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A characteristic feature of the electronic structure of iron-based supercon-
ductors is the shift of experimental electronic bands in comparison to the re-
sults of calculations. The temperature dependence of the band structure for
FeSe can manifest the mechanism of such shifts, but different studies give
opposite directions for these shifts in the centre of the Brillouin zone. In this
paper, we report downward shift of both d., and d,, bands in Z point within
the temperature range 20-160 K. Together with the results of evolution of
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the electronic structure in A point, such shifts should lead to a break of parity
between electron and hole charge carriers that can be interpreted as an in-
crease of electron-carrier density with increasing temperature.

Key words: angle resolved photoemission spectroscopy (ARPES), curvature
method, electronic structure, iron-based superconductors, FeSe.

XapaKTepHOIO OCOGJIUBICTIO €JIEKTPOHHOI CTPYKTYPH HANIPOBiAHUKIB Ha oOcC-
HOBI 3aJ1i3a € 3CyB €KCIIEPUMEHTAJIbHO OJIEP;KaHNX 30H MOPiBHAHO 3 Pe3yJIbTa-
TaMU PO3PaXyHKiB. 3MiHU eJIeKTPOHHOI cTPpyKTypu FeSe 3 minBuIinieHHAM TEM-
IepaTypyu MOMKYTh IIOACHUTU MEXaHi3MU TaKWX 3CYBiB, ajie pe3yJbTaTH DPis-
HUX OOCJTiI:KeHb JAal0Th IPOTUJICKHI HAIPAMKY €BOJIIOIil 30HHOI CTPYKTYPHU Y
meHTpi BpinmrtoenoBoi 30Hu. Y Iiif CTATTi MM HOBiZOMJISEMO IIPO CUHXPOHHUHN
3cyB d,,- Ta d,,-30H y Toulli Z y TemnepaTrypHoMy Aisnasoxi 20—-160 K. Is spa-
XYBaHHAM Pe3yJIbTATIiB 3MiH 30HHOI CTPYKTYPU 3 TEMIIEPATypPOoIo ¥ TouIli A Ta-
Ki 3CyBU MOMKYTH 3MiHUTU IIapUTET MiXK eJIeKTPOHAMU Ta AipKaMmu, II0 MOXKe
iHTepIpeTyBaTUCh AK MiABUINEHHSA I'YCTUHU €JIeKTPOHHUX HOCIIB 3 mifBUNTEeH-
HAM TeMIlepaTypu.

Karouori croBa: eleKTpOHHA CIIEKTPOCKOIIisI 3 KYTOBOIO PO3IiIbY0I0 34aTHiC-
TIO, METOJ KPUBUHU, €JIEKTPOHHA CTPYKTYPa, 3a/Ii3Hi HaaupoBiguuKu, FeSe.

XapaKTepHON 0COOEHHOCTHIO JIEKTPOHHOM CTPYKTYPHI CBEPXITPOBOIHUKOB Ha
OCHOBE ’KeJjie3a SBJIAETCS CMeIeHNe 9KCIePUMEeHTAJIbHO MOJYUYEHHBIX 30H II0
CPaBHEHUIO C pe3yJibTaTaMU pacuéToB. VaMeHeHUA 30HHOI CTPYKTYpHI FeSe ¢
MOBBIIIIEHNEM TeMIIePaTyPhl MOTYT O0BACHUTH MEXaHU3MbI TAKUX CMEIeHUi,
HO Pe3yJbTaThl PA3HBIX UCCJIEIOBAHUI JAIOT IPOTUBOIOJIOMKHBIE HAIPABJICHU A
SBOJIIOIIMY 30HHOU CTPYKTYPHI B IleHTPe 30HbI Bpuitiosna. B 9Toii cTraThe MBI
CO00ITIaeM O CHHXPOHHOM CMeIleHuu d,,- U d,,-30H IIPU MOBLIINIEHNH TeMITepa-
TYypEI B TouKe Z B TeMmiepatypHoMm auamnasone 20—160 K. C yuérom pesyibTa-
TOB M3MEHEHUI 30HHOI CTPYKTYPhI C HOBBIIIEHNEM TEeMIepPaTyphl B TOUKe A
TaKue CMEeIIeHU MOTYT U3MEHATDh HapuTeT MeKIY dJIeKTPOHAMU U ABIPKaMU,
YTO MOYKHO MHTEPIPETUPOBATEH KaK YBeJIUUYEeHNE KOHIIEHTPAIIUY 3JI€KTPOHOB C
yBeJINUYeHNeM TeMIIepaTyphl.

KaroueBsie ciaoBa: GOTO9IeKTPOHHAA CIIEKTPOCKOIINA C YTJIOBBIM Pa3perteHu-
eM, MeTOJ KPMBU3HBI, dJIEKTPOHHAA CTPYKTYPA, KeJe3Hble CBePXIIPOBOIHUKH,
FeSe.

(Received January 10,2018 )

1.INTRODUCTION

FeSe is one of the most interesting compounds among iron-based su-
perconductors due to interesting physical properties and simplicity of
its crystal structure [1-4]. FeSe is a compensated metal with equal
numbers of holes and electrons, and its calculated electronic structure,
similarly to other iron-based superconductors, consists of 2 holes-like
bands near the Fermi level in the centre of the Brillouin zone (Gamma
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point) and 2 electrons-like bands in its corners (M-point), which come
from 3d bands of iron. Such topology have been predicted by numerous
density functional theory (DFT) calculations [5, 6] and confirmed by
many experiments [7, 8]. However, there are some differences between
results of calculations and experimentally obtained data.

First, it is a mass enhancement of charge carriers, which is supposed
to be a result of electron correlations and can be explained by dynam-
ical mean-field theory (DMFT) calculations [9—-12].

Another difference is a shrinking of experimentally obtained Fermi
surfaces in comparison to DFT calculated ones. Such a shrinking is
supposed to be a result of the shifts of bunches of the hole and electron
bands in the opposite directions, with conservation of parity between
electrons and holes [4, 13, 14]. Namely, the hole bands in the Brillouin
zone centre shift to higher binding energies, and electron bands in M
point (the Brillouin zone corners) to lower binding energies. Such
shifts cannot be obtained within the DMFT calculation framework even
for the simplest iron based superconductor FeSe.

Recent works propose several mechanisms that can explain such
shifts [4, 15—-18]. To examine applicability of such mechanisms, the
investigations of the temperature dependence of the band structure of
FeSe compounds have been performed [18—20]. Interestingly, the re-
sults of different investigations give opposite directions for the tem-
perature-induced shits in Z point.

In previous paper [20], it has been shown that the d,, band moves in
opposite direction to the ‘red-blue’ shift expectation and to some re-
cent results [19], but agrees with another experimental data [18]. The
shift of this band cannot affect the size of the hole-like Fermi surface,
as the d,, band does not cross the Fermi level. In this paper, we reveal
downward shift of the d,, and d,, bands in Z point of FeSe. The shift of
the d,. band causes shrinking of the hole-like Fermi surface in the Bril-
louin zone centre. In terms of charge carrier concentration, together
with the results of temperature dependence in A point, such shifts can
be interpreted as appearance of additional electrons in the system.

2. EXPERIMENTAL DETAILS

ARPES spectra have been obtained on CASIOPEE beamline of synchro-
tron Soleil using horizontally polarized radiation with energy 21 eV,
for temperatures 20 K, 100 K, and 160 K. Experimental ARPES spec-
tra for 20 K, 100 K, and 160 K and the results of processing of spectra
with two-dimensional curvature method are presented in Figs. 1-3,
respectively. The hole bands’ top position for different temperatures
was obtained by image processing with two-dimensional curvature
method and are given in Fig. 4.

The crystals Fe, (sSeqs.Te 16 have been grown in evacuated quartz
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Fig. 1. ARPES spectrum for 20 K (a) and the results of processing of the spec-
trum with the curvature method (b).

ampoules using the AICl;—KCl-NaCl flux technique with a constant
temperature gradient (500°C—temperature of the hot end, ~430°C—
temperature of the cold end, Fe, ;Se, sTe, ,—composition of the start
load, 6 weeks) [21]. The chemical composition of the Fe(Se,Te) crystals
was determined using a Tescan Vega II XMU scanning electron micro-
scope equipped with an INCA Energy 450 energy-dispersive spectrom-
eter (accelerating voltage—20 kV).

3. RESULTS AND DISCUSSION

ARPES spectra have been obtained for temperature 20 K (lower than
the nematic transition), 100 K (higher but in vicinity to the nematic
transition) and for 160 K.

In case of linear horizontal polarization, both the hole-like d,, and
d,, bands can be seen near the Fermi level. It is in contrast to the results
of the linear vertical polarization, where only one hole d,, band can be
seen due to matrix element effects. The temperature dependence ob-
tained earlier in [20] for d,, band is confirmed by these results. Im-
portant to mention that the d,, band does not cross the Fermi level.
Therefore, temperature induced shift of this band cannot affect the
number of charge carriers. So, it is important to track dependence of
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Fig. 2. ARPES spectrum for 100 K (a) and the results of processing of the
spectrum with the curvature method (b).

the d,, band on temperature, because it crosses the Fermi level. The
shift of this band strongly affects the size of the hole Fermi surface. It
is important to say that, in opposite to [7, 8], we do not observe the
splitting of the d,, band for temperatures lower than the temperature
of nematic transition near the Fermi level.

The energies of the tops of the d,, and d,, bands for different tem-
peratures that have been obtained from the spectra are given in Fig. 4.
Several important features of this dependence should be mentioned.
First, binding energy of electrons increases with increase of tempera-
ture for both bands. Second, since there is no additional splitting be-
tween the hole-like bands in temperature range from 20 to 160 K, we
may conclude that the observed shift is a characteristic feature of the
whole electronic structure in Z point.

Other studies give different directions of temperature shifts of the
band structure in Z point, but there is a consensus in determination of
the direction of band structure evolution in A point [18, 19]. In both
studies, the electron-like bands in the Brillouin zone corner move
downwards in energies. So, the area of the electron-like Fermi surfaces
becomes larger. The shrinking of the hole-like Fermi surface in Z point
and the expansion of electron-like of hole-like Fermi surface in A point
change the ratio between area of hole and electron surfaces. It is equiv-
alent to change of charge carrier concentration, although there are ar-
guments [14, 18] that these shifts do not imply a change of stoichiome-
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Fig. 3. ARPES spectrum for 160 K (a) and the results of processing of the
spectrum with the curvature method (b).

try but are the results of chemical potential shift due to its proximity
to the edges of the bands.

E, eV
10f

40

Fig. 4. Positions of the d,, and d,, bands in Z point from the ARPES spectra
obtained with horizontal polarization (d,.(LH)) and the results for d,(LV)
from [20].
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4. CONCLUSIONS

Using photons with horizontal polarization, we have shown that the
both d,, and d,, hole-like bands in Z point move in the same direction
with the same speed, lowering their energy with increasing tempera-
ture. This confirms previous result for d,, band shift obtained from the
spectra measured with vertical polarization [20] but contradicts to the
‘red-blue shift’ model and to some of recent experiments [19]. Taking
into account the expansion of the electron-like Fermi surfaces in the
Brillouin zone corner with temperature, our observation implies the
temperature induced break of the parity between holes and electrons
that should be understood.
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