide x
range (0 < x < 0.4). We reveal the suppression of nematicity
on approaching x., indicative of the anticorrelation between
nematicity and superconductivity. We also find evidence for
the electronic reconstruction near the Fermi level Eg charac-
terized by switching of the Fe 3d orbital character. We discuss
implications of our observation in relation to the origin of T
enhancement and the suppression of nematicity.

High-quality FeSe;_,Te, films (x = 0-0.4) with a thick-
ness of approximately 400 unit cells were grown on CaF,
by pulsed-laser-deposition method. These films are compres-
sively strained, so FeSe/CaF, (x = 0) shows a higher T
(12 K) than the bulk counterpart (~9 K) [33]. Details of
film growth and their characterization are described elsewhere
[23,32-34]. The ARPES measurements were performed with
MBS-A1 and Scienta-Omicron-SES2002 electron analyzers
at BL7U in UVSOR and Tohoku University, respectively.
We used 21.2-eV photons. The energy and angular resolu-
tions were set to be 12-30 meV and 0.2°-0.3°, respectively.
A clean surface for ARPES measurements was obtained by
cleaving the films in situ in an ultrahigh vacuum. We note that

FeSe;_,Te,/CaF, is often cleaved at the interface between
FeSe;_,Te, and CaF, and the resultant exposure of the CaF,
surface prevents us from obtaining the ARPES data for the
FeSe,_,Te, layer. Nevertheless, we have cleaved more than
70 samples and obtained a clean FeSe,_, Te, surface.

Figures 1(b) and 1(c) show plots of the ARPES intensity
and corresponding second-derivative intensity, respectively,
along the I'-M line of the Brillouin zone at 7 = 30 K for
pristine FeSe/CaF, (x = 0 and T, = 12 K). The near-Ef band
structure around the I" point consists of two highly disper-
sive bands « and o’ and a relatively flat band B [see red
curves in Fig. 1(c)]. According to previous studies, the o and
o' bands are ascribed to the Fe 3d,./d,. orbitals and the g
band is ascribed to the Fe 3d,, orbital [12-17,30]. Around
the M point, there are two holelike bands topped at binding
energies Eg of ~20 and ~70 meV, which are attributed to
the d,;- and d,.-derived bands originating from a splitting of
the o’ band due to the lifting of orbital degeneracy [see red
dashed curves in Fig. 1(c)] [12-17] because FeSe/CaF, is
in the nematic state at 30 K [30,31]. In fact, a temperature-
dependent study at the M point reveals a large downward shift
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FIG. 2. Te-concentration dependence of the ARPES-intensity map at Er as a function of the two-dimensional wave vector for
FeSe,_,Te,/CaF,, with (a) x = 0.0, (b) x =0.1, (c) x =0.2, (d) x =0.3, and (¢) x = 0.4, at T = 30 K. Black curves are the schematic
of FSs. Also shown is the near-Ex second-derivative ARPES intensity obtained at 7 = 30 K along yellow and green lines, around the (f)—(j)
I' and (k)-(0) M points, in (a)—(e), respectively. Cyan and red curves are a guide for the eyes to trace the band dispersions before and after
hybridization, respectively. The band dispersions before the hybridization were estimated by extrapolating the dispersions determined in the
(E, k) region away from the intersection point. (p) and (q) Comparison of momentum distribution curves at Er extracted from (f)—(j) and
(k)—(0), respectively. Dashed lines are a guide for the eyes to trace the peak position. (r) Te-concentration dependence of an anisotropy of the
electronlike FS (k, — k)/(k, + k;) (blue circles), compared with the nematic energy scale 2AE (red circles) approximated as twice the energy

difference of the d,, band between 7 = 30 and 110 K.

(AE = 24 meV) of the d, band with increasing temperature
[Fig. 1(d)], consistent with the occurrence of nematicity (note
that an upward shift expected for the d,, counterpart is not
clearly resolved due to an energy overlap with the § band
at higher Eg). To clarify the evolution of nematicity with
Te substitution, we performed temperature-dependent studies
at the M point for x = 0.1-0.3. A side-by-side comparison
[Figs. 1(d)-1(g)] reveals that the d,, band shows a large energy
shift with increasing temperature at x = 0.1, similarly to the
observation at x = 0, whereas the dy; band is almost stationary
with temperature at x = 0.2 and 0.3. This strongly suggests
that the nematic state is destroyed at x ~ x.. The suppression
of nematicity while approaching x = x. demonstrates the an-
ticorrelation between nematicity and 7; in FeSe;_,Te,/CaF,.

To investigate how the band structure changes across xc,
we performed systematic measurements of the Fermi surface
(FS) [Figs. 2(a)-2(e)] and the band dispersion [Figs. 2(f)—
2(0)] for five different compositions. One can recognize that
the FS shape around the M point is elongated along the k,
axis for x < 0.1, whereas it is more rounded for x > 0.2
[Figs. 2(a)-2(e)]. This change is fairly drastic, as evidenced
by a jump in the Fermi wave vector kg of the electron-band
dispersion between x = 0.1 and 0.2 [see white arrows in Figs.
2(k)-2(0), the peak position of the momentum distribution
curves at Ep in Fig. 2(q), and Fig. S1 in the Supplemental
Material [35]]. To evaluate the FS anisotropy quantitatively,
we assumed an elliptical shape for the electronlike FS and
defined k, and k; as the kp value along the major and minor
axes, respectively [see the inset to Fig. 2(r)], to calculate a
value of (k, — kp)/(k, + kp) that gives a large (small) value
when the FS is elongated (circular). The strong variation

obtained at x ~ 0.2 [see red circles in Fig. 2(r)] confirms that
the electronlike FS has a different shape between x < x. and
X 2 x.. Further, the x dependence of the FS anisotropy follows
that of the estimated nematic energy scale 2AE, which corre-
sponds to twice the d,.-band energy shift in Figs. 1(d)-1(g)
[blue circles in Fig. 2(r)], indicating that the FS anisotropy
is linked to the presence/absence of nematicity, namely, the
elongated shape of FS is triggered by the upward shift of the
d,, orbital [12-17].

To clarify the effect of Te substitution in more detail, we
turn our attention to the Brillouin-zone center. It has been
reported that, although the d,./,.-orbital degeneracy is lifted
around the I' point by nematicity as in the case of the M
point, the energy difference between the d,; and d,; bands
and the resultant change in the FS shape are relatively small
[14,16,17]. Therefore, there is no discernible change in the
holelike-FS shape within the present experimental accuracy
[Figs. 2(a)- 2(e) and 2(p)]. Instead, a remarkable x depen-
dence beyond the effect of nematicity manifests itself in the
band dispersion [Figs. 2(f)-2(j)]. At x = 0, there are a highly
dispersive d,.y.-band crossing Er and a relatively flat d,, band
with the top of the dispersion at Eg ~ 50 meV (cyan dashed
curves), which correspond to the &’ and 8 bands, respectively,
in Fig. 1(c) [note that the intensity of the inner d,, band
(e band) is suppressed due to the matrix-element effect].
These bands intersect with each other to open a hybridization
gap of ~25 meV caused by the spin-orbit coupling (SOC)
[36] (the band dispersion after the hybridization is shown by
red curves and the SOC-induced gap is highlighted by a red
arrow). Intriguingly, the top of the d,, band gradually shifts
upward with increasing x and nearly touches Er at x = 0.4
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FIG. 3. (a) Comparison of the experimental near-Er band dis-
persions extracted by tracing the peak position of ARPES spectra.
(b) Schematics of the band structure around the I' point for x < x.
(left) and x > x. (right).

(see also Fig. S2 in the Supplemental Material [35]). Due to
such close proximity of the d,, band to Ef, the electronic
states at Ep are strongly modified for x > 0.2. Specifically,
the hybridization of the d,./,, band with the relatively flat d,,
band causes flattening of the band dispersion near Ep [Figs.
2(h)-2(j)], resulting in a decrease of Fermi velocity vg for
x 2 0.2, as corroborated by a direct comparison of the near-Ep
band dispersions in Fig. 3(a). On the other hand, the electronic
states at Ef are intact for x < 0.1 because the d,, band is well
below Eg [Figs. 2(f) and 2(g)]. The quantitative analysis of
experimental band dispersion in Fig. 3(a) shows that the vg
value for x > 0.2 is less than half that for x < 0.1, leading to
an increase of the density of states (DOS) at Ef.

Another important outcome of the upward d,,-band shift
is the participation of the dy, orbital with the holelike FS
at x > 0.2. Although the top of the bare d,, band before
the hybridization does not reach Ef, this is enabled by the
band hybridization. As schematically shown in Fig. 3(b), the
band hybridization is expected to mix the d,./,, and d,, or-
bitals in the (E, k) region where the energy bands show a
hybridization-induced shift. Thus, the observed clear change
in the band dispersion at Er (i.e., change in the vg value) for
x 2> 0.2 strongly suggests the finite d,,-orbital component at
Er (right panel). On the other hand, a negligible contribution
from the d,, orbital is expected at Ef for x < 0.1 because the
influence of band hybridization does not reach Er (left panel)
[see also Figs. 2(f) and 2(g)]. Such consideration led us to
conclude that the holelike FS consists of mixed d,;/y; + dy,
orbitals for x > 0.2, whereas it consists purely of the d;,.
orbital for x < 0.1. We note that the upward energy shift of
the d,, band could be satisfactorily explained in terms of an
increase of chalcogen height from the Fe plane [37], which is
naturally expected from the larger ionic radius of Te than that
of Se [22].

Now we discuss implications of the present ARPES re-
sults in relation to the gigantic 7. enhancement. Our main
findings are the suppression of nematicity near x. and the
energy shift of the dy, band. The former demonstrates that the
high-T; superconductivity anticorrelates with the nematicity
in FeSe,_,Te,, as inferred from the anticorrelation between
the superconductivity and the structural transition [32]. Such
an anticorrelation implies that the two states are competing
with each other or nematic/orbital fluctuations which poten-
tially arise near the end point of the nematic phase may play
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FIG. 4. (a) Schematic FSs and band dispersions at T = 30 K
for x < x. (left) and x > x, (right), together with the phase diagram
of FeSe,_,Te,/CaF,. (b) Comparison of the x dependence of the
nematic energy scale 2AE [red circles; same as the data in Fig. 2(r)],
energy position of the d,,-derived hole band at I', E,, (green circles),
and an inverse of v for the hole pocket (blue circles).

a role in enhancing 7. [38-40]. Also, the latter finding, the
dyy-band shift, may be responsible for the 7. enhancement in
two ways. First, as illustrated in the upper panel of Fig. 4(a)
and also plotted by green circles in Fig. 4(b), the energy
position of the d,-band top at the I" point with respect to
EF [E,,, indicated by the green arrow in Fig. 4(a)] gradually
decreases upon Te substitution, likely due to a gradual change
in the anion height, as expected from the smooth evolution of
lattice constants over a whole x range [23] and, for x > x,
the d,, band is close enough to Ef to decrease vg through
the hybridization with the d,./,. band, leading to an increase
in the DOS at Er around the I' point. A simple estimation
by assuming a linear scaling between the DOS and 1/vg
indicates that the large enhancement of DOS coincides with
the appearance of high-7; superconductivity at x = x. [see
blue circles in Fig. 4(b)]. Therefore, the increase in the DOS
(more than twice compared to that for x < x.) due to the
decrease of Ex, may contribute to the 7. enhancement at x.
We note that the increase of 1/vr by a factor of ~2 is small
compared to the large difference in the mass between the bare
dyzy; and dy, bands because Ef is located in the vicinity of
their crossing point where the band velocity rather gradually
changes. Second, small E,, also results in a transformation
of the orbital character of the holelike FS from pure d,;/,, to
mixed dy.y; + d,, near x. [see the schematics in Fig. 4(a)].
The appearance of the d,, orbital on the holelike FS promotes
the intra-d,,-orbital scattering between the hole and electron
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pockets for x > x, [indicated by a blue arrow in the upper right
panel of Fig. 4(a)] and enhances spin fluctuations in the d,,
channel. Such enhanced spin fluctuations in the d., channel,
either alone [37] or in cooperation with orbital fluctuations
[38,39], have been proposed to increase 7. Therefore, our
observations are compatible with the several routes to the 7
enhancement. Nevertheless, since T; is usually determined by
various parameters including effective interactions that are not
solely controlled by the low-energy electronic structure, fur-
ther experimental studies are desired to clarify the dominant
source of high-T; superconductivity, e.g., by determining the
momentum/orbital dependence of the superconducting-gap
size.

Next we discuss the possibility that the strength of ne-
maticity is related to E,,. The decrease of E,, causes not only
the appearance of the dy,-orbital state on the holelike FS, but
also the reduction of the dy;,.-orbital state for x > x., which
in turn suppresses the spin fluctuation in the d,,/,, channel.
According to the self-consistent vertex correlation theory, the
reduction of spin fluctuation in the d../,. channel suppresses
the nematicity because the orbital susceptibility is reduced
through the orbital-spin interplay [39]. Although this theory
is constructed to explain the phase diagram of FeSe under
high pressure, the conceptually same situation is realized in
FeSe,_,Te, /CaF,. Therefore, besides the large electronic and
orbital reconstructions around the zone corner, the decrease
of E,, around the zone center may play an additional role in
suppressing the nematicity in FeSe;_,Te,/CaF,.

Finally, we comment on the role of SOC. As described
above, when the SOC is absent, the d,, hole band seems to
be located below Er for all samples measured in this study.
In other words, the appearance of the d,, state and the mass
enhancement at Er are realized not solely by the upward shift
of d,, band but also by the assistance of SOC. Therefore,
SOC may indirectly contribute to the increase in 7, and the
suppression of nematicity at x > x..

In conclusion, the present systematic high-resolution
ARPES study has revealed a drastic energy shift of the d,,
band which results in the participation of the dy, orbital in
the formation of a holelike FS at x > x.. In addition, the
suppression of nematicity has been found near x., indicat-
ing the anticorrelation between the high-7; superconductivity
and the nematicity. These findings established distinct elec-
tronic structures with different orbital occupations between
the pristine and high-T; FeSe|_, Te,/CaF,. The present results
provide important insights into the interplay among high-T;
superconductivity, nematicity, and orbital degrees of freedom.
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