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We study the coupling between topological bands and two distinct magnetic sublattices in EuMn1−xZnxSb2

(0 � x � 1) using a combination of magnetotransport measurements and density functional theory (DFT) calcu-
lations. Hall measurements reveal a low carrier concentration with high mobility across all samples, allowing the
observation of quantum oscillation in the range of 0 � x � 0.8 at a relatively low magnetic field. Upon analyzing
the quantum oscillation data, the fast Fourier transform spectra for 0 � x � 0.8 exhibit a relatively weak Zn
doping dependency but a significant temperature dependency. This weak Zn doping dependency suggests that the
magnetotransport properties of EuMn1−xZnxSb2 are dominated by quasi-two-dimensional small Fermi pockets
originating from the Sb zigzag chains, which remain largely unaffected by varying Mn content. The significant
temperature-dependent phase of the oscillation indicates that the topological state is tunable by the magnetism of
Eu. Our observations suggest that the topological bands arising from Sb zigzag chains are sensitive to adjacent
Eu magnetism but are relatively insensitive to more distant Mn atoms. Our experimental results are in good
agreement with the DFT calculations, which show that Zn doping introduces only minor electron-type carriers
at the Fermi level without substantially altering the Dirac bands. Our study will be helpful for understanding
the mechanism of coupling between spatially separated magnetism and topological bands, offering insights that
could be valuable for the design of materials with magnetism-tunable topological electronic structures.

DOI: 10.1103/PhysRevB.108.165115

I. INTRODUCTION

Magnetic topological materials have recently attracted in-
tense attention in condensed matter physics because they pave
a new path to control electronic transport properties by uti-
lizing the interplay between magnetism and topology [1,2].
The layered 112 pnictides, denoted as AMnPn2 (A = Ca, Sr,
Ba, Eu, or Yb; Pn = Sb or Bi), serve as a fertile platform
for investigating magnetic topological semimetals due to their
structural and magnetism diversity [3]. The crystal structure
of AMnPn2 is featured by alternating layers of A, Pn, and
MnPn, arranged in the sequence of -A/MnPn/A/Pn- along
the out-of-plane direction. Pn zigzag chains/square net is the
key structural motif that hosts the Dirac band, which has
been proven to be a good building block for designing new
Dirac semimetals [3,4]. Layers of A and MnPn act as buffer
layers that affect the physical properties of AMnPn2 through
their coupling with the Pn layer [5]. This coupling between
the magnetism in the A or MnPn layer and the Dirac band
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in the Pn layer gives rise to various exotic transport phe-
nomena. Examples include the quantum Hall effect observed
in EuMnBi2 and BaMnSb2 [6,7], time-reversal-symmetry
breaking Weyl fermion in SrMnSb2 and YbMnBi2 [8,9], and
giant anisotropic magnetoresistance (AMR) in EuMnSb2 [10].
However, the systematic investigation of the coupling strength
between magnetism in the A/MnPn layer and the topological
band in the Pn layer is currently lacking.

EuMnSb2 emerges as an ideal candidate for such investiga-
tions. Its structure includes Sb zigzag chains and two spatially
separated antiferromagnetic (AFM) sublattices [11–14]. This
spatial separation enables independent tuning of the topo-
logical bands and two types of magnetic sublattices through
chemical doping. Our recent study on EuMn1−xZnxSb2

(0 � x � 1) focuses on the magnetic properties, establishing
magnetic phase diagrams along two principal crystallographic
axes [15]. We found that Zn doping at the Mn site can indi-
rectly influence the orientation of Eu moments through the
interaction between the Eu and Mn sublattices [15]. How-
ever, it still remains unclear how variations in the magnetic
structures of Eu and/or Mn affect the topological bands.
Fortunately, the low carrier density with high mobility in
EuMn1−xZnxSb2 enables the exploration of the electronic
band structure and its relationship with Eu/Mn magnetism via
quantum oscillations in our experimental field range [14,16].
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In this paper, we have carried out a comprehensive magne-
totransport and density functional theory (DFT) calculations
study on EuMn1−xZnxSb2 (0 � x � 1). Our Hall measure-
ments reveal that the transport properties of EuMn1−xZnxSb2

are dominated by the hole-type carriers in the range of
0 � x � 0.8 and reverse to electron-type carriers when x = 1,
where both hole and electron type carriers display low den-
sity and high mobility. Quantum oscillations are observed
over a broad doping range (0 � x � 0.8), characterized by
quasi-two-dimensional (2D) tiny Fermi pockets with small
effective masses. The fast Fourier transform (FFT) spectra
and effective mass exhibit a weak dependency on Zn doping,
suggesting that the topological bands are largely unaffected by
variations in Mn content. Conversely, we observe a significant
temperature-dependent phase in the oscillations, implying that
the topological bands are tunable by the magnetism of Eu
ions. The DFT calculations can well capture the experimental
results. By comparing the electronic structures with different
doping levels, we find that Zn doping introduces only minor
electron-type carriers without significantly altering the topo-
logical bands derived from Sb zigzag chains. Therefore, our
results indicate that the Dirac band, arising from Sb zigzag
chains, is more strongly influenced by the magnetism from
neighboring Eu ions than by the more distant Mn ions.

II. METHODS

A. Experimental details

EuMn1−xZnxSb2 (0 � x � 1) single crystals were grown
via the self-flux method using excess Sb as flux. Detailed
procedures for the crystal growth, as well as the structural
and magnetic property characterizations, can be found in our
previous papers [14,15]. Magnetotransport measurements up
to 14 T were performed in a TeslatronPT magnet (Oxford
Instruments) equipped with a homemade rotator. Longitudi-
nal resistivity ρxx was measured by a standard four-probe
method. Hall resistivity ρxy was measured by a four-terminal
technique. To eliminate the effects of contact misalignment,
the longitudinal (Hall) resistivity presented in this paper have
been symmetrized and antisymmetrized, respectively.

B. Theoretical methods

To investigate the electronic structure of EuMn1−xZnxSb2

(0 � x � 1), first-principles calculations were performed with
the projected augmented-wave method as implemented in the
Vienna Ab init io Simulation Package (VASP) [17,18]. In order
to introduce the chemical substitutions of the Mn site with Zn,
various supercells with doping levels of x = 0, 0.25, 0.375,
0.625, and 1 were considered, corresponding to the replace-
ment of zero, two, three, five, and eight of eight equivalent
Mn sites in a 1×2×1 supercell by Zn atoms, respectively.
Further details on the supercells can be found in Fig. S1 and
Table S1 of the Supplemental Material [19]. In the density
functional theory (DFT) calculations, the generalized gradi-
ent approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
type was used to treat the exchange-correlation interaction
[20]. The cutoff energy for the wave functions was set to
350 eV. The self-consistent convergence threshold for total
energy was set at 10−5 eV. During structural relaxations, we

FIG. 1. (a) Crystal and magnetic structures of EuMn1−xZnxSb2;
the detailed magnetic structure of the Eu sublattice depends on the
temperature, magnetic field, and Zn content x [15]. Sb1 and Sb2
denote the Sb bonded with Sb and Mn, respectively. The Sb1 layer,
where the Dirac band resides, is structurally sandwiched between
the antiferromagnetic Eu and Mn layers, which order antiferromag-
netically below 19 K and 326 K, respectively. (b) The temperature
dependence of resistivity for EuMn1−xZnxSb2. (c) Magnetic field
dependence of Hall resistivity ρxy(B). (d) The carrier concentration
obtained by a linear fit of ρxy(B); the black and red symbols denote
the hole- and electron-type carriers, respectively.

used the experimental lattice parameters listed in Table S1
of the Supplemental Material [19]. All atoms were allowed
to relax until the Hellmann-Feynman forces on each atom
were below 0.01 eV/Å. A �-centered grid of 1×4×8 k points
was used for Brillouin-zone integration. Spin-orbit coupling
(SOC) was considered in all calculations. Additionally, Hub-
bard correction parameters for Eu (5.0 eV) and Mn (3.0 eV)
were applied to describe the localized f and d orbitals of Eu
and Mn, respectively.

III. RESULTS AND DISCUSSION

A. Resistivity and Hall measurements

Figure 1(a) shows the crystal and magnetic structures of
EuMn1−xZnxSb2. The magnetic structure of EuMnSb2 is char-
acterized by two magnetic sublattices: Mn forming a C-type
AFM below TMn = 326 K and Eu forming a canted AFM be-
low TEu1 = 19 K [12,13,15]. The detailed magnetic structure,
including the spin orientation and stacking sequence, depends
on the parameters of Zn content x, temperature, and magnetic
field [15]. An increase in Zn content suppresses TMn, while
TEu1 remains nearly constant. Additionally, the orientation of
Eu moments gradually rotates from the a axis to the bc plane
as x increases [15]. Note that the Sb1 zigzag layer, which
hosts the Dirac bands, is sandwiched by the Eu2+ layers. This
structural arrangement implies a stronger coupling between
the Dirac bands and Eu moments compared to Mn moments.

165115-2



COUPLING BETWEEN THE SPATIALLY SEPARATED … PHYSICAL REVIEW B 108, 165115 (2023)

As shown in Fig. 1(b), the resistivity of EuMn1−xZnxSb2

generally exhibits metallic behavior with anomalies corre-
sponding to Eu magnetic orderings at low temperatures. The
room-temperature resistivity shows a domelike doping depen-
dence on doping levels. The high resistivity in doped samples
possibly originates from the strong magnetic fluctuation aris-
ing from disordered Mn moments. Previous studies indicate
that the resistivity behavior is sensitive to the single-crystal
growth method, where both semiconducting and metallic
single crystals have been shown [10,21,22]. The metallic re-
sistivity observed in EuMn1−xZnxSb2 (0 � x � 1) suggests
similar single-crystal growth conditions across the doping
range studied, illustrating the intrinsic nature for doping-
dependent physical properties in our experiments.

Hall measurements were performed to identify the carrier
type and carrier density [see Fig. 1(c)]. For 0 � x � 0.8, the
Hall resistivity [ρxy(B)] curves at 2 K show a nearly linear
behavior with a positive slope, implying hole-dominant trans-
port. In contrast, for x = 1, a negative slope is observed,
suggesting electron-dominant transport. The inset of Fig. 1(c)
indicates a multiband effect for 0.3 � x � 1, evidenced by
a subtle slope change near B = 0 T [23]. The carrier con-
centration, determined from the single-band linear fit to the
high-field regions of ρxy(B) curves, decreases initially and
then increases with further doping [Fig. 1(d)]. The carrier
concentration is low and exhibits a weak doping dependency,
varying in a range of (0.3–1.4)×10−20 cm−3. This behavior
is consistent with isovalent doping since no nominal carriers
are introduced by the substitution of Mn2+ with Zn2+. In the
semiclassical transport model: tanθH = ρxy/ρxx = eBτ/m∗ =
ωcτ = μB, where θH is the Hall angle, τ is the scattering time,
m∗ is effective mass, ωc is the cyclotron frequency, and μ is
the mobility. The tanθH vs B curves are displayed in Fig. S2
in the Supplemental Material [19]. The estimated θH ranges
from 20◦ to 60◦ at 2 K and 14 T, suggesting high mobility in
crystals across the whole doping range. Therefore, the trans-
port property of EuMn1−xZnxSb2 is dominated by small Fermi
pockets with high mobility, allowing the exploration of its
electronic band structure via quantum oscillation at relatively
low magnetic fields (5–14 T).

B. Magnetoresistance analysis

In order to get insight into the electronic band structure of
EuMn1−xZnxSb2, magnetotransport measurements up to 14 T
were performed on EuMn1−xZnxSb2 (0 � x � 1) single crys-
tals. Clear quantum oscillation is visible for 0 � x � 0.8 (see
Fig. 2) but is absent for x = 1 (Fig. S3) [19]. Figures 2(a)–2(f)
display the magnetic field dependence of magnetoresistance,
MR(B) = [ρ(B) − ρ(0)]/ρ(0)×100%, measured at various
temperatures with B ‖ a for EuMn1−xZnxSb2 (x = 0, 0.3,
0.35, 0.4, 0.6, and 0.8). Shubnikov–de Haas (SdH) oscil-
lation signals are visible on the MR(B) curves when B >

6 T. As seen in Figs. 2(a)–2(f) and Fig. S3(a) [19], the
behavior of MR(B) curves of EuMn1−xZnxSb2 (0 � x � 1)
exhibits a remarkable doping and temperature dependencies,
with typical MR values on the order of 100% at 2 K and
14 T. Note that a slope change or sudden decrease occurs
in the low-field region of MR(B) curves (2–4 T), coincid-
ing with the spin-flop transition in the magnetization M(B)

data (Fig. S4 in [19]), which is indicative of its magnetic
origin.

To deepen our understanding of MR(B) curves and un-
derlying electronic structure [24], we quantitatively analyze
the MR(B) curves using a simple power law MR(B) = ABm

[25], where A is a constant and m is the power-law expo-
nent. The extracted values of m are displayed in supplemental
Figs. S3(b) and S3(c) [19]. (1) For the doping dependence
of m at 2 K as shown in supplemental Fig. S3(b) [19], m
values are 1.8 and 2.0 for x = 0 and x = 0.3, respectively. As
x increases to 1, m first decreases to 0.6 (x = 0.8) and then
increases back to 1.1 (x = 1). (2) For the temperature depen-
dence of m as shown in supplemental Fig. S3(c) [19], m values
at 2 K range from 0.6 to 2 depending on x. With increasing
temperature, m decreases/increases to approximately 1 at 75 K
and increases linearly to ∼1.5 with increasing temperature
from 75 to 300 K. Briefly, the variations in m imply that
MR(B) in EuMn1−xZnxSb2 with different x manifests distinct
behaviors at low temperatures but converges to linear MR as
temperature increases from 2 K to 75 K. It is well known
that MR in conventional metal usually exhibits a quadratic
magnetic field dependence at low fields and saturates at high
fields [24]. Thus the parabolic MR(B) curves in x = 0 and 0.3,
along with the saturation behavior in x = 0.6 and 0.8, could be
understood in the conventional MR scenario. The linear MR
can be interpreted in terms of both quantum transport mecha-
nisms, such as Dirac fermion, and classical magnetotransport,
such as inhomogeneity or open Fermi surface [26]. Given the
quantum oscillation data and calculated electronic structures
discussed later, we propose that the linear MR can be taken as
a sign for the Dirac semimetal [27].

C. Temperature dependence of quantum oscillation

Oscillatory components of EuMn1−xZnxSb2 (x = 0, 0.3,
0.35, 0.4, 0.6, and 0.8) are extracted by subtracting a third-
order polynomial background and plotted against 1/B in
Figs. 2(g)–2(l). For 0.3 � x � 0.8, beat patterns are evident,
suggesting the presence of multiple frequencies. As shown
in Figs. 2(m)–2(r), The fast Fourier transform (FFT) spec-
tra of these oscillatory components exhibit a similar pattern,
showing a main frequency and several higher frequencies
with weaker amplitudes. Fα = 117 T in EuMnSb2 is consis-
tent with the FFT spectra (F = 126 and 220 T) obtained by
quantum oscillation measurements performed with magnetic
fields up to 40 T [16]. The absence of F = 220 T frequency
in our measurements is due to the fact that the low magnetic
field in our measurements cannot induce an observable Zee-
man splitting. Fα at 2 K exhibits a weak domelike doping
dependence [Fig. S5(c)] [19], which increases from 117 T in
x = 0 to 150 T in x = 0.35 and then decreases to 129 T in
x = 0.8. From the FFT spectra displayed in Figs. 2(m)–2(r),
multiple higher frequencies in addition to Fα are observed
for Zn doped samples (0.3 � x � 0.8). From Fig. S5 in [19],
one can see that although it is difficult to track the detailed
evolution of these frequencies as a function of doping, FFT
spectra with a similar general feature can be identified, in-
dicating the electronic structure of EuMn1−xZnxSb2 is not
significantly altered by Zn doping, i.e., insensitive to Mn
content. For a typical FFT spectrum at x = 0.3 [Fig. 2(n)],

165115-3



YUANYING XIA et al. PHYSICAL REVIEW B 108, 165115 (2023)

FIG. 2. Temperature dependence of the quantum oscillation in EuMn1−xZnxSb2 (x = 0, 0.3, 0.35, 0.4, 0.6, and 0.8). (a)–(f) Magnetic field
dependence of MR measured with B ‖ a at various temperatures (2, 5, 10, 15, 20, 25, and 30 K). (g)–(l) �ρ as a function of 1/B at various
temperatures, which are oscillatory components of resistivity obtained by subtracting polynomial backgrounds from (a)–(f). The arrows in
(g)–(l) represent the orientation of Eu moments deduced from the magnetization data; the details can be found in Ref. [15]. (m)–(r) FFT
spectra of �ρ at various temperatures. Fα , Fβ , Fγ , and Fδ represent harmonic peaks as marked in panels (m)–(r).

four frequencies Fα = 132 T, Fβ = 164 T, Fγ = 218 T, and
Fδ = 304 T are observed. The corresponding extremal cross-
sectional area of the Fermi surface AF can be estimated by
the Onsager relation F = (�0/2π2)AF [28], where �0 is the
flux quantum. The estimated AF’s for these frequencies are
AF,α = 1.26 nm−2, AF,β = 1.57 nm−2, AF,γ = 2.08 nm−2,
and AF,δ = 2.90 nm−2. These Fermi surface areas correspond
to 0.61%, 0.76%, 1.01%, and 1.41% of the Brillouin zone in
the (100) plane, which is indicative of small Fermi pockets.
The results of SdH oscillation measurements are consistent
with those of Hall measurements, which indicate Fermi pock-
ets with a relatively weak doping dependence.

The effective mass m∗ = m/me can shed light on the band
dispersion around the Fermi level (EF) [29], where material
with linear dispersion usually has a small effective mass [30].
We extract the effective mass in EuMn1−xZnxSb2 through the

fit of the temperature dependence of oscillation amplitude to
the Lifshitz-Kosevich (LK) thermal damping factor [28]:

RT = αT m∗/B

sinh(αT m∗/B)
, (1)

where α = 2π2kBme/eh̄ = 14.69 T/K and 1/B is the aver-
age inverse field when performing FFT analysis. As shown
in Figs. 2(s)–2(x), all FFT amplitude vs temperature curves
can be well fitted by the RT damping term, yielding effective
masses as detailed in Figs. 2(s)–2(x) and Table I. The effective
masses for Fα and Fβ range from 0.12–0.18me, while other
frequencies have slightly larger effective masses (0.2–0.3me).
These values of effective masses are comparable to that in
(Sr,Yb)MnSb2 and SrZnSb2 (0.1me) [8,23,31], larger than
that in (Ca,Ba)MnSb2 (0.05me) [32,33], but smaller than that
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TABLE I. Parameters derived from the analyses of SdH oscillation data for EuMn1−xZnxSb2.

x TEu1 (K) TEu2 (K) TMn (K) Frequency F (T) m (me) F2D (T) F3D (T) F3D/F2D

0 19.08 9.58 326 Fα 117 0.05/0.12 119.81 1.32 0.01
0.3 18.30 6.28 245 Fα 132 0.08/0.10 103.61 29.45 0.28

Fβ 164 0.096 98.02 70.42 0.72
Fγ 218 0.14 98.69 126.21 1.28
Fδ 304 0.15

0.35 17.58 Fα 150 0.15 133.88 16.81 0.13
Fγ 253 0.23 82.10 177.42 2.16
Fδ 347 0.21 77.00 275.39 3.58

0.4 18.07 Fα 140 0.13 98.79 40.25 0.41
Fγ 195 0.11 91.77 99.69 1.09
Fδ 234 0.19 97.93 143.16 1.46
Fε 320 0.22 151.56 174.85 1.15

0.6 19.56 Fα 148 0.18 136.05 13.96 0.10
Fγ 211 0.062

0.8 19.57 Fα 129 0.17 139.32 0 0
Fβ 171 0.19

in (Ca,Sr,Yb)MnBi2 (0.3me) [30,34,35]. It is worth noting
that the amplitude of Fα for x = 0 and 0.3 exhibits different
thermal damping rates below and above TEu1, indicative of
different effective masses. This could be attributed to band
dispersion changes caused by Eu AFM ordering [14].

In a nonmagnetic topological semimetal, both the fre-
quency and phase of quantum oscillation are expected to
remain constant with varying temperatures. However, in
Fig. 2, we observed substantial shifts in the positions of peaks
and valleys of quantum oscillations as a function of temper-
ature for 0 � x � 0.8, i.e., temperature-induced phase shift
for the quantum oscillations. The phase shift can be better
visualized in Fig. 3, which plots peak/valley positions against
temperature. It is well known that the phase of quantum os-
cillation is related to the Berry phase, which in turn is a key
indicator of a topological state. However, the quantitative de-
termination of Berry phase φB via quantum oscillation phase
γ + δ is a little trick, i.e., different papers use different criteria
and the most widely adopted one is that γ = 1

2 − φB

2π
, where δ

is a phase shift determined by the dimensionality of the Fermi
surface and has a value of 0 for 2D cases and ± 1

8 for 3D cases
[36]. Although the determination of the absolute value for
the Berry phase is challenging, the existence of temperature-
induced phase shift is evident, suggesting a topological phase
transition. However, whether the Berry phase transitions from
trivial to nontrivial or vice versa cannot be definitively con-
cluded due to uncertainties in its absolute value. Moreover,
through a careful inspection of the FFT spectra [Figs. 2(m)–
2(r)], a slight frequency shift as a function of temperature is
also detected by the FFT spectra. Such significant temper-
ature dependencies in oscillation phase and frequency have
also been observed in magnetic topological semimetals with a
low carrier density such as MnBi2−xSbxTe4, PrAlSi/NdAlSi,
and CePtBi [37–40]. This phenomenon has been interpreted
within the framework of coupling between magnetic order and
topological bands. Therefore, our observations suggest that,
in EuMn1−xZnxSb2, topological properties could be tuned by
manipulating the Eu magnetism.

D. Angular dependence of quantum oscillation

To probe the fermiology of EuMn1−xZnxSb2, MR(B) were
measured at various magnetic field orientations at T = 2 K.
The results are displayed in Figs. 4(a)–4(f). The geometry of
the measurement setup is depicted in the inset of Fig. 4(a),
where θ is the angle between a axis and the applied field. As
the magnetic field is titled away from the a axis, the value of
MR decreases and even turns negative for x = 0.6 and 0.8.
Notice that the amplitude of the SdH oscillation diminishes
with increasing θ and vanishes for θ > 60◦, which is a char-
acteristic of the 2D Fermi surface.

After background subtraction, the oscillatory pattern �ρ

exhibits a systematic evolution with the rotation of the mag-
netic field [Figs. 4(g)–4(l)]. Such evolution can be better
visualized by the FFT spectra, as shown in Figs. 4(m)–4(r). As
the magnetic field rotates from the a axis to the bc plane, the
FFT frequencies shift systematically toward high frequencies,
along with a decrease in FFT amplitude. To quantitatively
analyze the angular dependence of oscillation frequencies
F (θ ), the F (θ ) curves are fitted to the formula F (θ ) = F3D +
F2D/cos(θ ) [Figs. 4(s)–4(x)], where F3D and F2D represent the
3D and 2D component, respectively [41]. The fitting results
are listed in Table I, where the dimensionality of the Fermi
surface can be reflected by the ratio of F3D/F2D. From the
F3D/F2D ratio, it is evident that Fα are of good 2D character
(F3D/F2D < 1), while other frequencies are of quasi-2D char-
acter with significant 3D components (F3D/F2D > 1). From
Table I, we can see that the F3D/F2D ratio for Fα shows a
domelike doping dependence, increasing from 0.01 at x = 0
to 0.41 at x = 0.4 and then decreasing to 0 at x = 0.8. This
suggests a doping tunable dimensionality of the Fermi surface.

E. Electronic structure calculations

To understand the Zn doping effect and quantum oscil-
lation data, DFT calculations were employed to investigate
the electronic structure of EuMn1−xZnxSb2. From the band
calculations on EuMnSb2 [10] and EuZnSb2 (see Fig. S6
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FIG. 3. (a)–(f) Temperature dependence of peak (open symbol) and valley (filled symbol) positions in the oscillatory resistivity �ρ for
x = 0, 0.3, 0.35, 0.4, 0.6, and 0.8, which are obtained from Figs. 2(g)–2(l).

in [19]), one can see that the orientation of Eu moments
has a relatively small influence on the electronic structure
of EuMnSb2/EuZnSb2. To extract the impact of Zn doping
on the electronic structure, a 1×2×1 supercell with the same
magnetic structure (Fig. S1 in [19]) was adopted for the DFT
calculations of EuMn1−xZnxSb2 (x = 0, 0.25, 0.375, 0.625,
and 1). The band structures calculated with the pristine chem-
ical cell for the parent compounds x = 0 and 1 are also
displayed in Fig. S7 in the Supplemental Material [19].

In Fig. 5(a), we show the total density of states (TDOS)
curves with different Zn content x. One can see that Zn doping
primarily affects states deep below the Fermi level (−10 to −
4 eV). Upon closer inspection of the TDOS around the Fermi
level [Fig. 5(b)], a slight Zn doping-induced increase can be
recognized. These findings are in good agreement with the
Hall measurements, which reveal a low carrier concentra-
tion with weak doping dependency [Fig. 1(d)]. The projected
density of states (PDOS) analysis [Figs. 5(b) and 5(c)] pro-
vides further insights into the Zn doping mechanism. In
EuMn1−xZnxSb2, Sb exists in two distinct chemical environ-
ments: Sb1, which forms zigzag chains with other Sb atoms,
and Sb2, which forms an anti-PbO layer with Mn/Zn atoms.
Different chemical environments of Sb are manifested as
quite different orbital characters: the Dirac bands primarily
originate from the Sb1 py and pz orbitals, while Sb2 states lie

above or below the Fermi level (Fig. S8 in [19]). The Fermi
surface of EuMn1−xZnxSb2 is dominated by the states of Sb1
with a negligibly small contribution from Mn and Sb2. Zn
doping mainly increases the states of Zn and Sb2. In Fig. 5(a)
and Fig. S9 in the Supplemental Material [19], it is evident
that Zn 3d states are localized by forming a narrow impurity
band at ∼8 eV below the Fermi level and only tiny Zn 4s
states are presented at the Fermi level. The Zn doping effect in
EuMn1−xZnxSb2 is similar to that in BaFe2−xZnxAs2, where
Zn 3d states are localized due to the large energy difference
between the 3d states of Zn and Fe [42,43]. The increase
of Sb2 orbital contribution to the valence band is possibly
induced by the change in hybridization strength between Sb2
and Mn/Zn atoms [44].

Figures 6(b)–6(f) display the orbital resolved band struc-
tures for EuMn1−xZnxSb2 (x = 0, 0.25, 0.375, 0.625, and 1).
The electronic structures of EuMn1−xZnxSb2 are consistent
with previous reports [10,45] and show typical features of
square-net-based Dirac semimetals [3,46]. However, there is
a discrepancy between the DFT calculations and magneto-
transport measurements; the former suggests an energy gap
at the Fermi level for x = 0, 0.25, and 0.375 [Figs. 6(b)–
6(d)], inconsistent with observed semimetallic behavior. This
discrepancy may stem from crystal defects that shift the Fermi
level. The Fermi surface of EuMn1−xZnxSb2 consists of Fermi
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FIG. 4. (a)–(f) Quantum oscillation of EuMn1−xZnxSb2 (x = 0, 0.3, 0.35, 0.4, 0.6, and 0.8) at T = 2 K under different magnetic field
orientations (θ = 0◦, 15◦, 30◦, 45◦, 60◦, and 90◦). The inset in (a) shows the configuration of the measurements. The oscillatory component
of the resistivity at various magnetic field orientations (g)–(l) and corresponding FFT spectra (m)–(r). Data at different field orientations have
been shifted for clarity. (s)–(x) The angular dependence of the oscillation frequencies obtained from the FFT spectra. The solid lines are fits to
F = F3D + F2D/cos(θ ).

pockets around the � and Y point. The bands at Y point exhibit
a linear band dispersion with a small gap, which is indicative
of a massive Dirac semimetal [10,46]. The features of Fermi
pockets around Y point match quite well with the main oscil-
lation frequency Fα , which has a good 2D/quasi-2D character
with linear dispersion. Thus Fα is therefore assigned to the tiny
hole pocket at the Y point. Since Fβ has a slightly higher fre-
quency [Figs. 2(n) and 2(r)] and a similar angular dependence
with Fα [Fig. 4(t)], Fβ might arise from the multiple extreme
cross sections of the warped Fα pocket, which is a common
phenomenon in two-dimensional (2D) material with a cylin-
drical Fermi pocket. As Zn content x increases, the Fermi level
is slightly decreased and touches the bands around the � point.
Thus the doped samples’ higher oscillation frequencies (Fγ

and Fδ) can be assigned to the hole pockets around the � point.
Notably, with increasing x, the conduction band formed by

the Zn 4s orbital gradually decreases in energy and ultimately
crosses the Fermi level, forming a new electron pocket at the �

point in x = 0.625 and 1. Moreover, the carriers arising from
Zn 4s orbitals might have a lower mobility than that from the
Sb1 5p orbital. Therefore, the electron pocket at � point may
account for the carrier type change and absence of quantum
oscillation in EuZnSb2 [Fig. 1(c)].

F. Discussion

Our Zn doping study of EuMn1−xZnxSb2 aligns well with
a complementary Sr doping study on Eu1−xSrxMnSb2, which
finds that the transport properties depend sensitively on dop-
ing on the Eu site rather than that on the Mn site [21].
According to the orbital-resolved DOS and band structures
(Figs. 5 and 6), both the Mn magnetism and Mn-derived
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FIG. 5. Density of states (DOS) of the EuMn1−xZnxSb2 (x = 0, 0.25, 0.375, and 0.625). (a) The total density of states (TDOS) of the
EuMn1−xZnxSb2 on a large energy scale, where the orbital character for each element can be identified. (b) The enlarged view of TDOS around
the Fermi surface. (c)–(f) The atom-specific partial density of states (PDOS) for Mn, Zn, Sb1, and Sb2 components.

bands exert a limited influence on the physical properties of
EuMn1−xZnxSb2. Given that prior magnetic property stud-
ies have revealed a strong coupling between the Eu and
Mn magnetic sublattice [15], it is likely that Mn indirectly

influences the Sb1-driven Dirac bands through its interaction
with the Eu magnetic sublattice. The origin of the different
coupling strengths between layers of Sb1-Eu and Sb1-Mn is
rooted in the crystal structure character of EuMn1−xZnxSb2.

FIG. 6. (a) Brillouin zone of EuMn1−xZnxSb2 showing the highly symmetric paths used to calculate the energy bands. (b)–(f) The orbital
projected band structure of EuMn1−xZnxSb2 (x = 0, 0.25, 0.375, 0.625, and 1), which were calculated using a 1×2×1 supercell with spin-orbit
coupling (SOC). The area of the symbol is proportional to the contribution of the orbit.

165115-8



COUPLING BETWEEN THE SPATIALLY SEPARATED … PHYSICAL REVIEW B 108, 165115 (2023)

As depicted in the crystal structure [Fig. 1(a)], the Sb1 layer
containing the Dirac band is sandwiched by two types of AFM
layer—specifically, an adjacent Eu layer and a more distant
MnSb layer. According to this structure arrangement, it is
reasonable that the Sb1 layer couples more strongly with Eu
magnetism than with Mn.

IV. CONCLUSIONS

In conclusion, we have studied the evolution of electronic
structures in EuMn1−xZnxSb2 (0 � x � 1) via systematic
magnetotransport measurements and DFT calculations. Clear
quantum oscillation was observed for 0 � x � 0.8. The anal-
yses of quantum oscillation data reveal quasi-2D small Fermi
pockets with light effective masses in the range of 0 � x �
0.8. These findings suggest the electronic structure around the
Fermi level is dominated by the Sb-driven Dirac bands, which
are sensitive to the Eu magnetism and with a limited direct
influence from Mn magnetism. Our study indicates that the
Dirac dispersion, arising from Sb zigzag chains/square nets,
has a stronger coupling with magnetism from neighboring
elements than that from elements with a longer distance. This

could serve as a guideline for future exploration of a magnetic
topological semimetal that exhibits strong coupling between
the topological bands and magnetism.
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