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A B S T R A C T

The results of ab-initio calculations of the electronic structure and magnetism of the new 35 K superconductor
CsEuFe4As4 are reported. The electronic band structure and the density of states are presented and discussed in
detail. The origin of the chemical bonding between the constituent atoms is discussed in detail. The evidence is
provided for the existence of a mixture of ionic, covalent, and metallic bonding. It is demonstrated that the
magnetic moment is mainly due to the strongly localized Eu f states. No spin polarization at the Fe sites is found.
It is demonstrated that the electrical conductivity in CsEuFe4As4 originates from the Fe contribution to the
density of states. The electrical and chemical properties of the studied compound are closely linked with the
presence of the Fe d states in the Fermi energy region. The Fermi surfaces show the presence of the hole-like and
electron-like pockets, respectively, at the center and corners of the Brillouin zone. The results of the calculations
of the 57Fe and 151Eu hyperfine-interaction parameters are also presented.

1. Introduction

The discovery of a new Fe-based class of superconductors
AeAFe4As4 ( =Ae Ca, Sr, Eu and =A K, Rb, Cs) with the critical tem-
peratureTc in the range 31.6–36.8 K [1–4] is significant for two reasons.
First, in contrast to the intensively studied solid solutions of (Ba1−xKx)
Fe2As2 or (Sr1−xNax)Fe2As2, the Ae and A atoms in AeAFe4As4 are lo-
cated at the crystallographically inequivalent positions, which causes
the change of the space group from I mmm4/ characteristic for solid-
solution superconductors to P mmm4/ . In these new superconductors,
the Ae and A layers are alternately stacked along the crystallographic c-
axis between the Fe2As2 slabs. Consequently, the absence of structural
disorder in AeAFe4As4 allows for the investigations of their intrinsic
physical properties that are not hindered by the structural disorder
present in solid-solution superconductors. Second, the presence of the
Eu and Fe atoms, which potentially can order magnetically, points to-
ward the possibility of the coexistence of two, generally incompatible
phenomena, magnetism and superconductivity [5].

The magnetic susceptibility measurements [2,4] indicate that the
CsEuFe4As4 superconductor with =Tc 35.1–35.2 K has a magnetic
transition at ~15.0–15.5 K. Such a magnetic transition has also been
found in the heat capacity data at 15.2 K [4] and at 15.97 (8) K in the
151Eu Mössbauer data [6]. The isothermal magnetization data made it
possible to identify this transition as being ferromagnetic [4]. Ferro-
magnetism in CsEuFe4As4 has been hypothesized [4] to be associated

only with the Eu magnetic moments, that is, it has been assumed that
the Fe atoms have no magnetic moment. These suggestions have been
confirmed experimentally in the 151Eu and 57Fe Mössbauer study of
CsEuFe4As4 [6].

The main goal of this work is to elucidate the origin of some of the
physical properties of CsEuFe4As4 via detailed electronic structure
calculations. In particular, the formation and type of chemical bonds in
this compound and the charge transport properties are studied. The
type of chemical interactions between various atoms in CsEuFe4As4 are
similar to those observed in other compounds of the same crystal-
lographic structure [7]. A thorough discussion of the Fermi surface
topology allows for the understanding of the electronic characteristics
of CsEuFe4As4. Furthermore, a framework to test and, to some extent,
predict the properties of this compound is provided. A comparison is
made between the calculated physical quantities and those obtained
from the magnetic and Mössbauer spectroscopy measurements.

2. Theoretical method

We performed ab initio calculations of the electronic structure and
Mössbauer hyperfine-interaction parameters of CsEuFe4As4 in the
context of density functional theory using the full-potential linearized
augmented-plane-wave plus local orbitals (FP-LAPW + lo) method that
is realized in the WIEN2k package [8]. This method is described thor-
oughly in Ref. [9]. Here, the valence wave functions in the interstitial
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region are expanded in spherical harmonics up to =l 4, while in the
muffin-tin (MT) region they are expanded to a maximum of =l 10
harmonics. The values of 2.50, 2.50, 2.30, and 2.19 a.u. were used as
the muffin-tin radii for Cs, Eu, Fe, and As, respectively. For the ex-
change-correlation potential, the generalized gradient approximation
(GGA) scheme of Perdew, Burke, and Ernzerhof [10] was used. In ad-
dition, effective Hubbard-like interaction energies of 0.52 and 0.15 Ry
were used for the Eu 4f and Fe 3d states, respectively [7,11]. The plane-
wave cut-off parameter was set to × =R K 7.0MT MAX , where RMT is the
smallest MT radius in the unit cell and KMAX is the maximum K vector
used in the plane-wave expansion in the interstitial region. A total
number of 680 inequivalent k-points was used within a × ×32 32 9 k-
mesh in the irreducible wedge of the first Brillouin zone. The experi-
mental lattice parameters (a and c) and the atomic position parameters
from Ref. [6] were employed in the calculations.

3. Results and discussion

3.1. The crystal structure

Fig. 1 shows the unit cell and the layered crystal structure of
CsEuFe4As4. Various connecting rods represent the interactions

between the Cs, Fe, and As atoms. One can notice that the layers of Eu
atoms are entirely isolated from the Fe4As4 blocks and that the sheets of
Cs atoms along the c-direction separate the neighboring Fe4As4 blocks
[6].

The layered structure and the network of the connecting rods [Fig. 1
(b)] point towards the existence of a combination of covalent and ionic
bonds (vide infra) in the compound studied [6].

3.2. Ab-initio Calculations

3.2.1. Valence charge density distributions
The valence charge density distributions along various planes are

shown in Fig. 2. The electronic charges of the atoms in CsEuFe4As4 were
obtained through the Bader's analysis scheme [12]. The presence of a
combination of ionic, covalent, and metallic bonds between various
atoms in CsEuFe4As4 becomes evident by inspecting Fig. 2 in detail.

As one can notice from the charge density distribution in the (001)
plane [Fig. 2(a)], there is the absence of valence charge in the regions
between the Eu atoms (red regions). This indicates that the Eu atoms
are chemically isolated from each other. Therefore, no chemical
bonding is expected to exist between these atoms. This is depicted in
Fig. 1 by the lack of connecting rods between the Eu atoms, which
supports the argument given above. One also observes [Fig. 2(a)] that
the valence electrons of Eu are strongly bound to the parent atom (the
yellow, green, and blue rings surrounding each Eu atom). Furthermore,
a fourth-fold shape of the half-filled 4f shell of Eu is evident [purple
regions in Fig. 2(a)].

The valence charge density distribution in the (002) plane is shown
in Fig. 2(b). This plane consists of sheets of Cs atoms which separate the
neighboring Fe4As4 blocks in the c-direction. One can see that the
charge density distribution around the Cs atoms is perfectly symmetric.
In fact, what is shown in this figure is the closed shell structure of the Xe
atom, with the s electrons of Cs completely transferred from their
parent atom to the Fe4As4 blocks, in particular, to the As atoms. These
electrons participate in the ionic bonding between the Cs sheets and the
Fe4As4 blocks. The Cs atoms themselves are isolated from each other
due to their relatively large separation. Consequently, no metallic in-
teraction is likely to exist between them.

Fig. 2(c) shows the valence charge density distribution in the
=z 0.6726 plane which consists of the As atoms located at the 2g sites.

The presence of a very weak directional covalent bonding between the
adjacent As atoms can be seen (faint yellow regions). These As atoms
are isolated from each other by regions which have virtually no charge
density. However, the As atoms located at the 2h sites [Fig. 2(d)] are
involved in forming stronger covalent bonding with the neighboring Fe
atoms [the =z 0.6726 plane in Fig. 2(d) passes through the Fe layers].
The valence charge density distribution in this plane indicates that the
electronic charge is spread out between the Fe–Fe and Fe–As atoms. The
Fe–Fe interactions are realized by forming metallic bonds as the Fe 4s
electrons are widely spread throughout the Fe layers [green regions in
Fig. 2(d)]. The electronic transport in the superconductor studied is
expected to occur predominantly within these Fe layers and, to a
smaller extent, within the metallic Fe4As4 blocks.

The valence charge density distribution in the (110) plane is shown
in Fig. 2(e). This plane passes through the Eu and Cs atoms, and also
through the As atoms located at the 2h sites. The presence of the As–As
covalent bonds is clearly visible as the electrons are delocalized be-
tween these atoms (green regions). Furthermore, a complete charge
transfer from the Cs and Eu atoms to the As layers is evident (red re-
gions indicating the virtual absence of charge). This leads to the for-
mation of two sets of ionic bonds: a strong ionic bond between the
alkali Cs layers and the metalloid As layers, and a weaker ionic bond
between the layers of the Eu and As atoms. One can interpret this result
by considering the differences between the electronegativity of the Cs
(0.79) and the Eu (1.2) atoms and that of the As (2.18) atoms. Based on
these electronegativity values, the Cs–As bond is expected to be

Fig. 1. (Color online) The unit cell (a) and the layered crystal structure (b) of
CsEuFe4As4. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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stronger than the Eu–As bond. These two sets of ionic bonding are
depicted in Fig. 2(e) by two red regions of different intensity. No
electronic transport is expected to exist between the separate As layers
due to the formation of these ionic bonds. As mentioned earlier, any
transport (whether electrical or thermal) must be along the Fe4As4
blocks.

If one considers the symmetry of the space group P nmm4/ and the
crystal basis of CsEuFe4As4, then it becomes clear that the charge

density distributions in the (010) and (100) planes are the same
[Fig. 2(f)]. These planes pass through the Eu, As at the 2g sites, and Fe
atoms. A careful inspection of this figure reveals the hexagonal shape of
the cross-section of the Eu 4f orbitals with these planes. One also no-
tices that the sheets of Eu atoms are separated from each other (the
virtual absence of charge density indicated by red regions). The strong
covalent As–Fe bonds are visible in the figure via delocalization of the
valence states of the As and Fe atoms. This is indicated [Fig. 2(f)] by the

Fig. 2. (Color online) Electron charge density distribution (in units of e/Å3) along the (001) (a), (002) (b), =z 0.6726 (c), =z 0.7738 (d), (110) (e), and (010) [(100)]
(f) planes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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presence of a comparatively high charge density (green regions which
spread in between the As and Fe atoms).

3.2.2. Density of states
In this section, we bring the results of the DFT calculations for the

total and partial density of states (DOS) in CsEuFe4As4. The integration
in the k-space was done using the modified tetrahedron method [13].

The DOS below −8 eV (Fig. 3) is due to the atomic-like core elec-
trons of Cs and As atoms. As these core states lie deep in energy, they
practically do not contribute to any of the physical properties of the
compound studied. In fact, the DOS of these states resembles that of
isolated atomic states of the Cs and As atoms.

The DOS in the energy region between −5.0 and 2.8 eV, which
includes the Fermi energy (EF), determines most of the physical prop-
erties of CsEuFe4As4. Here the semi-core, valence, and conduction
states form a continuum of DOS. A local minimum in the DOS at ~0.7 eV
indicates the presence of a pseudogap that is due to a few Fe states. This
pseudogap can be attributed to the Coulomb repulsion of the Fe elec-
trons. The energy region between 1.5 eV and EF is dominated by the
delocalized Fe states. They form a valence band that is responsible for
the formation of the metallic bonds between the Fe atoms within the
Fe4As4 blocks. A sharp peak in the spin-up DOS in the energy region
between 2.0 and 1.6 eV arises entirely from the localized Eu f
electrons. The Eu f states have minimum overlap with the Fe d states.
Below the energy region dominated by the Eu f states (between 3.1
and 2.1 eV), one observes contributions from the As and Fe atoms.
The overlap between the As and Fe states in this region is indicative of
covalent bonding between the As and Fe atoms. This covalent bonding
is the result of the hybridization between the Fe d states with those of
the As p states.

A characteristic feature of the DOS in Fig. 3 is that, in contrast to the
energy separation and magnitude difference between the Eu spin-up
and spin-down states, the spin-up and spin-down DOS contributions
from the other atoms is symmetric. This results in almost negligible
magnetic moments of the Cs, Fe, and As atoms (vide infra). As a con-
sequence of the high asymmetry observed in the Eu DOS from its two
spin components, a large magnetic moment of the Eu atoms is expected.

The near Fermi energy region is dominated by the Fe d states and, to
a far less extent, by the As p states. These states are ultimately re-
sponsible for the conductive nature of CsEuFe4As4. There is almost zero
DOS contribution from the Eu and Cs atoms in the Fermi energy region.
This suggests that the conductivity in CsEuFe4As4 must be confined to
the Fe–As layers, and thus is anisotropic.

Fig. 4(a) displays the spin-resolved DOS due to the Cs atoms. The
symmetry of the spin-up and spin-down states is evident. Consequently,
one expects no magnetic moment for the Cs atoms in CsEuFe4As4. One
also observes that there is virtually no Cs contribution to DOS in the

Fermi energy region. The core states of Cs are of the p character, and
their DOS has three peaks at 9.4, 8.7, and 8.5 eV in the energy
region between 9.8 and 8.3 eV. The much smaller DOS due to the
core Cs p states is also in the other energy region between 11.5 and

8.5 eV.
A highly localized DOS due to the Eu f states, as opposed to the

extended one due to the Eu d states, can be seen in Fig. 4(b). The
contribution to DOS from the Eu d states is minimal and symmetric for
both spin orientations, whereas that from the Eu f is very large and
asymmetric. The majority spin contribution is from the sharp f up states
of Eu that are localized between 2.4 and 1.5 eV. On the other hand,
the minority f down states of Eu lie in a relatively high-energy region
(between 8.6 and 10.5 eV). Under normal conditions, these states are
empty as no electron can have enough energy to occupy them. This
significant difference in the population of the two spin configurations
accounts for a large magnetic moment found experimentally in CsEu-
Fe4As4 [4]. The majority of the Eu d states also lie above EF. Though
few, they are widely spread between 3.2 and 8.5 eV.

One observes an overlap between the Fe s and p states 3.2 eV
[Fig. 5(a)]. Below EF, these states are fairly separated with several
peaks in the DOS. A small contribution of the Fe core states to the DOS
is in the energy region between 12 and 10 eV. One notices that the
Fermi energy region is almost empty of the Fe s and p states.

As mentioned earlier, the most significant contribution to the Fe
DOS originates from the d orbitals. Fig. 5(b) displays the individual d-
orbital-resolved contributions to the Fe d DOS. It is evident that the
large peak in the Fe DOS originates mainly from the dx y2 2 states lo-
cated at about eV. These states are mainly localized and exist below EF.
The small peak in the DOS above EF at about 1.0 eV originates from the
dxy and dz2 orbitals. The dz2 states also extend to the region below EF
and they peak at around 0.5 eV. The majority of the dxz states are
located in the vicinity of EF and contribute to the peak at 0.15 eV. The
conductive nature of CsEuFe4As4 can be related to these states. The

Fig. 3. (Color online) Spin-resolved, total and atom-resolved DOS in ferro-
magnetic CsEuFe4As4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 4. (Color online) Spin-resolved DOS of the Cs (a) and Eu (b) atoms in
ferromagnetic CsEuFe4As4. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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smallest contribution to the Fe d DOS is from the dyz states which are
non-localized and predominantly spread below EF into the valence re-
gion.

Fig. 6(a) displays the DOS due to the As1 and As2 atoms located at
two different Wyckoff positions 2g and 2f, respectively [6]. One can
notice that although the states due to the As1 and As2 atoms occupy the
same energy region, they are slightly displaced from each other. The As

Fig. 5. (Color online) Spin-polarized, Fe orbital-resolved DOS (a) and Fe d-or-
bital-resolved DOS (b). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 6. (Color online) Spin-resolved DOS of As (a) and spin-resolved, orbital-
resolved DOS of As. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 7. (Color online) Spin-up (a) and spin-down band structures of ferromag-
netic CsEuFe4As4. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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core states lying between 12 and 10 eV are localized and are of
atomic-like character. The semi-core and valence states span an energy
region between 5.0 and 1.6 eV and display sharp peaks in DOS
between 3.0 and 2.7 eV. The conduction states extend from EF to
2.8 eV. Above 2.8 eV, the mainly empty metallic, and perfectly over-
lapping As1 and As2 states are located. As a result of the presence of
non-localized and overlapping states, the bonding between the As
atoms in the compound studied is covalent.

As one can observe in Fig. 6(b), the core states lying deep in energy
consist of s-type orbitals whereas the states close to EF are dominated by
the relatively extended p states (between 5.2 and 1.7 eV). The As1
states are slightly more numerous than the As2 states. The spin-up and
spin-down contributions to the DOS from both atoms are almost iden-
tical, which yields nearly zero magnetic moments of the two As atoms.

3.2.3. Energy band structure
One can observe that for the spin-up configuration [Fig. 7(a)], the

energy bands above EF are greatly dispersive. In the vicinity of EF, the
bands are less dispersive. The bands at 2 eV are very dense and
flattened. They originate from the Eu f states. The small dispersion of
these bands indicates that they correspond to the extremely localized
states. The small curvature of the bands points to a large corresponding
effective mass m* (m E k~[ ( )]k

* 2 1), that is, the carriers occupying these
bands are essentially immobile.

The characteristics of the bands for the spin-down configuration
[Fig. 7(b)] are essentially the same as those for the spin-up configura-
tion. The only difference is in the Eu f states that lie now high above EF
(at ~10 eV) and are numerous and flat. Similarly to the spin-up con-
figuration, the EF region is dominated by the Fe d states.

A common feature that can be observed for both spin-up and spin-
down configurations (Fig. 7) is the merging of the energy bands along
the high-symmetry points in the Brillouin zone, such as , X, and R. As
one moves away from these points, the symmetry on the k-space is
broken and consequently the bands start to diverge from each other.
The electronic states along these high-symmetry directions are localized
and nested because any carrier in these regions will be subject to a null
net electrostatic force, thus confining the carriers into regions in the
vicinity of these special points.

3.2.4. Atom-resolved energy band structure
The spin-polarized, energy bands originating from the Fe, Eu, Cs,

As1, and As2 atoms are presented in Fig. 8. In this figure, the thickness
of the bands indicates their relative weight, that is, their relative con-
tribution to the energy band structure of CsEuFe4As4. One can notice
that the majority of the Fe energy bands [thick lines in Fig. 8(a) and (b)]
lie in the vicinity and slightly below EF. As mentioned earlier, they are
mainly of the d character. The contributions from these states become
smaller (represented by thinner lines), as one moves away from the EF
region in both directions.

There is a large difference between the spin-up and spin-down Eu
energy bands [Fig. 8(c) and (d)], both in energy and in weight (thick-
ness of the bands). This will lead eventually to a large magnetic mo-
ment carried by the Eu atoms. The energy bands for a spin-up config-
uration [Fig. 8(c)] are mainly confined to the energy region around 2
eV, whereas for a spin-down configuration [Fig. 8(d)] the numerous Eu
f bands are located above 9 eV. This observation is consistent with an
earlier discussion of the DOS originating from the Eu f states. In both
figures in the energy region above 5 eV, a smaller but symmetric con-
tribution from the Eu d3 states is observed.

As one can notice in Fig. 8(e) and (f), the largest contribution to the
band structure due to the Cs states is in the atomic energy region as
indicated by the thick bands between 9.5 and 8.5 eV. The con-
tributions from both spin configurations are identical along all direc-
tions in the Brillouin zone, and consequently, the magnetic moment of
the Cs atoms in CsEuFe4As4 is negligible. A careful examination of
Fig. 8(e) and (f) shows that there is a small contribution from the Cs

energy bands across EF (as indicated by the thin energy bands).
At first glance at Fig. 8(g) (j) one can notice that the As1 and As2

atoms do not contribute significantly to the energy band structure of the
compound studied. There are, however, two energy regions in which
the As contribution is not negligible. The first energy region is in the
neighborhood of EF. Here, although the bands are thin, they are thicker
than the rest of the bands. The other energy region is around 2 eV.

3.2.5. Orbital-resolved energy band structure of Fe
Fig. 9 shows the spin-polarized band structure resulting from var-

ious Fe d-orbitals. One observes that the dx y2 2 orbitals [Fig. 9(a) and
(b)] dominate the EF region. Multiple hole-like bands exist around the
high symmetry points , X, M, A, and R. Four regions of electron-like
bands are observed midway between the connecting high symmetry
directions X, M X, A−R, and R−Z. One also observes a negligible
dispersion along the A−M and Γ−Z directions.

The bands originating from the dz2 orbitals [Fig. 9(c) and (d)] are
similar to those due to the dx y2 2 orbitals. However, they exhibit less
dispersion across the Fermi level. Moreover, a fraction of these bands
occupies another energy region below EF (between 0.9 and 0.5 eV).

Most of the bands origination from the dxy-orbitals are in the con-
duction region between 0.9 and 1.0 eV [Fig. 9(e) and (f)]. The con-
tribution to the band structure of CsEuFe4As4 from the dxy orbitals
[Fig. 9(g) and (h)] and the dyz orbitals [Fig. 9(i) and (j)] is minimal. One
can conclude that the properties of the compound studied are de-
termined mainly by the dx y2 2 and dz2 orbitals.

3.2.6. Fermi surfaces
The Fermi surfaces calculated in the first Brillouin zone are dis-

played in Fig. 10. The surfaces are plotted along the indicated high
symmetry points. The hole-like Fermi surface sheets in the form of
concentric cylinders are seen [Fig. 10(a)] in the central region of the
Brillouin zone and along the Z direction. The hole pockets at the
center of the Brillouin zone are not of the same size. Upon careful in-
spection of Fig. 10(a) one realizes that there is a small dispersion along
kz which increases at the outermost Fermi surface. The Fermi surface
sheets are wider in diameter at and become smaller towards Z in both
directions. The four corners of the Brillouin zone consist of the Fermi
surface sheets of the electron-like character, i.e., the electron pockets
are aligned parallel to the A M direction.

Similar features can be seen in the Fermi surfaces for the spin-down
configuration [Fig. 10(b)]. The only difference is in the density of the
Fermi surface sheets. This difference results from the fact that the bands
for the spin-up configuration are more closely packed along the Fermi
level than those for the spin-down configuration. The same Fermi sur-
face topologies have been found in similar Fe-based superconductors
[14–16].

3.2.7. Magnetic moments and Mössbauer hyperfine parameters
The calculated magnetic moment per formula unit of CsEuFe4As4 is

6.816 µB. This value consists of the contribution from the muffin-tin
and the interstitial (0.2058 µB) regions. The calculated magnetic mo-
ments carried by the Cs, Eu, Fe, As1, and As2 atoms are 0.00, 6.91,

0.07, 0.00, and 0.01 µB, respectively. The calculated Eu magnetic
moment is somewhat greater than the experimental moment of 5.9 µBat
2 K [4] that was derived from the magnetization measurements. The
nearly vanishing calculated magnetic moment of the Fe atoms is in
excellent agreement with the experimental observation via 57Fe Möss-
bauer spectroscopy [6] of a zero intrinsic magnetic moment of the Fe
atoms down to 2.1 K. The values of the calculated magnetic moments
indicate that ferromagnetism in CsEuFe4As4 is associated exclusively
with the Eu atoms.

Three types of the hyperfine-interaction parameters can be derived
from the fits of Mössbauer spectra [17]. These are: the isomer shift 0,
the principal component of the electric field gradient tensor Vzz and the
asymmetry parameter η, and the hyperfine magnetic field Hhf . They can
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also be obtained from ab initio calculations carried out for any crys-
talline compound with known crystal structure [18].

The isomer shift can be calculated from the expression
= [ (0) (0)]0 ref , where (0) and (0)ref are, respectively, the total

electron densities at the Mössbauer nucleus in the compound studied
and in the reference material, and α is a calibration constant. In cal-
culating (0), relativistic spin-orbit effects were included to account for
the possibility of the penetration of the p1/2 electrons into the 57Fe
nuclei [19]. The reference material for 57Fe Mössbauer spectroscopy is
α-Fe metal (with the bcc structure and the lattice constant of 2.8665 Å).
The calculated (0) and (0)ref are 15308.539 and 15309.918 (a. u. ) 3,
respectively. Using the calibration constant = 0.291(a. u. )3(mm/s)
[20], the calculated values of (0) and (0)ref imply that = 0.4010 mm/
s (analogous calculations of 0 for 151Eu Mössbauer spectra cannot be
done as the corresponding α has not been established yet). The calcu-
lated 0 is close to the experimental value of 0.491 (1) mm/s [6].

The measured Hhf consists of three main contributions [21]: the
Fermi contact term Hc, the magnetic dipolar term, Hdip, and the orbital
moment term, Horb [17]. The first term is generally much greater in
magnitude than the other two terms. The Fermi contact term is calcu-
lated from the expression =H µ ( (0) (0))c

8
3 B

2 , where (0) and
(0) are the spin-up and spin-down densities at the Mössbauer nucleus,

respectively. The calculated magnitudes of Hc at the 57Fe and 151Eu
nuclei are 8.1 and 264.6 kOe, respectively. These should be compared
with the corresponding experimental Hhf values (at 0 K) of 5.98 (13)
and 272.9 (2.8) kOe [6].

The calculated Vzz and η are ×7.142 1020 V/m2 and 0.7795 for 57Fe
Mössbauer spectra [6]. The calculated Vzz and η imply that the value of

the quadrupole splitting = +eQ V| | 1 /31
2 zz

2 ( =Q 0.15 b is the elec-
tric quadrupole moment of the 14.4-keV excited state of 57Fe [22])
should be 0.1222mm/s. For 151Eu Mössbauer spectra, the calculatedVzz
and η are ×0.580 1022 V/m2 and 0.0 (the zero value is consistent with
the point symmetry mmm4/ of the Eu site). The experimental (at 0 K)
of 0.1182mm/s [6] is in excellent agreement with the predicted value
of 0.1222mm/s. Similarly, good agreement is found between the cal-
culated values of Vzz and η and the corresponding experimental values
(at 0 K) of ×0.516(5) 1022 V/m2 and 0.0 derived from the 151Eu
Mössbauer spectra [6].

4. Summary

We present the results of ab-initio calculations of the electronic
structure, magnetism, and hyperfine interaction parameters of the new
35 K superconductor CsEuFe4As4. The calculations suggest the presence
of a mixture of ionic, covalent, and metallic bonding between the
constituent atoms. We discuss in detail the electronic band structure
and the density of states. We show that, in agreement with the ex-
perimental results, the magnetic moment is due to the strongly loca-
lized Eu f states. We demonstrate that an almost zero magnetic moment
carried by the Fe atoms results from an apparent symmetry of the spin-
up and spin-down states. We find that Fermi surfaces have the hole-like
and electron-like pockets located at the center and corners of the
Brillouin zone, respectively. We show that the calculated 57Fe and 151Eu
Mössbauer hyperfine interaction parameters are in good agreement
with the corresponding parameters derived from the Mössbauer
spectra.

Fig. 8. (Color online) Spin-polarized and atom-resolved band structure of ferromagnetic CsEuFe4As4. The Fe spin-up (a) and spin-down (b) contributions. The Eu
spin-up (c) and spin-down (d) contributions. The Cs spin-up (e) and spin-down (f) contributions. The As1 spin-up (g) and spin-down (h) contributions. The As2 spin-up
(i) and spin-down (j) contributions. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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