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Spectroscopic Evidence for an Additional Symmetry Breaking in the Nematic
State of FeSe Superconductor
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The iron-based superconductor FeSe has attracted much recent attention because of its simple crystal
structure, distinct electronic structure, and rich physics exhibited by itself and its derivatives. Determination
of its intrinsic electronic structure is crucial to understanding its physical properties and superconductivity
mechanism. Both theoretical and experimental studies so far have provided a picture that FeSe consists of
one holelike Fermi surface around the Brillouin zone center in its nematic state. Here we report direct
observation of two holelike Fermi surface sheets around the Brillouin zone center, and the splitting of the
associated bands, in the nematic state of FeSe by taking high-resolution laser-based angle-resolved
photoemission measurements. These results indicate that, in addition to nematic order and spin-orbit
coupling, there is an additional order in FeSe that breaks either inversion or time-reversal symmetries. The
new Fermi surface topology asks for reexamination of the existing theoretical and experimental
understanding of FeSe and stimulates further efforts to identify the origin of the hidden order in its

nematic state.

DOI: 10.1103/PhysRevX.10.031033

In iron-based superconductors, FeSe has the simplest
crystal structure which consists solely of the basic building
block, the FeSe layers, that dictates the superconductivity [1].
It undergoes a structural phase transition at around 90 K to
enter a nematic state but without a long-range magnetic order
[2]. Superconductivity of FeSe can be significantly enhanced
under high pressure [3,4]. It represents a unique system that
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superconductivity and nematicity coexist in the supercon-
ducting state, giving rise to its distinct electronic structure
and superconducting gap structure [5—24]. Many new super-
conductors have been derived from FeSe with enhanced
superconductivity, including A,Fe,_ Se, (A =K, Rb, TI,
etc.) [25,26] and other organic intercalated superconductors
[27-31], (Li,Fe)OHFeSe [32], heavily electron-doped FeSe
through gating or potassium deposition [33-35], and in
particular, single-layer FeSe/SrTiOj; films with a record high
T, [36-40]. Determination of the electronic structure is
essential to understanding the physical properties and super-
conductivity mechanism in bulk FeSe and its many deriv-
atives. So far, all the angle-resolved photoemission (ARPES)
measurements report only one holelike Fermi surface around
the Brillouin zone (BZ) center in its nematic state [5—19].
Scanning tunneling microscope (STM) results [20-22]
and quantum oscillation measurements [10,23,24] are also
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FIG. 1. Observation of two holelike Fermi surface sheets in single-domain FeSe. (a)—(c) Constant energy contours of the single-

domain FeSe at 2.4 K under the PA polarization (a), at 2.4 K under the PB polarization (b), and at 11 K under a mixed polarization (c).
The direction of the electric field vector E corresponding to the three polarization geometries is marked by double arrows in the leftmost
panels in (a)—(c). Blue and red ellipses in the leftmost panels are the guide lines of the observed Fermi surface. (d) Top view of FeSe
crystal structure. The blue, red, and yellow circles represent Fe atom, Se atom above the Fe plane (Se top), and Se atom below the plane
(Se bottom), respectively. The red dashed line represents the 1-Fe unit cell while the green solid line represents 2-Fe unit cell. We define
the x axis parallel to the ap, axis and the y axis parallel to the bg, axis. In the normal state, FeSe has C, symmetry with ag, = bg., but it
breaks into C, symmetry in the nematic state with ag, > bg.. (¢) The extracted Fermi surface of FeSe which consists of two holelike
Fermi surface sheets around the BZ center. The dominant orbital character of the two Fermi surfaces is also marked.

understood by assuming only one holelike Fermi pocket in
the nematic state of FeSe. The picture of one holelike Fermi
surface in FeSe is theoretically understood by considering
the nematicity and / or spin-orbit coupling [15,21,41,42].
Understanding of the physical properties [43—45] and the
pairing mechanism of FeSe [46,47] have been based on one
Fermi pocket picture around the BZ center in the nematic
state.

In this paper, we performed high-resolution laser-based
ARPES measurements on the electronic structure of FeSe
in the nematic state. Double holelike Fermi surface sheets
around the Brillouin zone center, and the splitting of the
associated bands, are observed for the first time in FeSe.
These two Fermi surface sheets exhibit different orbital
characters. These results indicate that there is an additional
order in FeSe, in addition to the nematic order and spin-
orbit coupling, that further breaks inversion or time-reversal
symmetries to give rise to the band splitting. The new Fermi
surface picture of FeSe asks for reexamination of the
previous theoretical and experimental understandings and
stimulates further efforts to identify the origin of the hidden
order in its nematic state.

The ARPES measurements were performed by using our
latest-generation laser-based system; the present observa-
tions were made possible because of its unique capabilities
of simultaneous coverage of two-dimensional momentum,
versatile laser light polarizations, and ultrahigh energy and
momentum resolutions (see Methods below) [48]. Figure 1
shows the Fermi surface and constant energy contours of
FeSe measured at low temperatures in its nematic state
under different polarization geometries [Figs. 1(a)-1(c)].
The crystal structure of FeSe transforms from tetragonal to
orthorhombic below 90 K; the distance between adjacent
Fe atoms becomes slightly different and ag, (bg.) is defined
as the long x (short y) axis in Fig. 1(d). Although we did
not detwin our FeSe samples intentionally, we find that, in
some cases, we can measure on FeSe samples or areas
which are dominated by a single domain. This may be
caused by local strain that is present or exerted during the
sample preparation process, and a similar phenomenon was
also observed before [14,15]. Figures 1(a)-1(c) show
results obtained from single-domain FeSe. When the
electric field vector of the incident laser light E is aligned
parallel to the a axis (called PA polarization), the measured
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Fermi surface mapping [leftmost panel in Fig. 1(a)] shows
an ellipsoidlike shape with the strong spectral weight
mainly concentrated on the two vertex areas along the
long axis (b direction) and much weaker spectral weight
along the short axis (a direction). Upon increasing the
binding energy, the corresponding constant energy con-
tours increase in the overall area, consistent with the
holelike nature of the observed Fermi surface. When the
electric field vector of the laser light is switched to be
parallel to the b direction (called PB polarization), the
Fermi surface mapping in Fig. 1(b) is dramatically different
from that in Fig. 1(a). The spectral weight near the two
vertex areas along the long axis is strongly suppressed.
More remarkably, the observed Fermi surface size along
the a axis is obviously larger than that observed in Fig. 1(a).
By setting the electric field vector of the laser light away
from perfect b axis and making use of the combined matrix
element effects in Figs. 1(a) and 1(b), we can directly
observe two holelike Fermi surface sheets in Fig. 1(c),
which consists of the inner small hole pocket observed in
Fig. 1(a) and outer large hole pocket observed in Fig. 1(b).
Detailed analyses of the Fermi surface and related band
structures below and in Fig. S1 (Supplemental Material
[49]) provide further clear evidence on the double holelike
Fermi surface sheets around the Brillouin zone, as depicted
in Fig. 1(e). The Fermi surface mappings in the super-
conducting state are quite similar to those in the normal
state (see Fig. S2 in Supplemental Material [49]), indicating
that the Fermi surface splitting around I" is not caused by
the superconducting transition at 7.

The above results in Fig. 1 indicate that our clear
observation of the two coexisting Fermi surface sheets
around the zone center in single-domain FeSe comes from
the measurement that utilizes the mixed light polarization
[Fig. 1(c)]. It is also clear that pure polarization geometries
alone, either PA in Fig. 1(a) or PB in Fig. 1(b), are not
desirable in revealing the double hole pockets because the
measured Fermi surface [Figs. 1(a) and 1(b)] is dominated
by one sheet although some subtle signatures are present.
This also explains why the double hole pockets are not
identified in all the previous ARPES measurements [5—19],
because in most cases pure polarization geometries like PA
[Fig. 1(a)] or PB [Fig. 1(b)] were used. These observations
can be understood by the particular orbital character of the
two hole pockets and the associated photoemission matrix
element effects. In the PA polarization geometry [Fig. 1(a)],
for both the horizontal and vertical cuts, only the d,, orbital
is allowed [14-16]. On the other hand, in the PB polari-
zation geometry [Fig. 1(b)], the d, orbital is allowed for
both the momentum cuts. Therefore, from the spectral
weight distribution along the two Fermi surface sheets
measured in the PA [leftmost panel in Fig. 1(a)] and PB
[leftmost panel in Fig. 1(b)] polarization geometries, the
dominant orbital character along the two Fermi surface
sheets can be determined, as shown in Fig. 1(e). The entire

inner Fermi surface is dominated by the d,, orbital. For the
outer Fermi surface sheet, the vertex area along the long
axis is dominated by the d,, orbital while the area along the
short axis is composed predominantly of the d,, orbital.
Therefore, in the PA polarization geometry [Fig. 1(a)], the
inner Fermi pocket is visible, but most of the outer Fermi
pocket is suppressed except for the vertex areas along the
long axis. This makes the measured Fermi surface domi-
nated by seemingly one pocket but with strong and broad
spectral weight near the vertex region along the long axis
due to the coexisting inner and outer pockets [Fig. 1(a)].
In the PB polarization geometry [Fig. 1(b)], the entire inner
Fermi pocket and the vertex areas along the long axis of the
outer pocket are suppressed, leaving the measured Fermi
surface dominated by one outer pocket with suppressed
vertex areas along the long axis.

The observation of two Fermi surfaces around the zone
center in single-domain FeSe provides a unified picture to
understand the Fermi surface topology measured in the
twinned samples. Figure 2 shows the Fermi surface map-
ping of a twinned FeSe sample measured in PA [Fig. 2(d)],
PB [Fig. 2(e)], and a mixed [Fig. 2(f)] polarization
geometries. For a direct comparison, we also replot the
Fermi surface of single-domain FeSe in Figs. 2(a)-2(c)
measured under the same polarization geometries. For
photoemission matrix element analysis, the polarization
geometry is schematically shown in Fig. 2(m) and the two
kinds of domains are shown in Fig. 2(n). Here the axes in
the lab coordinates are defined as X, Y, and Z while the
axes x and y are associated with the particular single-
domain FeSe. Under a given polarization geometry, the
Fermi surface mappings of the twinned sample [Figs. 2(d)—
2(f)] contain extra features that are not present in the single-
domain sample [Figs. 2(a)-2(c)]. This can be well under-
stood as the overlap of signals from two orthogonal
domains. In the twinned FeSe sample, there are two types
of domains, named as vertical domain and horizontal
domain, that are orthogonal to each other [Fig. 2(n)].
From the single-domain data in Figs. 2(a)-2(c), by con-
sidering the two orthogonal domains, we can simulate
results for the twinned sample as shown in Figs. 2(g)-2(1).
For example, under the PA polarization geometry, Fig. 2(g)
is obtained by summing up the signal of the vertical domain
in Fig. 2(a) and that of the horizontal domain in Fig. 2(b)
but rotated by 90°. The simulated results [Figs. 2(g)-2(i)]
can well reproduce the measured results [Figs. 2(d)-2(f)].
In this case, the Fermi surface mappings of the twinned
sample measured in different polarization geometries
[Figs. 2(d)-2(f)] can be well understood from summation
of signals from two types of orthogonal domains, as
schematically shown in Figs. 2(j)-2(1). The simultaneous
observation of four Fermi surface sheets in the twinned
sample [Fig. 2(f)] provides further unambiguous evidence
on the double Fermi surface around the zone center in the
single-domain FeSe [Fig. 2(c)].
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FIG. 2. Fermi surface mapping of twinned FeSe. (a)—(c) The Fermi surface mappings of the single-domain FeSe measured under the
PA (a), the PB (b), and a mixed (c) polarization geometries. (d)—(f) The Fermi surface mappings of the twinned FeSe measured under the
LH (d), the LV (e), and a mixed (f) polarization geometries. The measurement temperatures are marked at the bottom left corner in
(a)—(f). (g)—(i) Simulated Fermi surface from the single-domain data in (a)-(c). Under the PA polarization geometry, (g) is obtained by
summing up the signal of the vertical domain in (a) and that of the horizontal domain in (b) but rotated by 90°. Under the PB polarization
geometry, (h) is obtained by rotating the data in (g) by 90°. Under the mixed polarization geometry, (i) is obtained by the summation of
signals from the vertical domain in (c) and from the horizontal domain also in (c) but rotated 90°. (j)—(1) Schematic of the observed Fermi
surface in twinned FeSe from the horizontal domain (green lines) and the vertical domain (red lines) corresponding to data in (d)—(f).
(m) Schematic drawing of the experimental geometry with LV and LH polarizations. X, Y, and Z axes are defined as laboratory
coordinates (LC). (n) Schematic drawing of two domains in nematic state in lab coordinates. The two domains are rotated 90° with each
other. For domain V, the x (y) axis is parallel to X (Y) axis in LC while for domain H, it is reversed. (0) Summary of the allowed orbitals
under LV and LH polarization geometries defined for lab coordinates and each domain along the high-symmetry cuts. (p)—(q) The
photoemission spectra (EDCs) on the Fermi surface of two domains. The location of the 4-momenta is marked in (e). For each EDC, the
peak area is obtained after subtracting the background. The obtained area ratio between the P1 and P1’ points is 7.3 in (p) and between
the P2 and P2’ points is 5.3 in (q). The ratio is used to estimate the orbital components of d,, and d,, for the measured momentum points.

The polarization measurements on twinned samples also
provide a unique way to determine the orbital character on
the Fermi surface in a quantitative manner [16]. This is
realized by comparing the measured spectral weight on the
Fermi surface of one horizontal domain and its equivalent
Fermi surface of another vertical domain. In Fig. 2(e), the
measured Fermi surface mapping consists of signals from
the horizontal domain (solid lines) and vertical domain
(dashed lines), also as schematically shown in Fig. 2(k). P1
and P2 are the vertex points of the inner and outer Fermi
surface for the horizontal domain while P1’ and P2’ are the
equivalent points on the Fermi surface of another vertical
domain. Under the LV polarization [Fig. 2(e)], according to
the matrix element analysis [Fig. 2(0)], only d,, orbital is
allowed for the P1 and P2 points while the d,, orbital is
fully forbidden for the horizontal domain. On the other
hand, for P1” and P2’ points for the vertical domain, the d,,
orbital is allowed while the d,, orbital is forbidden under
the same LV polarization geometry [Fig. 2(0)]. Therefore,
the d,, and d, orbital components for the given momentum

point, P1 or P2, can be determined from the spectral weight
at the two equivalent points from the two orthogonal twins
[16]. Figure 2(p) shows the measured photoemission
spectra [energy distribution curves (EDCs)] for P1 and
P1’ points marked in Fig. 2(e), and the EDCs for P2 and P2’
points are shown in Fig. 2(q). From the EDC peak area, we
estimated that for the P1 point, it consists of ~88% d,,
orbital and ~12% d,, orbital, while for the P2 point it
consists of ~84% d,, orbital and ~16% d,, orbital. These
results confirm that the vertex area of the vertical long axis
is dominated by the d,, orbital [Fig. 1(e)].

Figure 3 shows the band structure of FeSe measured
along two high-symmetry directions under different polari-
zation geometries. Different polarization measurements
help provide a complete band structure because the band
may show different intensities under different polarization
geometries due to the photoemission matrix element effects.
The polarization measurements can also help identify the
orbital character of the measured bands. To see the measured
bands more clearly, we also show the second derivative
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FIG. 3. Band structure of single-domain FeSe along high-symmetry cuts and their orbital nature. (a)-(c) Band structure measured
along the vertical momentum cut under PA (a), PB (b), and a mixed (c) polarization geometries. The location of the momentum cut is
shown in the inset of (a). The left-hand panels of (a)—(c) represent the original data while the right-hand panels are corresponding second
derivative images with respect to energy in order to enhance the contrast. Some observed bands are marked by the guide lines and
arrows. (d)—(f) Same as (a)—(c) but for the horizontal momentum cut as marked in the inset of (d). (g),(h) Extracted band structure for the
vertical momentum cut (g) and horizontal momentum cut (h) obtained from (a)—(c) and (d)—(f), respectively. The observed bands are
labeled as three branches of «, 3, and y. (i) Schematic of the band structure along the vertical (left-hand panel) and horizontal (right-hand
panel) momentum cuts from « (red lines), f (green lines), and y (blue lines) orbitals. (j) Same as (i) but only considering the

hybridization between different bands. (k) Same as (i) but only considering the splitting of each band. (I) Same as (i) but considering

both band hybridization and splitting of each band. The red, green, and blue colors represent the d,, d,., and d,, orbitals, respectively.

images [right-hand panels in Figs. 3(a)-3(f)] to enhance the
contrast, in addition to the original data [left-hand panels
in Figs. 3(a)-3(f)]. Figures 3(g) and 3(h) summarize the
observed bands along the vertical k, and the horizontal k,
directions, obtained from the data in Figs. 3(a)-3(c) and
Figs. 3(d)-3(f), respectively. Overall, in the measured energy
range, three branches of bands [labeled as «, f, and y in
Figs. 3(g) and 3(h)] are observed for both the momentum
cuts, and each branch may be further split into two subbranch
bands. Similar to the double Fermi surface observation in
Fig. 1, measurements using the mixed polarization geometry
[Figs. 3(c) and 3(f)] are more desirable to observe clear band
splittings, in particular, for the a band. For the bands of the
vertical cut [Fig. 3(g)], the ay; and ay, bands are clearly
observed in the raw data [Fig. 3(c)]; the fy; and fy, bands
can be identified in the second derivative image [Fig. 3(b)]
and the weak yy, band can be seen in all the second derivative
images [Figs. 3(a)-3(c)]. For the bands of the horizontal cut
[Fig. 3(h)], the ay; and ay, bands are clearly observed in the
raw data [Fig. 3(f)]; the f, and B, bands can be identified
in the second derivative image [Fig. 3(e)] and the weak y g
and yp, bands can be seen more clearly in the second
derivative image [Fig. 3(e)].

Our results provide direct evidence on the band splitting
and the coexistence of two holelike Fermi pockets around
the Brillouin zone center. We note that signatures of the two
holelike Fermi pockets and the associated band splitting
were present in previous measurements although only one
Fermi surface was considered [10,14,19,20,23,24,50]. In
previous ARPES measurements, at least three bands are
clearly resolved crossing the Fermi level at photon energies
between 25 and 30 eV along a momentum cut crossing the
I" point [Fig. S3 in Supplemental Material [49]) [10]. This
cannot be explained by a single hole-pocket picture which
will give at most two bands because of two coexisting
orthogonal domains; instead, it is consistent with the two
hole-pocket scenario we discovered in the present work.
In previous STM measurements, two holelike bands are
clearly identified along the momentum cut crossing the I
point in a single-domain FeSe. This was interpreted in terms
of single hole-pocket picture, and two bands were assigned to
bands at different k,’s [20]. With our discovery of two hole
pockets around the zone center, the STM observation of two
holelike bands would have an alternative and natural explan-
ation. In quantum oscillation measurements of FeSe, the
number of oscillation frequencies observed is controversial
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that varies from three [24] to four [10] to six [23]. The
assignment of these oscillations to the Fermi surface is
also under debate [10,23,24]. Our direct ARPES observa-
tion of double holelike Fermi surface sheets around the
zone center is important for the quantum oscillation
measurements to reexamine their results and make a more
consistent assignment.

Now we discuss the origin of the band splitting and
double Fermi pockets near I observed in FeSe. We first
examine whether these observations can be attributed to the
k, effect. In the photoemission process, the relatively short
photoelectron escape depth gives rise to a finite momentum
resolution of k,, and the measured signal can then be a
summation over a finite range of Ak, [51]. As mentioned
above, in FeSe, at least three bands can be clearly observed
around the zone center at some photon energies between 25
and 30 eV (see Fig. S3 in Supplemental Material [49]) [10].
Each of these multiple bands exhibits obvious k, dispersion
between 20 and 50 eV photon energy (Fig. S3 in
Supplemental Material [49]). This indicates that, even
for the photon energy of 20-50 eV, the k, resolution is
good enough to measure the band dispersion for a particular
k, value, definitely not the summation over the k, range
between 0 and 1. The 6.994 eV laser we used corresponds
to a k, of 0.47 z/c that lies nearly in the middle of the basal
k, = 0and k, = 1 planes [10] that has a similar k, value as
that of 29 eV photon energy (Fig. S3 in Supplemental
Material [49]). It is expected that the 6.994 eV laser we
used has an enhanced bulk sensitivity and better &,
momentum resolution than higher photon energies [52].
Therefore, our observation of two separate Fermi pockets
cannot be due to finite k, resolution because the summation
over a large range of k, between 0 and 1 would give a
continuous spectrum rather than two discrete features we
observed. Instead, the observed double Fermi pockets
represent the intrinsic band structure for the particular
k, = 0.47 n/c, consistent with the observation of at least
three bands at the equivalent 29 eV photon energy in FeSe
with two domains (Fig. S3 in Supplemental Material [49]).
The clear k, dispersion of these multiple bands also
indicates that they are bulk electronic states, rather than
the surface states.

Three branches of bands have been observed in FeSe
around the zone center by previous ARPES measurements
[5-19]. The polarization measurements combined with the
band structure calculations have indicated that the observed
three branches of bands are mainly derived from the d,,,
d,., and d,, orbitals, as schematically shown in Fig. 3(i)
when the nematicity is included without considering the
hybridization between bands. From the measured band
structure in Figs. 3(g) and 3(h), it is clear that band
hybridization occurs at all the band crossing points in
Fig. 3(j). The resultant band structure by considering these
band hybridizations in Fig. 3(j) shows a good agreement
with the measured results [Figs. 3(g) and 3(h)] without

considering the band splitting. However, even though the
nematicity, band hybridization, and spin-orbit coupling are
all considered, only three bands in the measured energy
range are expected [Figs. 3(i) and 3(j)]. It is impossible
to explain our observation of up to six bands in Figs. 3(g)
and 3(h). Only when a new mechanism is invoked that can
cause further band splitting of the three bands (a, #, and y)
can we get a band picture [Fig. 3(1)] that is possibly
consistent with the measured results [Figs. 3(g) and 3(h)].

The observations of double Fermi pockets and band
splitting in FeSe indicate that an additional mechanism is at
play in addition to the spin-orbit coupling and the nematic
order. The spin-orbit coupling can only lift the degeneracy
of d,,/d,, bands at the BZ center. The fourfold rotational
symmetry breaking from the nematicity can further
enhance the splitting between the d,, and d,, bands. But
neither of them can cause the splitting of the d,, or d,,
band. Therefore, there should be an additional symmetry
breaking that occurs in the nematic phase. We have
considered two possible candidates to carry out theoretical
simulations (see Methods below) and compare them with
our measurements. One is the time-reversal symmetry
breaking (ferromagnetic order) and the other is the inver-
sion symmetry breaking (Rashba spin-orbit coupling),
which may originate from the asymmetrical orbital order
on the top and bottom Se sites or two Fe sites. Figure 4 shows
the measured Fermi surface and the detailed momentum
dependence of band structure for FeSe measured under
different polarization geometries. The calculated Fermi sur-
face and band structure are shown in Figs. 4(g) and 4(h) and
Figs. 4(i) and 4(j) for the ferromagnetic ordering and the
Rashba spin splitting effects, respectively. In the case with a
ferromagnetic order [Fig. 4(i)], the prominent features are
that the d,., d,,, and d,, bands are split and the splitting
for the d,./d,. bands reaches the maximum at the I" point
and decreases away from the I" point. In the latter case, the
inversion symmetry breaking introduces Rashba spin-orbit
coupling. In contrast to the ferromagnetic ordering, the
splitting for the d,./d,. bands vanishes at the I" point and
increases away from the I" point. It can be found that in terms
of current experimental precision, both theoretical calcula-
tion results capture well our ARPES measurement results
from the Fermi surface topology, the orbital nature evolution,
and band dispersions along the Fermi surface angles 6.
In particular, the double Fermi surface around I' and their
orbital nature are both consistent with our experimental
results shown in Fig. 1(e).

The observed two pockets and band splitting in the
nematic phase of FeSe indicate there is an additional order
that breaks either the time-reversal symmetry or the
inversion symmetry. They provide important implications
in understanding the superconducting pairing in FeSe.
For the ferromagnetic ordering scenario, as each pocket
has the same spin, the spin triplet p-wave pairing state
is likely to be dominant, which is consistent with the
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FIG. 4. Calculated Fermi surface and band structure of FeSe and their comparison with the measured results. (a)—(c) The Fermi surface
mappings of the single-domain FeSe measured under the PA (a), the PB (b), and a mixed (c) polarization geometries. The momentum
cuts here are defined by the Fermi surface angle 6. (d)—(f) Band structure for the momentum cuts at different Fermi surface angles 6
corresponding to (a)—(c). (g),(h) Calculated Fermi surface around I' point in considering the ferromagnetic order and the Rashba spin-

orbit coupling in the nematic state of FeSe, respectively. Their corresponding band structures are shown in (i),(j). The d,., d., and d,,
orbital components are represented by red, green, and blue colors, respectively.

measured gap function [14,15]. Signatures of the time-
reversal symmetry breaking were reported at the twin
boundaries of FeSe in the superconducting state [53]. For
the Rashba scenario, due to the inversion symmetry breaking,
spin singlet and spin triplet pairing in principle can mix and
an exotic pairing state may occur. Moreover, the two pockets
have the opposite spin texture, a sign change between the gap
functions on those pockets can render FeSe in a topologically
nontrivial phase [54], which can host Majorana edge modes.
Further measurements are needed to distinguish these two
scenarios; in particular, spin resolved experiments can
provide a verdict because the Fermi surfaces show distinct
spin textures between these two cases.

In summary, by carrying out high-resolution laser-based
ARPES measurements on FeSe, double holelike Fermi
surface and band splitting are clearly observed for the first
time around the BZ center in the nematic phase of FeSe.

The new Fermi surface topology asks for reexamination of
the previous theoretical and experimental understanding of
FeSe. These results indicate that, in addition to the nematic
order and spin-orbit coupling, there is an extra hidden order
in FeSe that breaks either inversion or time-reversal sym-
metries. To the best of our knowledge, no candidate of such
anew order has been identified experimentally. We hope our
present work can stimulate further effort to identify the
hidden order and provide new information in understanding
the nematicity and superconductivity in FeSe.

Methods: Sample.—High-quality FeSe single crystals
were grown by KCI/AICl; chemical vapor transport
technique [55]. The samples measured here have a 7', of
9.2 K with a transition width of ~0.2 K.

ARPES measurements.—High-resolution ARPES mea-
surements were performed at our newly developed laser-
based system equipped with the 6.994 eV vacuum ultraviolet
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laser and the time-of-flight electron energy analyzer
(ARTOF 10k by Scienta Omicron) [15,48,56]. This lat-
est-generation ARPES system is capable of measuring
photoelectrons covering two-dimensional momentum
space (k,, k) simultaneously. The system is equipped
with an ultralow-temperature cryostat which can cool the
sample to a low temperature of 1.6 K. The ARPES
measurements were carried out using various polarizations
of the laser light. The laser spot size on the sample is about
70 ym. The overall energy resolution combining the
laser linewidth and the ARTOF electron energy analyzer
is ~1 meV. The angular resolution of the analyzer is ~0.1°,
corresponding momentum resolution of 0.0015 A™! at a
photon energy of 6.994 eV. The Fermi level is referenced
by measuring polycrystalline gold, which is in good
electrical contact with the sample, as well as the normal
state measurement of the sample above T.. The samples
were cleaved in situ and measured at different temperatures
in ultrahigh vacuum with a base pressure better than
5.0 x 107" mbar.

Electronic structure simulations.—To simulate the band
structure of FeSe, we adopted a five-orbital tight-binding
model [57-59] including on-site spin-orbit coupling (4).
In the nematic state, to explain the observed band splitting
around the I" point, we further consider an s-wave nematic
order (A,) which lifts the degeneracy of d,./d, bands and
breaks the C, rotational symmetry. The Hamiltonian of
s-wave orders is given by

H, = ZAK(cos ky4cosky)(ny k= nyx), (1)
k

where ngy = ngpy + ngx| is the density for a orbital.
To model the observed band splitting in ARPES experi-
ments, we consider two possible origins: ferromagnetic
ordering and Rashba spin-orbit coupling. The ferromag-
netic Hamiltonian term is given by

N
HFM = E M - Galazc(lkm Cakoy s (2)

kao o,

where M is the total magnetization. If the inversion
symmetry is broken in the nematic phase, Rashba spin-
orbit coupling can occur and the term for d,, and d,,
orbitals reads

HR = Z[—z(lll sin kx + /12 sin k,V)C;z,chxlki
k

— 2(iAy sink, + A; sin k},)c;_chyz’kl
— 2s(isink, +sinky)el e +Hel  (3)
In the nematic phase, the adopted parameters in the main

text are A = 10 meV and A; = 8.75 meV. For the scenario
of ferromagnetic order induced splitting, the magnetization

is assumed along the z direction and M, =4 meV is
adopted. For the scenario of Rashba spin-orbit coupling
induced splitting, 4; =1, = 10 meV and 43 =5 meV are
used.
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