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Topological states and competing magnetic fluctuations in iron germanides

Huican Mao,” Guangwei Wang,” Xiaobo Ma, Rui Liu, Pengyu Zheng, and Zhiping Yin®
Department of Physics and Center for Advanced Quantum Studies, Beijing Normal University, Beijing 100875, China

® (Received 12 June 2022; revised 23 September 2022; accepted 22 February 2023; published 7 March 2023)

The correlated multiorbital multiband electronic structures of iron-based superconductors harbor an abun-
dance of exotic electronic states, such as spin density waves, superconductivity, topological surface states,
and Majorana zero modes. In this paper, we carry out density functional theory combined with dynamical
mean-field theory calculations of the electronic structures, spin dynamics, and topological properties in YFe,Ge,
and MgFeGe and compare them with BaFe,As, and LiFeAs. We find a coexistence of ferromagnetic and
antiferromagnetic spin fluctuations in YFe,Ge, and MgFeGe, which are attributed to the weakly dispersive bands
just below the Fermi level. Moreover, we demonstrate that MgFeGe is in a strong topological phase and has two
sets of Dirac-cone-like topological surface states on the (001) surface. The coexistence of superconductivity
and nontrivial band topology in these two compounds demonstrates that it is interesting to explore topological
superconductivity and Majorana zero modes in iron germanides.
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I. INTRODUCTION

In recent years, the search for topological superconduc-
tivity and Majorana fermions in the solids has been at the
forefront of condensed matter physics. It has been pro-
posed that there are mainly three ways to achieve topological
superconductivity: (1) intrinsic topological superconductors
[1,2]; (2) a topological insulator in proximity to a con-
ventional superconductor [3,4]; and (3) connate topological
superconductors (superconductors with topological surface
states) such as iron-based superconductors [5—8]. Currently,
angle-resolved photoelectron spectroscopy and scanning tun-
neling spectroscopy experiments have confirmed the exis-
tence of surface topological superconductivity and Majorana
bound states in some iron pnictides and chalcogenides,
including FeSeq45Tegss [9-11], (LipgsFep.16)OHFeSe [12],
CaKFe4As, [13], and Li(Fe,Co)As [8,14]. However, topolog-
ical surface states or Majorana zero modes in iron germanides
have yet to be reported experimentally or theoretically. It
is interesting to explore the existence of topological surface
states in FeGe-based materials.

Since the discovery of superconductivity in LaFeAsO;_.F,
[15], much progress has been made in iron-based super-
conductors, however, the mechanism of superconductivity
remains elusive. Spin fluctuations are generally considered to
be involved in the superconducting pairing process. In iron
pnictides and chalcogenides, predominating antiferromag-
netic (AFM) spin fluctuations were widely reported, whereas
much less attention was focused on ferromagnetic (FM) spin
fluctuations [16]. In 2019, Wo et al. observed the unique
coexistence of anisotropic stripe-type AFM and isotropic FM
spin fluctuations in YFe,Ge, by inelastic neutron scattering
experiments [17]. Due to less research on FM spin fluctuations
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in iron-based materials, the origin of FM spin fluctuations and
the mechanism of coexisting AFM and FM spin fluctuations
are still unclear in iron germanides. The relationship between
superconductivity and AFM and FM spin fluctuations is also
an open question in iron-based superconductors.

YFe,Ge, [18], isostructural to BaFe,As, [19], demon-
strates a lower superconducting temperature of 7. ~ 1.8 K
[20-23], and has no magnetic phase transition down to the
lowest measured temperature [24]. Therefore, YFe,Ge,, in
view of the great similarity to BaFe,As, in the crystal
structure but with a huge difference in magnetism and su-
perconductivity, will offer us a great opportunity to study the
origin of FM spin fluctuations and the coexisting mechanism
of two types of spin fluctuations in iron germanides, and
further explore the connection between spin fluctuations and
superconductivity in iron-based materials. It is also interest-
ing to study nonmagnetic and nonsuperconducting MgFeGe
[25,26] (isostructural to the superconductor LiFeAs [27]) and
compare it with YFe,Ge;.

II. RESULTS

In this paper, the electronic structures, spin dynamics, and
topological properties of YFe,Ge, and MgFeGe in the para-
magnetic state are calculated based on the density functional
theory plus dynamical mean-field theory (DFT+DMFT)
method [28,29]. The computational details are documented
in Ref. [30] and the Supplemental Material [31] (see also
Refs. [32-42] therein). We find that MgFeGe is in a strong
topological phase and has multiple Dirac-cone-like topolog-
ical surface states on the (001) surface. Furthermore, the
calculated dynamic spin structure factor demonstrates strong
FM and AFM spin fluctuations in these two iron germanides.
We attribute these coexisting FM and AFM spin fluctuations
to the weakly dispersive bands just below the Fermi level,
which indicates that they are in close proximity to a Lifshitz
transition.

©2023 American Physical Society
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FIG. 1. The crystal structures, Brillouin zones, DFT+DMFT
electronic band structures, and (topological) surface states of
YFe,Ge, (left column) and MgFeGe (right column). (a) and (e) The
crystal structure (left), and the three-dimensional and projected (001)
surface Brillouin zone (right). The DFT+DMFT electronic band
structures (b), (f) without and (c), (g) with spin-orbital coupling.
(d) and (h) The DFT+DMFT calculated (topological) surface states
on the (001) surface. No Dirac-cone-like surface state exists in (d),
whereas topological Dirac semimetal cone and topological insulator
cone surface states emerge in (h). All the high-symmetry points are
defined in the folded Brillouin zone of the two-Fe unit cell.

A. Topological properties

We first introduce the electronic band structures and topo-
logical properties of YFe,Ge, and MgFeGe, as shown in
Fig. 1. Along the I'-Z high-symmetry line, two degenerate
electronic bands labeled as “2” in Figs. 1(b) and 1(f) are
mostly of Fe 3d,, and 3d,, orbital characters for the two
iron germanides, whereas the strongly dispersive electronic
band labeled as “1” is dominated mainly by the Ge 4p, or-
bital (Y 4d,»_,> orbital) in MgFeGe (YFe;Ge;). Without a
spin-orbital coupling (SOC) interaction, the two degenerate
electronic bands are in F;L states at the I' point, and the
strongly dispersive electronic band is in the I'; (I'Y") state for
MgFeGe (YFe,Ge,). When introducing the SOC interaction,
the doubly degenerate I'J states split into the I';” state and I';

state, and the I'; (I'Y") state transforms into the 'y (') state.
For MgFeGe, under Cy, symmetry, two Ge 4p, and Fe 3d,.y.
dominated Ag bands hybridize with each other and further
open a gap ~14 meV around the crossing point [marked by
the dotted white ellipse in Fig. 1(g)], which is about 13 meV
smaller than that of DFT calculations [Fig. S1(d)] due to
a strong renormalization of the Fe 3d,;,, bands from the
electronic correlation effect. Once a continuous direct SOC
gap opens, we can define the Fermi curve (“curved chemical
potential”) through this SOC gap as shown in Fig. S1(d),
and further identify the Z, topological invariants for all the
bands below the Fermi curve [43,44]. For three-dimensional
insulators, their topological properties can be characterized
by four Z, topological invariants (vg; vivv3), where systems
with vg = 1 are strong topological insulators, whereas sys-
tems with vg = 0 and v} + v3 + v? # 0 are weak topological
insulators [45-50]. In MgFeGe, the calculated Z, invariants
(vo; v1v2v3) below the Fermi curve in Fig. S1(d) are (1;000),
which indicates it is in a strong topological phase. Notice that
SOC is crucial for inducing the strong topological phase and
the resulting topological surface states on the (001) surface
discussed below.

In addition, the crossing between Ge 4p.and Fe 3d,,,.
dominated Ag and Ay bands is protected by the crystal Cg,
symmetry, and forms a three-dimensional Dirac cone. We
calculate the surface states on the (001) surface as shown in
Fig. 1(h). There are two sets of topological Dirac-cone-like
surface states centered at the T' point: A topological insu-
lator (TI) cone located 5 meV below the Fermi level and a
topological Dirac semimetal (TDS) cone 9 meV above the
Fermi level. Similar TI cone surface states had been experi-
mentally observed in FeSeg 45Teg 55 [9], (Lig.gaFeo.16)OHFeSe
[12], CaKFe4As4 [13], and Li(Fe,Co)As [8], while similar
TDS cone surface states were observed in Li(Fe,Co)As [8].
If MgFeGe becomes superconducting, the topological Dirac
cone surface states could harbor Majorana zero modes.

On the other hand, for YFe,Ge,, the strongly dispersive
band 1 is mainly contributed by the Y 4d,>_,> orbital with
even parity (I'7) at the ' point [Fig. 1(c)]. Here, the two
Y 4d,>_» and Fe 3d,.;,; dominated A7 bands intersect with
each other and further open a very tiny direct SOC gap of
less than ~2 meV around the crossing point [marked by the
dotted white ellipse in Fig. 1(c)]. The calculated Z, invariants
(vo; viv2v3) below the Fermi curve in Fig. S1(b) are (0; 111),
which indicates YFe,Ge, is in a weak topological phase.
In weak topological insulators, for given topological invari-
ants (vg; v1v2v3) with vg = 0 and a plane with Miller indices
h(hy, hy, h3), if h satisfies the relation (h; — v;) mod 2 =0
for all i = 1, 2, 3, the plane is topologically trivial, otherwise
it is topologically nontrivial [46,51]. In YFe,Ge,, for the
(001) surface labeled with Miller indices of a conventional
unit cell, it is the (111) surface labeled with Miller indices
of a primitive unit cell as shown in Figs. S2(c) and S2(d). Ac-
cording to the above criterion, the (001) surface of YFe,Ge; is
topologically trivial, hence there is no topologically protected
surface state on it (see more details in Sec. D of the Supple-
mental Material [31]). Indeed, we do not find any topological
surface states in the calculated surface states as shown in
Fig. 1(d).
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FIG. 2. The DFT+DMEFT calculated dynamic spin structure factor S(g, ) in YFe,Ge, (top row) and MgFeGe (bottom row). (a) and (f)
show the total S(g, w), (b) and (g) the diagonal component S, ,,(g, @) from the d,, orbital, (c) and (h) the diagonal component S, .(q, @)
from the d,, orbital, (d) and (i) the diagonal component S,. ,.(¢, w) from the d,, orbital along the high-symmetry path, and (e) and (j) the
two-dimensional plots in the L = 0 plane with constant energy w = 5 meV. The wave vector is defined in the unfolded Brillouin zone of

one-Fe unit cell.

B. Spin dynamics

Now we turn to spin fluctuations in YFe,Ge, and MgFeGe.
Figure 2 shows their dynamic spin structure factor S(g, ).
At low energy, there are strong intensities centered at both
g = (0,0) and ¢ = (1, 0) in both YFe,Ge, [Figs. 2(a) and
2(e)] and MgFeGe [Figs. 2(f) and 2(j)], which correspond
to the FM and stripe AFM spin fluctuations. This is very
different from most iron pnictides where the predominating
AFM spin fluctuations appear at the ordering wave vector
g = (1,0) of the low-temperature AFM state [16]. We note
that the intensity of FM spin fluctuations is comparable to
the intensity of AFM spin fluctuations in YFe,Ge,, in good
agreement with the inelastic neutron experiments [17]. In
contrast, the FM spin fluctuations are much stronger than the
AFM spin fluctuations in MgFeGe.

More insight into the nature of these two types of spin
fluctuations can be obtained by decomposing the dynamical
spin structure factor S(gq, w) = Za, pSa.p(q, ®) into different
orbital contributions, where o and 8 are orbital indices. We
find that the orbital-resolved low-energy spin excitation spec-
tra are primarily contributed by Fe 3d #,, orbitals. Inthe L = 0
plane with v = 5 meV, the strong FM spin fluctuations around
the Brillouin zone (BZ) center (0, 0) are isotropic, whereas the
stripe AFM spin fluctuations near the BZ corner (1, 0) show a
longitudinal elongated elliptic shape, which is different from
the transverse elongated elliptic shape in BaFe;As;.

C. Band structures and density of states

To reveal the origin of FM spin fluctuations in YFe,Ge;
and MgFeGe, we show their orbital- and momentum-resolved
spectra A(k, w) and density of states (DOS) and compare
them with BaFe;As, and LiFeAs as shown in Fig. 3. We
find the bandwidth of band “3” between the M’ (X) and M
(M) points is 0.001 eV (0.045 eV) in YFe,Ge, (MgFeGe),
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FIG. 3. The DFT + DMFT orbital- and momentum-resolved
spectra A(k,w) and density of states for YFe,Ge,, MgFeGe,
BaFe,As,, and LiFeAs. (a), (b) and (d), (¢) The orbital- and
momentum-resolved spectra A(k, ). (c) and (f) The total density
of states. The red, green, and blue colors in A(k, w) represent xy,
xz, and yz orbitals, respectively. Band “3” around the M point is
weakly dispersive, leading to a large density of states near the Fermi
level in these two iron germanides. Its bandwidth is defined as the
energy difference between M’ (X) and M (M) points for YFe,Ge,
and BaFe,As, (MgFeGe and LiFeAs). The M’ point is defined as the
midpoint between the X and M points.
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which is smaller than the bandwidth of 0.099 eV (0.25 eV)
in BaFe;As, (LiFeAs). These much weakly dispersive bands
in the two iron germanides will put them in close proximity
to a Lifshitz transition. As a result, YFe,Ge, (MgFeGe) has a
46% (35%) larger DOS than BaFe;,As; (LiFeAs) at the Fermi
level as shown in Figs. 3(c) and 3(f), which suggests the iron
germanides are much closer to a FM instability according to
the Stoner criterion. Therefore, we attribute the strong FM
spin fluctuations in YFe,Ge, and MgFeGe to these weakly
dispersive bands around the first BZ boundary. Furthermore,
in YFe,Ge,, these weakly dispersive bands contributing to
a large density of states near the Fermi level are consistent
with several flat Fe bands around the Fermi level observed by
angle-resolved photoemission spectroscopy [52] and a high
Sommerfeld coefficient indicative of a large density of states
near the Fermi level by heat capacity measurements [20-23].
On the other hand, the calculated band structure and density
of states of MgFeGe demonstrate its metallic conduction be-
havior, which is in accord with transport experiments [25,26].

In order to figure out the origin of these weakly dispersive
bands, we carry out a detailed comparison of the DFT hopping
parameters in YFe,Ge,, MgFeGe, BaFe;As;, and LiFeAs,
and connect them with their crystal structures and chemi-
cal properties [31]. We find that, compared to BaFe;As,,
the shorter bond length of Ge-Ge (2.524 A vs 3.788 A)
between two adjacent FeGe layers, the weaker electroneg-
ativity of the Ge element, and the higher valence state of
the Fe atom (42.5 vs +2) lead to the weakly dispersive
band in YFe,Ge,. Meanwhile, the weakly dispersive band
in MgFeGe is mainly due to the weaker electronegativity
of the Ge element by comparing it with LiFeAs (see more
details in Sec. E of the Supplemental Material [31]). Fur-
thermore, electronic correlations further renormalize the Fe
3d,/y; band in YFe,Ge, and MgFeGe, which ultimately leads
to the weak dispersion of band 3 around the M point in the
DFT+DMEFT calculations (see more details in Sec. F of the
Supplemental Material [31]).

D. Fermi surfaces

Next, we continue to analyze the origin of AFM spin
fluctuations in YFe,Ge, and MgFeGe using the Fermi-surface
(FS) nesting picture. As shown in Fig. 4, the FSs of MgFeGe
exhibit two-dimensional cylindrical features, which are very
similar to those of iron pnictides [36]. The nested hole-
electron FSs with dominating Fe ,, orbital characters between
the Fermi surfaces around the BZ center and BZ corner re-
sult in the AFM spin fluctuations in MgFeGe [Figs. 4(e)
and 4(f)]. In contrast, the calculated FSs of YFe,Ge, show
a strong k, dependence. In YFe,Ge,, there are two strongly
k,-dependent FSs marked with “4” and “5” in Fig. 4(a), which
are responsible for the very large Fermi pockets of 4 and 5 in
Figs. 4(b) and 4(c). These very large Fermi pockets are derived
primarily from the weakly dispersive bands 3 in Fig. 3. In the
Z plane, there are two circular Fermi pockets around the Z
point [Fig. 4(c)], facilitating the nesting between the Fermi
surfaces around the Z and A points with Fe 3d;;/,, and 3d,,
orbital characters, whereas similar FS nesting does not happen
in the I" plane as shown in Fig. 4(b).
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FIG. 4. The DFT+DMFT calculated three-dimensional Fermi
surfaces and two-dimensional FS cuts in the I" plane and Z plane
for YFe,Ge, (left column) and MgFeGe (right column). (a) and
(d) Three-dimensional FSs in the paramagnetic tetragonal Brillouin
zone. (b) and (e) Two-dimensional FS cuts in the I" plane (k, = 0),
(c) and (f) two-dimensional FS cuts in the Z plane for YFe,Ge,
(k, = 21 /c) and MgFeGe (k, = 7 /c) in the folded Brillouin zone
of a two-Fe unit cell. These arrows represent scattering wave vectors
correlated with antiferromagnetic fluctuations. The red, green, and
blue colors in two-dimensional FS cuts represent xy, xz, and yz
orbitals, respectively.

III. DISCUSSIONS

In unconventional superconductors, FM spin fluctuations
usually lead to spin triplet superconductivity, whereas AFM
spin fluctuations tend to result in spin singlet superconduc-
tivity. The coexistence of FM and AFM spin fluctuations in
YFe;Ge, and MgFeGe indicates there are two competing
superconducting ordering tendencies. In YFe,Ge,, the low
superconducting temperature (7, ~ 1.8 K) and the absence of
long-range magnetic order down to 2 K [20-24] is likely due
to the comparable intensity of FM and AFM spin fluctuations
at low energies, which is in accord with inelastic neutron
experiments [17]. Likewise, the competition of FM and AFM
spin fluctuations at low energies in MgFeGe is detrimental to
superconducting order and long-range magnetic order, which
may explain the fact that no superconductivity and magnetic
order were observed by transport and magnetization mea-
surements down to 2 K [25,26]. On the other hand, the FM
fluctuations are much stronger than the AFM fluctuations in
MgFeGe. If we can further enhance the FM fluctuations and
suppress the AFM fluctuations by means of doping and/or
applying pressure, spin triplet superconductivity might be
achieved in MgFeGe-derived materials.
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IV. CONCLUSIONS

In conclusion, we find that the coexisting FM and AFM
fluctuations in YFe,Ge, and MgFeGe are mainly from the
weakly dispersive bands around the BZ corner, which make
them in close proximity to a Lifshitz transition. The strong
FM fluctuations in MgFeGe could induce p-wave supercon-
ductivity in MgFeGe-derived materials. More importantly, our
DFT+DMFT calculations indicate that MgFeGe is in a strong
topological phase and has two sets of topological surface
states. Therefore, iron germanides offer a potential platform
for realizing topological superconductivity and Majorana zero
modes.
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