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Flat-band-induced itinerant ferromagnetism in RbCo,Se,
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ACo,Se; (A=K, Rb, Cs) is a homologue of the iron-based superconductor AFe,;Se,. From a comprehensive
study of RbCo,Se, via measurements of magnetization, transport, neutron diffraction, angle-resolved photoe-
mission spectroscopy, and first-principles calculations, we identify a ferromagnetic order accompanied by an
orbital-dependent spin splitting of the electronic dispersions. Furthermore, we identify the ordered moment to
be dominated by a d,»_,» flat band near the Fermi level, which exhibits the largest spin splitting across the
ferromagnetic transition, suggesting an itinerant origin of the ferromagnetism. In the broader context of the
iron-based superconductors, we find this d,>_,» flat band to be a common feature in the band structures of both
iron chalcogenides and iron pnictides, accessible via heavy electron doping.
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I. INTRODUCTION

The parent compounds of most iron-based superconductors
(FeSCs) are collinear antiferromagnetic (AFM) metals [1],
with nearly compensated hole and electron Fermi pockets
separated by the AFM wave vector [2]. Superconductivity
emerges with the suppression of the AFM order [3]. In the
intercalated iron chalcogenides, A,Fe,_sSe, (A=K, Rb, Cs),
parent compounds typically exhibit insulating behaviors with
a variety of AFM orders [4,5]. By tuning the iron content,
one can achieve iron vacancy-free superconducting phases in
A,Fe;Se, (A=K, Rb, Cs) [6], which exhibit large electron
Fermi pockets near the Brillouin zone (BZ) corners.

ACo,Se; (A=K, Rb, Cs) is an isostructural homologue
of the vacancy-free superconducting AFe,Se, phase with Fe
substituted by Co [7], albeit with distinct physical prop-
erties. While AFe,Se, is a superconductor with an AFM
insulating parent phase [4—6], ACo,Se, exhibits metallic mag-
netic ground states without superconductivity. In particular,
ACo,Se; consists of planar ferromagnetic (FM) sheets that
are either aligned (KCo,Se, and RbCo,Se;) or antialigned
(A-type AFM in CsCo,Se;) [7-10]. Due to the metallicity,
an itinerant nature has been proposed as the origin of the
magnetism [8,11]. In such a scenario, band splitting into the
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spin-majority and spin-minority bands is expected [12-14].
However, while the low-temperature electronic structure of
KCo0,Se, has been measured [15], no direct observation of
electronic reconstruction across the FM transition has been
reported for this series of itinerant magnets.

Here we report the evolution of the electronic structure
of RbCo,Se, across the FM transition via angle-resolved
photoemission spectroscopy (ARPES), together with charac-
terization by magnetization, transport, and neutron diffraction
measurements. We identify a nearly flat band near the Fermi
level E that exhibits the largest splitting in the FM phase.
From first-principles calculations, we identify this band to
be a d,>_,» flat band that contributes the most to the density
of states at Er and therefore drives the itinerant FM in this
material. Furthermore, in the larger context of the FeSCs,
we find this d»_,» flat band to be a common feature in the
calculated band structures in both the FeSe-based and FeAs-
based systems that is accessible via heavy electron doping.
Combining the phenomenology across the FeSC families, we
point out a connection between the emergence of various
symmetry-breaking phases and the common features in the
low-energy Fe 3d bands tunable via carrier doping.

II. METHODS

Single crystals of RbCo,Se, were grown by the self-
flux method [9]. High-purity Rb, Co, and Se were used as
the starting materials and prepared in the ratio of 1:2:2.
Sample magnetization and resistivity were measured with a
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commercial Magnetic Property Measuring System and Phys-
ical Property Measurement System. Neutron diffraction was
carried out on the HB3A four-circle diffractometer at the High
Flux Isotope Reactor, Oak Ridge National Laboratory, with a
neutron wavelength of A = 1.553 A selected by a bent per-
fect Si-220 monochromator [16]. The nuclear and magnetic
structures were refined with the FULLPROF suite [17], resulting
in a refined stoichiometry of Rbg93Co; g7Se; and lattice con-
stants @ = 3.870 A and ¢ = 13.876 A. ARPES measurements
were carried out at beamline 10.0.1 of the Advanced Light
Source with a Scienta R4000 hemispherical energy analyzer.
The energy resolution was set as 12.5 meV, and the angular
resolution was set as 0.3°. The photon energy of the light
was set at 45 eV in an s-polarization geometry where the
polarization vector was perpendicular to the electron analyzer
slit. The samples were cleaved in-situ at 30 K and kept in
ultrahigh vacuum with a base pressure better than 3 x 107!
Torr during measurements.

The electronic structure calculations were performed
using density functional theory (DFT) via QUANTUM
ESPRESSO [18,19] with plane wave scalar relativistic pseu-
dopotentials. The exchange-correlation energy was described
by the generalized gradient approximation in the scheme pro-
posed by Perdew, Burke, and Ernzerhof [20] with a wave
function cutoff energy of 40 Ry. The BZ was sampled for
integration according to the scheme proposed by Monkhorst
and Pack [21] with a grid of 10 x 10 x 10 k points. Ex-
perimentally determined lattice constants were used with the
out-of-plane Se atomic locations determined from relaxing the
system. Calculations were performed for both the nonmag-
netic and FM cases, where the total magnetization per unit
cell was constrained to match that of the experimental value.

II1. RESULTS

The crystal and magnetic structures of RbCo,Se, are
shown in Fig. 1(a). The ordered magnetic moment is de-
termined from neutron diffraction to be 0.60(4)up per Co
site aligned along the a axis, consistent with previous re-
ports [7,9]. Magnetization measurement with the magnetic
field in the ab plane identifies an onset of the FM order at
T. = 83 K [Fig. 1(c)]. A hysteresis behavior confirming the
FM ground state is observed at 2 K as a function of exter-
nal field [Fig. 1(d)]. A kink at 7, can also be identified in
the resistance measurement [Fig. 1(e)]. Finally, the integrated
counts at the (0,0,4) magnetic Bragg peak from our neutron
diffraction measurements clearly confirm the FM transition at
T. [Fig. 1(D)].

Having confirmed the FM transition, we present the mea-
sured electronic structure in the paramagnetic phase. At 150 K
> T, the Fermi surfaces (FSs) of RbCo,Se, exhibit one small
electron pocket (y) around the BZ center, I', and three elec-
tron pockets around the BZ corner, X [Fig. 2(a)]. To show
better contrast, we present the raw data in the upper half of
the FS and its two-dimensional (2D) curvature images in the
bottom half. We note that the X; and X, points as labeled
are equivalent under C, rotational symmetry of the tetrag-
onal crystal structure. However, the map intensity appears
different here due to the usage of linear horizontal polariza-
tion, which probes the d,, and d,, orbitals differently due to
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FIG. 1. FM characterization. (a) Crystal and magnetic structure
of RbCo,Se, with magnetic moments indicated by arrows. (b) BZ
notations. (c) Temperature-dependent magnetization at 1000-Oe ex-
ternal magnetic field. (d) Field-dependent magnetization at 2 K. (e)
Resistance as a function of temperature. (f) Neutron diffraction mea-
surements of the integrated intensity of the (0,0,4) magnetic Bragg
peak as a function of temperature.

photoemission matrix element effects [22]. A large electron
pocket («) around X is easy to discern [Fig. 2(a)]. The pres-
ence of a second weaker inner electron band (f) is evident
both from the FS images at X; and from the momentum-
distribution curve (MDC) taken from Ep, which can be
fitted with four Lorentzian peaks on a constant background
[Fig. 2(b)]. A third electron band (&) can be observed at the
X5 point due to the distinct matrix element effect for the two
equivalent X points [Fig. 1(a)] [22]. Its fitted k points (Fermi
momenta) are plotted in Fig. 2(a), which are distinct from
those of the o and B electron bands, confirming a total of
three electron pockets at the X point. The identification of
their dominant orbital character and expected matrix element
effects will be discussed in a later section. Compared with
the iron chalcogenide superconductors AFe,Se;, the elec-
tron pockets of RbCo,Se, at the X point are much larger,
consistent with additional electron doping provided by the
substitution of Fe by Co [23,24].

In comparison, the number of FS sheets observed deep in
the FM phase increases. Most notable is the splitting of the «
FS at X; [Fig. 2(c)]. This is evident from both the FS map in
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FIG. 2. Fermi surfaces across 7. (a) FS mapping at 150 K >
T.. The k, > 0 (k, < 0) region shows the raw data (2D curvature).
Markers indicate MDC-fitted FSs. (b) MDC at Er along cut 1 in
(a) fitted with four Lorentzians and a constant background. The blue
arrows indicate the 8 band. (c) and (d) Same as (a) and (b), except
taken at 30 K in the FM state.

Fig. 2(c) and a comparison of the MDCs across X, [Fig. 2(d)],
which can now be fitted with six Lorentzian peaks showing
a splitting of the peak previously identified as the o pocket
at 150 K. This is consistent with a band splitting due to the
FM ordering. We therefore label these the «; and «, pock-
ets, which correspond to the spin-majority and spin-minority
bands, respectively. The kr opening (defined by the separation
in momentum) of the pair of peaks labeled 8; has expanded
compared to that of the 8 pocket in the paramagnetic phase,
suggesting that the pair observed at 30 K is likely the spin-
majority branch of the 8 band that has shifted downwards in
energy while the spin-minority 8, band has shifted to above
Er and hence is not observed. In contrast, we do not observe
obvious shifts of the electron pocket (y) at I and the electron
pocket (¢) at X, below T, [Figs. 2(a) and 2(b)].

The spin splitting of bands in the presence of the FM order
can be further visualized from the band dispersions. Band
images measured across X; in the paramagnetic phase (150 K)
are shown in Fig. 3(a). Related band dispersions obtained by
MDC fitting as well as the kr positions of the ¢ electron
pocket are overlaid on the image. To understand better the
observed bands, we have performed DFT calculations of non-
magnetic and FM states of RbCo,Se,. Focusing around the
X point in the paramagnetic phase [Fig. 3(d)], our observed
dispersions show reasonable comparison with the calculated
electron bands, where a total of three electron bands appear
near Er. From the size of the kr openings, the outermost band
and the innermost band (solid black bands) likely correspond
to the o and B bands observed at X;, while the middle band
(dotted black band) corresponds to the ¢ band observed at
X, [Fig. 2(a)]. This assignment is further supported by a
consideration of the orbital characters of these bands and the
photoemission matrix element effects, as will be discussed
shortly. To match with the Fermi velocity of the outermost o
band, a renormalization factor of 2.9 is applied to the DFT
calculations, suggesting moderate electronic correlations in
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FIG. 3. Electronic structure across 7,. (a) Spectral image along
cut 1 in Fig. 2(a) with MDC-fitted dispersions. The kx value of ¢ is
obtained from fitting the MDC at the equivalent X, point. (b) Same
as (a), except taken at 30 K in the FM state. (c) Energy distribution
curves (EDCs) at the X; point. The markers indicate the f band
bottom obtained by fitting the corresponding data points in (a) and
(b) with a parabolic curve. Fitting uncertainty gives a £10-meV error
bar. (d) DFT band calculations in the paramagnetic phase renormal-
ized by a factor of 2.9. (e) Same as (d), except in the FM state.

RbCo,Se,. We also note that there exists an orbital-dependent
relative shift that would be needed to match the calculations.
Such behavior has been commonly observed in iron-based
superconductors [25-27].

In the FM state [Fig. 3(b)], the o band is observed to split
into two bands, i.e., @ and «;. The 8 band is observed to shift
down in energy compared to that in the paramagnetic phase.
In the calculated band structure in the FM state [Fig. 3(e)], the
o band splits into the spin-majority band and spin-minority
band, marked by solid blue and red curves. Similarly, the
band also splits with the spin-majority band shifted down,
while the spin-minority band has shifted to well above Ef.
The bottom of the 8 band is observed to be at 30 meV below
Er in the paramagnetic state, while the spin-majority band is
shifted down to 80 meV below Er in the FM state [Fig. 3(c)].
An estimation based on the assumption of equal spin splitting
therefore locates the spin-minority band of 8 at 20 meV above
Er, and hence, it is not observed.

Furthermore, we observe a nearly flat band from the spectra
image at cut 2 along the I'-X direction [Fig. 4(a)]. The flat
band sits close to Ef at 150 K in the paramagnetic state.
It splits into two at 30 K in the FM state, as is evident in
the comparison of the energy distribution curve (EDC) stacks
between 30 and 150 K, where a single peak at 150 K splits
into a peak at lower energy with a shoulder near Er at 30 K,
which is likely the residual tail of the spin-minority band that
has shifted above Er [Fig. 4(c)]. The band-splitting behavior
of this flat band is reminiscent of that of the § band, where
the spin-majority band is shifted down below Ep while the
spin-minority band shifts above Er. The diminishing of the
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FIG. 4. Flat band across T.. (a) and (b) Spectra images along
cut 2 in Fig. 2(a) at 150 and 30 K, respectively. Markers are the
corresponding fitted peak positions in (c). (¢) EDC stacks of (a) and
(b). Red markers indicated peak positions from fitting the EDCs with
two Lorentzians and a constant background multiplied by the Fermi-
Dirac function. (d) Temperature-dependent EDCs at the momentum
indicated by the blue dashed line in (b).

flat band splitting with increasing temperature is shown by
EDC:s at different temperatures in Fig. 4(d).

To confirm further the relation between the band splitting
and the FM order, we examine the evolution of the spin
splitting with temperature. With increasing temperature, the
o) and o, bands are observed to merge [Figs. 5(a)-5(d)].
However, they remain split at 100 K. To quantify the splitting
against temperature, we extract kr of the o and B bands by
fitting the MDC at Er [Fig. 5(e)], from which we can also
extract the kp differences [Fig. 5(f)]. In addition, the split-
ting of the flat band can also be tracked from the peaks in
the EDCs [Fig. 4(d)]. Our observation of the bands splitting
versus temperature shows that while spin splitting of bands
occurs across T, the onset of the splittings persists to a higher
temperature than T, suggestive of ferromagnetic fluctuations
in the paramagnetic state.

To understand better the behavior of the band-dependent
splitting, we carried out orbital-projected DFT calculations of
both nonmagnetic and FM RbCo,Se,. From the nonmagnetic
calculations, three electron bands appear around the X point
[Fig. 6(b)], the relative sizes of which allow us to identify the
observed «, B, and ¢ bands as the calculated bands with dom-
inantly d./y;, d»_y», and d,, orbital characters, respectively.
This assignment is consistent with the expected photoemis-
sion matrix element effects, where under the s polarization
used, the o (dy;/d,;) band shows strong intensity at the X,
point due to its odd symmetry with respect to the I'-X direc-
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FIG. 5. Temperature  dependence of band  splittings.
(a)-(d) Temperature-dependent spectra along cut 1 marked

in Fig. 2(a). The left (right) half shows the raw data (second
momentum derivative). (e) Fitted kr of oy, ay, and B; bands as a
function of temperature. Error bars are obtained from the fitting
uncertainty. (f) Temperature dependence of «-band Akr and the
shift of the flat band from fitting the peak position in the EDCs and
maximum positions in Fig. 4(d).

tion, while the ¢ (dy,) band exhibits observable but weaker
intensity at the X, point due to switched parity under the glide
mirror symmetry [28]. The innermost B band is usually not
observable in FeSC parent compounds due to its high kinetic
energy but is now observable due to the heavy electron doping
from Co. We find a qualitative match between the calculated
and measured dispersions with a renormalization factor of 2.9
to match the Fermi velocity of the observed o band [Fig. 3(a)].
We also note that the y band is a highly &, dispersive band,
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FIG. 6. Calculated electronic structures. (a) Calculated PDOS
projected onto Co d orbitals in the nonmagnetic state. (b)—
(d) Calculated orbital-resolved band dispersion in the nonmagnetic,
spin-majority, and spin-minority states, respectively. The marker size
represents the spectral weight.
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TABLE I. Orbital-resolved contribution of the magnetic moment
from the Co 3d orbitals, with a total of 0.60(4)uup per Co from all
orbitals.

Orbital do_p

dxz /vz dxy dzz

Magnetic moment (in units of ug)  0.30 0.10 0.02 0.11

where its band bottom is below Er near Z and rises to above
Er near I'. Since we do observe the y electron band at the BZ
center, we are likely measuring near k, = m. Importantly, a
flat band appears at Er in the nonmagnetic calculation along
I'-X with dominant d,-_,» orbital character, consistent with
our ARPES measurements [Fig. 4(a)]. Such a flat band leads
to a large density of states (DOS) at Er, which could induce
a strong FS instability, resulting in a band splitting—the spin-
majority band and spin-minority band—to reduce the overall
energy of the system [11,29].

Indeed, a large DOS at E is contributed by this flat band,
as seen from the calculated orbital-projected DOS for the non-
magnetic phase [Fig. 6(a)]. In the calculation for the FM state,
the spin splitting between the majority and minority bands is
orbital dependent: largest in the d,»_> flat band, followed by
the d;y, bands and, finally, the d,, bands [Figs. 6(c) and 6(d)].
This orbital-dependent band splitting is consistent with our
ARPES measurements in that the splittings of the flat band
and the o and B bands are clearly observed, while those of
the ¢ band are not. Similarly, the y electron band observed
at I is also dominantly of dy, character, where no significant
modification across 7. is observed [Figs. 2(a) and 2(c)]. We
can confirm further the role of the d,>_,» flat band in the itiner-
ant ferromagnet by calculating the contribution to the ordered
moment from different orbitals (Table I). Indeed, the d,>_
orbital contributes 0.3up out of the 0.60(4)up total ordered
magnetic moment per Co site (Table I), while the d,, orbital
contributes merely 0.02up. Our combined experimental and
theoretical results support a flat band-induced itinerant origin
for the ferromagnetism in RbCo;Se;.

Finally, it is interesting to note that this d,_,» flat band is
a commonality in the electronic structure of FeSCs. Besides
the ACo,Se, family, SrCo,As, was also recently identified
to host itinerant ferromagnetism due to a flat band near
Erp [30,31]. Taking the observed electronic phases together
among FeSCs, we point out the following phenomenology
in relation to the common electronic structure of the Fe 3d
orbitals. We use band structure calculations for FeSe [32]
and BaFe,As, [33] to represent the FeSe-based and FeAs-
based materials in which common features are highlighted
[Figs. 7(a) and 7(b)]. We illustrate three main types of fermi-
ologies observed. For the undoped parent compounds such as
BaFe,As,, NaFeAs, LaFeAsO, and Fe(Te,Se), the chemical
potential leads to quasinested hole pockets at the BZ center
and electron pockets at the BZ corner, where a collinear
spin density wave (SDW) appears at the nesting wave vec-
tor with the associated nematic order [Fig. 7(c)] [25,27,34—
38]. Superconductivity appears when these competing orders
are suppressed with doping or chemical pressure. With fur-
ther heavy electron doping, the chemical potential shifts up
[green line in Fig. 7(a) and 7(b)] such that the hole bands

FeSe

1 R
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(e) a &
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¥
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FIG. 7. Electronic phases in iron-based superconductors. (a) and
(b) Band structure calculations of FeSe [32] and BaFe,As, [33].
Common features along I'-X are highlighted by dominant orbitals.
Horizontal lines represent different chemical potentials tunable via
electron doping as exemplified by FSs of (c) Fe(Se,Te), (d) high-7,
RbFe,Se,, and (e) flat band itinerant FM RbCo,Se;.

at ' sink below Ep, leaving enlarged electron pockets at
the BZ corner, largely destroying the nesting condition. The
group of materials exhibiting this type of fermiology in-
cludes the heavily electron doped iron chalcogenides such as
AFe,Se; [23,24,39], (Li,Fe)OHFeSe [40,41], and monolayer
FeSe film grown on a SrTiO;z substrate [42—45], exhibiting
no competing ordered ground states and superconductivity
appearing with 7, of 30 to 65 K. With further electron doping,
as achieved by replacing Fe with Co, the chemical potential
can be tuned further up [pink line in Figs. 7(a) and 7(b)],
where the electron pockets at the zone corner are further
enlarged. In this doping regime, a flat band appears near
Er, as has been identified in both SrCo,As, and ACo,Se,,
driving the electronic system into an itinerant ferromagnetic
state [15,31,46-48]. It is interesting to point out that opti-
mal superconductivity among FeSCs appears in the heavily
electron doped iron chalcogenides in which the fermiol-
ogy is farthest away from instabilities, leading to competing
phases—on one side, the quasinesting inductive of SDW or-
der and, on the other, the flat band inductive of itinerant
ferromagnetism.

IV. CONCLUSION

To summarize, we reported the evolution of the elec-
tronic structure of the itinerant FM compound RbCo,Se;
across its FM transition. In the paramagnetic state, the much
enlarged electron Fermi pockets around the BZ corner in-
dicate the heavy electron doping from its superconducting
isostructural analog RbFe,Se,. A renormalization factor of
2.9 suggests moderate electron-electron correlations, compa-
rable with those in iron-based superconductors. We found an
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orbital-dependent band splitting in the FM state. In compari-
son to first-principles calculations, we found our observations
are consistent with a flat band itinerant origin of the ferro-
magnetism. Furthermore, the band splitting is observed to
persist within a finite-temperature window above the FM
transition, suggesting FM fluctuations above the long-range
ordering temperature. Finally, we pointed out a phenomeno-
logical observation of the appearance of high-temperature
superconductivity in iron-based superconductors bounded by
competing phases of SDW and nematicity on one side in a
quasinested fermiology and flat band itinerant ferromagnetism
on the other side, tunable via carrier doping.
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