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Electronic structure of antiferromagnetic Dirac semimetal candidate GdIn;
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Recently, magnetic topological quantum materials have attracted substantial research attention due to their
great application potential. Here, using high-resolution angle-resolved photoemission spectroscopy and ab initio
calculation, we systematically investigate the electronic structure of antiferromagnet Dirac semimetal candidate
GdIn;. According to our ab initio calculation, there exist two and one pair(s) of Dirac fermions in the param-
agnetic and antiferromagnetic state, respectively. In the antiferromagnetic state, the magnetic Dirac semimetal
phase is protected by Cy, rotation symmetry in the type-IV magnetic space group. Our experiment above the
Néel temperature is well reproduced by the calculated band structure in the paramagnetic state, from which we
identify a pair of Dirac fermions at 1.5 eV below the Fermi level. However, we do not observe the signature of
electronic reconstruction in the antiferromagnetic state, suggesting a weak interaction between the localized Gd
4f states of spin configuration S = 7/2ug and the itinerant conduction electrons. Our results confirm the Dirac
semimetal nature of the paramagnetic GdIn; and provide important insights into its antiferromagnetic Dirac

semimetal phase.

DOLI: 10.1103/PhysRevMaterials.6.084203

I. INTRODUCTION

Topological quantum materials represent a special family
of compounds whose topologies of electronic structures are
protected by the symmetries of the system and characterized
by topological invariants [1-5]. Up to date, many different
types of topological quantum materials have been discovered,
including topological insulators, topological crystalline insu-
lators, Dirac and Weyl semimetals, nodal line semimetals,
and topological superconductors [1-5]. Among them, Dirac
semimetals harbor fourfold degenerate Dirac fermions with
linear dispersions along all three momentum directions, real-
izing a three-dimensional graphene [3,6,7]. Dirac semimetals
have attracted great attention due to their unique electronic
structure and exciting physical properties, such as the giant
diamagnetism [8,9], quantum magnetoresistance with linear
field dependence [10,11], oscillating quantum spin Hall effect
[12,13], and 3D quantum Hall effect [14,15]. Moreover, Dirac
semimetal can be viewed as a parent state for realizing other
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novel topological quantum states, such as the Weyl semimetal
hosting pairs of Weyl fermions in the bulk and unclosed Fermi
arcs on the surface [7,16-21].

More recently, the combination of magnetism and topol-
ogy has become an important research frontier because of
its great application potential in the electronic and spintronic
devices. Magnetic topological insulator and Weyl semimetals
have been experimentally discovered with intriguing prop-
erties [22-30]. For a Dirac semimetal, in general, both the
time-reversal symmetry (TRS) T and inversion symmetry /
should be respected. The breaking of either T or I will split
the Dirac fermion into a pair of Weyl fermions and drive the
Dirac semimetal into the Weyl semimetal phase [7,16-21].
However, a novel magnetic Dirac semimetal phase can be
stabilized by the composite symmetry of 7 and I even if both
of them alone are broken, as verified in CuMnAs [31]. This
symmetry restriction can be further released in the type-IV
magnetic space groups (MSG) in which T is broken but / and
the nonsymmorphic TRS 7 = Tt (the combination of T and
a fractional translation operator 7 that connects the black and
white Bravais lattices) are preserved [30,32].

In this work, by combining ab initio calculation and
high-resolution angle-resolved photoemission spectroscopy
(ARPES), we systematically study the electronic structure of

©2022 American Physical Society
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the rare-earth intermetallic compound GdlIns, a candidate of
magnetic Dirac semimetal that was predicted in Ref. [30].
Our ab initio calculation suggests two pairs of Dirac fermions
at about 30 meV above and 1.5 eV below the Fermi level
(ER), respectively. Below the Néel temperature Ty near 45 K,
GdlInjz becomes an antiferromagnetic (AFM) Dirac semimetal
with a pair of Dirac fermions located along the I'Z direc-
tion. However, our experiment at low temperature shows good
agreement with the calculated results in the paramagnetic state
by excluding Gd 4f electrons, suggesting a minor impact of
the AFM ordering on the electronic structure of GdIns due
to the well-localized f electrons and the negligible interac-
tion between f electrons and conduction electrons. Indeed,
we observe no significant change of the measured electronic
structure with decreasing temperature across the Néel temper-
ature. Our results confirm the Dirac semimetal phase in the
paramagnetic state and are informative for further exploration
of the AFM Dirac semimetal phase of GdIns.

II. METHODS

The single crystals of GdIns were grown by a self-flux
method in an Al,O3 crucible sealed in a quartz tube. Gd and
In were mixed in a ratio of 5:95. The quartz tube was heated
to 1100°C in 1 day and kept there for 1 day, to make melting
gadolinium and indium react sufficiently, then slowly cooled
to 600 °C in 7 days for growing GdInj single crystals. After
that, the quartz tube was transferred from the muffle furnace
at 600 °C to a centrifugal machine where the flux indium and
GdlInj single crystals were separated.

High-resolution ARPES measurements were performed
at beamline 4.5.2 of Stanford Synchrotron Radiation Light
Source and beamline 105 of the Diamond Light Source. Data
were collected with Scienta R4000 electron analyzers. The
overall energy and angular resolutions were set to 15 meV
and 0.2°, respectively. The samples were cleaved in situ and
measured under ultrahigh vacuum less than 1.0x 10~'° mbar.

The first-principles band-structure calculations of GdlInj
were performed by the Vienna ab initio Simulation Package
(vAsP). The exchange-correlation energies were considered
under Perdew-Burke-Ernzerhof-type generalized gradient
approximation (GGA) [33] with spin-orbit coupling included.
The cutoff energy for the plane-wave basis was set to 640 eV
in all calculations. A I'-centered Monkhorst-Pack k-point
mesh of 10x 10x 10 was adopted for a self-consistent charge
density. In the GGA + U calculation for the AFM configu-
ration, Hubbard—U value of f orbitals on Gd is chosen as 6
eV. Based on the tight-binding type Hamiltonian constructed
from maximally localized Wannier functions supplied by the
WANNIER90 code [34], the Fermi surfaces of bulk states were
calculated with the WANNIERTOOLS package [35].

III. RESULTS AND DISCUSSION

Gdlnj; crystallizes in a cubic structure [space group Pm-3m
(No. 221)] with indium and gadolinium atoms locating at
face centers and cubic corners, respectively, as illustrated in
Fig. 1(a). Below about 45 K, GdIn; develops a C-type AFM
and the magnetic unit cell adopts a tetragonal lattice with type-
IV MSG Pc4/mbm (No. 127.397), as schematically shown in
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FIG. 1. Basic properties of GdInj crystals. (a) Schematic of the
crystal structure of GdIn;. The arrows indicate the alignment of mag-
netic moments of Gd atoms in the antiferromagnetic (AFM) state.
(b) Brillouin zone (BZ) of GdIn; in nonmagnetic (NM) (black) and
AFM (red) states. (c) Magnetization and resistivity as a function
of temperature. The magnetization was measured by heating the
sample under a magnetic field of 100 Oe. The sample was cooled
down to 5 K under a magnetic field of 100 Oe for field-cooling
(FC) and without magnetic field for zero-field cooling (ZFC) mea-
surements, respectively. (d) ab initio calculated band structure along
high-symmetry Z-I'-Z direction in the AFM and NM states. (e)
Constant energy contour at 0.2 eV below Ep in k;-k, plane. The
dashed lines indicate the BZ along k, and the yellow curves indicate
the measurement directions using specified photon energies.

Fig. 1(a). Figure 1(b) shows the Brillouin zone (BZ) of GdInj
in nonmagnetic (NM) and AFM states. The magnetization vs
temperature curve shows a peak at Ty, where the resistivity
also shows an anomaly, confirming the AFM transition in
our samples [Fig. 1(c)]. The generators of this MSG include
1, fourfold rotation along [001] direction Cy,, twofold rota-
tion along [001] direction C,,, twofold screw rotation along
the [100] direction Cy, = {C2X|(%, % 0)}, and an antiunitary
translation symmetry T = {T|(%, % 0)}, where T is TRS and

(%, %, 0) is a fractional translation along the [110] direction.
In the BZ of AFM phase [red lines in Fig. 1(b)], the k
points along the I'Z path preserve the magnetic little cogroup
4 /m'mm, whose elements include Cy;, C,;, glide mirror sym-
metries Mo, = {Ma|(3, 1, 0)} and My, = {M>,[(3, 1, 0)}. As
the two glide mirror symmetries M, and M,, satisfy the
anticommutation relation {M>,, sz} = 0, the irreducible rep-
resentation (irreps) of the little group 4/m'mm is at least
two dimensional (2D). In the band structure of GdIns, as
shown in Fig. 1(d), there are two 2D bands crossing below
Er along the I'Z path. In Ref. [30], the irreps of these two
bands are identified as LDy and LD, respectively, whose Cj.
eigenvalues are different. Hence, the crossing point between
them is gapless and protected by the C4, symmetry. As both
LDg and LD; are 2D irreps, the gapless crossing point is 4D
and behaves like a Dirac fermion that is characterized by the
massless Dirac equation. Figure 1(e) shows the constant en-
ergy contour (CEC) at 0.2 eV below Ef in the k,-k, plane. We
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FIG. 2. Electronic structure of GdIn; in the R-Z-A plane. (a) Photoemission intensity map of constant energy contours (CECs) at selected
binding energies. Data were integrated in an energy window of 50 meV. (b) Corresponding ab initio calculated results. (c), (i) Band dispersions
along high-symmetry R-Z-R direction measured with left circularly polarized photons; (c), (i1) zoom-in plot of the second derivative of ARPES
intensity map indicated by the rectangle in (i). Identified bulk bands are labeled. (d) Calculated band dispersions along high-symmetry R-Z-R
direction. The data were collected using photons with v = 138 eV at 65 K.

observe a periodic variation of the spectra with a periodicity
of 27 /a (a = 0.461 nm), from which we can identify the &,
positions.

Figure 2 presents the electronic structure of GdIn; mea-
sured in the R—Z—A plane at 65 K. On the Fermi surface
(FS), we observe an electron pocket and a four-point starlike
hole pocket around the Z point, together with a large electron
pocket around the A point in the BZ, as shown in Fig. 2(a).
The nature of electron and hole pockets is confirmed by CECs
at different binding energies [Figs. 2(a)(i)-2(a)(iv)], where the
electron pocket shrinks and hole pocket expands with increas-
ing binding energy. The observed CECs are in good agreement
with our ab initio calculations without Gd 4 f electrons (NM
state) [Fig. 2(b)], where the electron and hole pockets around
the Z point and the electron pocket around the A point are
well reproduced. Figure 2(c) shows the band dispersion along
the R—Z—R direction. Consistent with the FS structure, we

observe an electron band « and a hole band B crossing EF,
forming the hole and electron pockets around the Z point,
respectively. Near 1.5 eV below Er, we observe another two
dispersive bands § and y with an energy gap between them,
which can be better visualized in the second derivative of
the spectra [Fig. 2(c)]. Our ab initio calculation without Gd
4f electrons (NM state) well reproduces the measured band
dispersions, suggesting that the 4f electrons are well local-
ized and weakly interact with the conduction electrons, in
good consistence with previous measurement of de Hass-van
Alphen effect [36].

Figure 3 further explores the electronic structure in the
I'-X-M plane. Similar to the band structure in the R-Z-A
plane, the @ and B bands cross Er and form two Fermi
pockets. The § and y bands, on the other hand, show much
weaker dispersion. We observe extra two bands 7 and n, with
broadened spectral weight [Figs. 3(a) and 3(b)], which may
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FIG. 3. Electronic structure of GdIn; in the I'-X-M plane. (a)
Band dispersions along high-symmetry X-I"-X direction. (b) Second
derivative of ARPES intensity map in (a). (c) ab initio calculated
band structure along X-I"-X, from which two pairs of Dirac points
are identified. (d) Zoom-in plot of the calculated band dispersions
near the Dirac point (DP2). Data were collected at 65 K.

be induced by superposition of band dispersions at different
k, values due to the finite-k, resolution in our ARPES mea-
surements [37]. Our experiment also shows good agreement
with our ab initio calculation in Fig. 3(c). Our calculation
reveals two pairs of Dirac points located at about 30 meV
above (DP1) and 1.5 eV below (DP2) Ep [Figs. 3(c) and 3(d)],
suggesting that GdInj is a Dirac semimetal in its paramagnetic
state. The zoom-in plot of our ARPES spectra near the Dirac
points at 1.5 eV below Ef is shown in Fig. 3(b), from which
we can identify the band crossing of the y and § bands at DP2,
in good agreement with the calculation.

To investigate the influence of AFM ordering on the elec-
tronic structure of GdInz, we track the temperature evolution
of the electronic structure across 7Ty in Fig. 4. Figures 4(a) and
4(b) show the band dispersion along I'-X at selected tempera-
tures. We do not observe clear change of the band dispersions
with decreasing temperature. Moreover, the band crossing of
the y and & bands persists to the lowest temperature. The
momentum-distribution curves and energy-distribution curves
at different temperatures in Figs. 4(c) and 4(d) further illus-

trate the temperature independence of the spectra. As shown
in Fig. 4(e), we also do not observe any difference of the FS
structure at 13 and 65 K. The temperature independence of the
electronic structure of GdIns suggests a negligible impact of
the AFM ordering on the conduction electrons.

In an f-electron material, the interaction between local-
ized f electrons and itinerant conduction electrons plays an
essential role in the electronic and magnetic properties of the
system. In the strongly correlating limit where the Kondo
effect dominates, the resonant scattering between the f elec-
trons and conduction electrons can generate a heavy band near
Er with enhanced quasiparticle mass, and results in a param-
agnetic heavy fermion ground state. By contrast, in the weakly
coupling limit, the local spins usually interact with each other
through the Ruderman-Kittel-Kasuya-Yosida interaction and
develop the long-range AFM order [38]. Our results suggest
that GdlInj falls into the weak coupling regime, where the 4 f
electrons are well localized and their alignment shows minor
influence on the conduction electrons. Therefore, the Dirac
fermions in the paramagnetic state can persist into the AFM
state.

On the other hand, the predicted Dirac points in the anti-
ferromagnetic state locate along the I'Z direction [Fig. 1(d)]
that is defined by the magnetization orientation in the system.
However, the cubic structure of GdIlns has three equiva-
lently preferential magnetization directions. In other words,
the magnetization orientation in GdIns; could be along dif-
ferent directions in different magnetic domains, making it
challenging to observe the Dirac fermions related to the an-
tiferromagnetic state. Particularly, the surface magnetization
may be different from the bulk and misaligned, which can
smear the magnetic impact on the surface-sensitive ARPES
spectra [23-25]. A magnetic field is thus required to align
the magnetic orientation of the compound to a preferential
direction to observe the Dirac point in the AFM state.

In summary, we have systematically investigated the elec-
tronic structure of the AFM Dirac semimetal candidate
GdIn; by combining ARPES and ab initio calculation. The
calculated results reveal Dirac semimetal phases in both
the paramagnetic and AFM states. Our ARPES experiment
shows good agreement with the calculation without Gd
f electrons even at temperatures well below Ty, suggest-
ing that the f electrons in GdIn; are well localized and
the magnetic moments decouple with the Dirac fermions.
Our work is important for understanding the predicted
magnetic Dirac semimetal phase in the type-IV magnetic
groups, which will shed light on the interplay between the
magnetism and topology in magnetic topological quantum
materials.
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