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Topological Hall effect driven by short-range magnetic order in EuZn,As,
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Short-range (SR) magnetic orders such as magnetic glass orders or fluctuations in a quantum system usually
host exotic states or critical behaviors. Like the long-range (LR) magnetic orders, SR magnetic orders can also
break time-reversal symmetry and drive the nonzero Berry curvature leading to novel transport properties. In
this work, we report that in EuZn,As, compound, besides the LR A-type antiferromagnetic (AF) order, the
SR magnetic order is observed in a wide temperature region. Magnetization measurements and electron spin
resonance (ESR) measurements reveal the ferromagnetic (FM) correlations for this SR magnetic order which
results in an obvious anomalous Hall effect above the AF transition. Moreover the ESR results reveal that this
FM SR order coexists with LR AF order exhibiting anisotropic magnetic correlations below the AF transition.
The interactions of LR and SR magnetism evolving with temperature and field can host nonzero spin chirality
and berry curvature leading to additional topological Hall contribution even in a centrosymmetric simple AF
system. Our results indicate that EuZn,As, is a fertile platform to investigate exotic magnetic and electronic

states.

DOI: 10.1103/PhysRevB.107.035142

Short-range (SR) magnetic orders are widely investi-
gated and draw great interest in various quantum systems
in condensed matter physics. Compared to long-range (LR)
magnetic orders, SR magnetic orders such as magnetic glass
orders (static) or magnetic fluctuations (dynamic), etc., can
emerge at temperatures much higher than those for the es-
tablishment of LR magnetic orders, accompanied with exotic
orders such as unconventional superconducting order, elec-
tron nematic order, etc., hosting critical behaviors and novel
quantum phenomena [1,2]. For a topological system, the
LR magnetic orders are usually considered to develop mag-
netic nontrivial topological states due to robust magnetism
and large magnetic gaps. Recently, the observed SR mag-
netic orders in topological materials such as EuCd,As, and
MnBi,Tes also drive magnetic nontrivial topological states
and host abnormal transport behaviors above the antifer-
romagnetic (AF) transition due to time-reversal symmetry
breaking [3—7]. This prompts us to consider SR magnetic
orders such as magnetic fluctuations, which have been over-
looked for a long time in topological systems, to design
magnetic nontrivial topological states or achieve the topologi-
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cal effects in the high-temperature (or even room-temperature)
region [8,9].

In Eu-122 systems, such as EuCd,As;, EuSn;As,, or
Euln,As;, besides the AF transition at low temperatures
(Tyr), SR magnetic orders were observed in a wide temper-
ature region [4,6,10—-15]. For example, in EuCd,As,, strong
spin fluctuations emerge around 100 K and drive the magnetic
Weyl Fermions far above the AF transition [4]. Correspond-
ingly, unconventional anomalous Hall and Nernst effects also
emerge above Tyr and have different temperature and field
evolutions than those below Ty [5]. In Euln,As, (considered
as an axion insulator), a magnetic polaron (MP) is revealed
above Tyr leading to large negative magnetoresistivity (MR)
[14]. In addition, helical magnetic orders accompanied with
A-type AF lattice below Tyr were also observed in some re-
search indicating complicate magnetic structure for Euln,As;
[12]. Eu-122 compounds provide a fertile playground for
investigating the interplay between various magnetism and
electron topologies hosting novel transport properties. Dif-
ferent from metallic EuCd,As, or Euln,As,, EuZn,As, is
a semiconducting compound but shares a similar crystal
structure. Although the simple AF transition is observed,
the transport features above this transition may suggest the
presence of complicated magnetic orders and interactions
which are still poorly understood [16—18]. In this work, we
perform a systematic study of semiconducting EuZn,As;.
An in-plane AF structure is identified by our single-crystal
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neutron scattering measurements around 7 = 20 K. Besides
this LR magnetic order, the SR ferromagnetic (FM) order is
revealed by electron spin resonance (ESR) and magnetization
measurements. This SR FM order spans a wide temperature
region even above Tyr and drives the anomalous Hall effect
(AHE). More interestingly, the prominent topological Hall
effect (THE) is observed in a centrosymmetric system in the
absence of helical magnetic orders. With temperature decreas-
ing to 12 K, the THE exhibits a small shoulder due to the
change of the interaction between LR AF and SR FM orders.
These abnormal behaviors suggest that the complicated in-
teraction of LR and SR in EuZn;As; can drive large Berry
curvature and nonzero spin chirality hosting multiple novel
transport properties.

Single crystals of EuZn;As, were grown by the Sn-flux
method [16-18]. Structure and elemental composition of
crystals were assessed using x-ray diffraction and energy
dispersive x-ray spectroscopy respectively. A single-crystal
neutron diffraction experiment was carried out on the Xingzhi
cold neutron triple-axis spectrometer at the China Advanced
Research Reactor (CARR) [19]. A single crystal with the
mass of 0.1 g was aligned to the (HHL) scattering plane.
The incident neutron energy was fixed at 15 meV with a
neutron velocity selector used upstream to remove higher-
order neutrons. Transport measurements were performed on
a commercial physical property measurement system (PPMS
Dynacool, Quantum Design). Magnetization measurements
were carried on a vibrating sample magnetometer (VSM)
based on the PPMS. ESR signals were obtained by a Bruker
EMX plus X-band (9.365 GHz) CWEPR spectrometer.

As shown in Fig. 1(a), EuZn,As; exhibits semiconducting
behavior revealed by the temperature dependent resistivity
[0xx(T)], in sharp contrast to metallic EuCd;As; or Euln,As,
[14,20,21]. An abnormal peak was observed around 20 K both
in p.(T) and temperature dependent magnetization [M(T)]
due to a magnetic transition shown in Fig. 1(b). To check this
transition and related magnetic order, single-crystal neutron
diffraction measurements were performed and the scans along
the (OOL) reciprocal-lattice direction are shown in Fig. 1(c).
The magnetic Bragg peaks at L = 0.5n (n = odd number) are
observed at 3.5 K but absent at 60 K. Besides, the magnetic
Bragg peaks indexed by (11L) with L = 0.5n (n = odd num-
ber) were also identified. After carefully checking diffraction
results for several other directions, we did not observe addi-
tional incommensurate magnetic Bragg peaks such as those
in EulnyAs; [12]. The neutron diffraction results support an
A-type spin configuration with moments lying in the ab plane
below transition temperature T;r without the appearance of
complex helical magnetic structure consistent with a previous
report [12] shown in Fig. 1(e). The temperature dependent in-
tensity of magnetic Bragg peak (0,0,2.5) is shown in Fig. 1(d).
The peak intensity quickly drops to background value at a
transition temperature (74r), indicating that the long-range
antiferromagnetic order vanishes above Tyr, consistent with
the magnetization measurements results.

The field dependent longitudinal resistivity [y (ptoH )] and
Hall resistivity [pox(ftoH )] exhibit systematical temperature
evolution as shown in Figs. 3(a) and 3(b). Prominent neg-
ative MR is observed at low temperatures. With increasing
temperature, this prominent negative MR becomes weak grad-
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FIG. 1. (a) Temperature dependent longitudinal resistivity
Pue(T). (b) Temperature dependence of magnetic susceptibilities
[x(T)] with the applied field of 0.1 T perpendicular (woH | ab)
and parallel (uoH || ¢) to the ¢ axis of the crystal respectively. The
inset: the inverses of magnetic susceptibilities for uoH || ab and
noH || c fitted by the Curie-Weiss law. (c) Neutron diffraction scans
along the (O0L) reciprocal-lattice direction for 3.6 and 60 K. (d) The
neutron intensity of magnetic peak (0 0 2.5) as a function of temper-
ature. (e) The schematic crystal and magnetic structure of EuZn,As,
below Tyf.

ually but can persist up to a temperature (around 100 K)
far above Tyr. Correspondingly, p,,(1oH ) exhibits nonlinear
field dependence below 100 K indicating the presence of an
extra Hall contribution (AHE) from the magnetism or nonzero
Berry curvature. With further decrease in temperature (below
30 K), after subtracting the normal Hall contribution due to
the Lorentz force with the linear field response, a discrepancy
between p,,(poH ) and M(uoH) is observed, suggesting the
emergence of an additional Hall contribution (THE) besides
AHE. Thus, the total Hall resistivity for EuZn;As, can be
expressed as [22,23]

Pry = Py + Py + = RowoH +AM + pl. (1)

where pl, pf, and pl are the normal Hall resistivity,
anomalous Hall resistivity, and topological Hall resistivity
respectively, while Ry and A are the Hall coefficient and the
anomalous Hall coefficient. According to this formula and
the data of M(uoH), pj, and p] are separated from p,, and
presented in Figs. 2(c) and 2(d).

The first interesting observation is the prominent AHE
spanning a large temperature region even with the absence
of AF order. For an AF system, it is usually surprising to
host obvious AHE due to the absence of net magnetization.
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FIG. 2. The field dependent longitudinal resistivity o, (oH ) (a),
and Hall resistivity p,,(1oH ) (b) at 2, 5, 8, 12, 16, 20, 25, 30, 35, and
50 K. According to the formula p,, = p + pg, + pl, = RopoH +
AM + p],, the AHE component pj, and THE component p!  are
extracted from the total Hall resistivity p,,. The field dependent
magnetization M (uoH ) (c), anomalous Hall resistivity pfy(uoH) (d),
and topological Hall resistivity pXTv(;LOH ) (e) at 2, 5, 8, 12, 16, 20,
25, 30, 35, and 50 K. The absolute values of M (uoH ), p)';‘),(/,LoH),
and p] (oH ) shift at various temperatures. In p! (110H) curves, the
second-shoulder features are marked by arrows.

But recent experimental researches revealed that the chiral
magnetic structure or Berry curvature could also host large
AHE based on an AF structure [24-26]. For EuZn;As;, only a
simple collinear AF order is identified by our measurements,
in contrast to EuCd,;As, or Euln,As, which hosts an addi-
tional helical magnetic order besides the basic collinear AF
structure [12]. Such simple magnetic structure in EuZn,As,
seems unable to host large net magnetization, indicating a
possible different origin for the large AHE. Another observed
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FIG. 3. (a) ESR spectra of EuZn,As, at 4.5, 6, 8, 9, 14, 16, 20,
35, 75, and 300 K with the applied field along the ¢ axis. (b) ESR
spectra of EuZn,As, with 6 from 0° to 90°, where 6 is the angle
between the applied field and the ab plane of the crystal. (c) Tem-
perature dependence of resonance field H(6) (left) and line width
AH (right). (d) Angular dependence of H, () (upper) and AH(6)
(lower) at 4.5 K. Red lines represent the fitting curves for H,.s(6) and
AH(0) by formulas as H,s = a;{1 + sin?(8) + ay[3cos*(9) — 11*}
and AH = a{1 + sin?(8) + a,[3sin*(0) — 1]%} respectively, where
a; and a, are fitting coefficients. The blue line can be expressed as
H,s = a;[1 + sin®(8)] and AH = a,[1 + sin?(8)] [27].

abnormal transport feature is the prominent THE. At low
temperatures, it exhibits a two-peak feature [a peak around
zero field with a small shoulder in a larger field region marked
by arrows in Fig. 2(e)]. With increasing temperature, the small
shoulder become weak gradually and is eventually invisible at
12 K. In addition, THE can also persist to the temperature
region above Ty where the AF LR magnetic order vanishes.
Usually THE is considered to originate from the movement
of skyrmions in noncentrosymmetric noncollinear magnets
hosting the nonzero scalar spin chirality [23]. However, these
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physics pictures cannot describe the case of EuZn,As, with a
simple colinear AF magnetic structure and a centrosymmetric
crystal structure.

To understand these AHE and THE, short-range magnetic
order, which may be overlooked for a topologically protected
system, needs to be considered in EuZn,As,. It is observed
that the M (uoH) curves for both pwoH || ab and poH || ¢ start
to deviate from the Curie-Weiss behavior at a temperature T
(around 100 K) much higher than T coinciding with the
presence of negative MR. These abnormal transport behaviors
reveal large-scale SR magnetic interactions before the estab-
lishment of the LR AF orders. To further investigate this SR
order, ESR measurements were performed in a wide temper-
ature region as shown in Fig. 3. All ESR spectra [(dP/dH)
vs H] exhibit a single exchange-narrowed resonance without
other hyperfine lines, as shown in Figs. 3(a) and 3(b). At
high temperatures, the ESR signals exhibit an asymmetric
Dysonian shape which is characteristic of localized magnetic
moments in a lattice with a skin depth for a single crys-
tal [7,28,29]. With decreasing temperature, the ESR signals
become stronger and deviate from the Dysonian-shape rela-
tion gradually. It is observed that the ESR line width AH
exhibits weak temperature dependence above Ty (100 K),
consistent with keeping the resonant field H,.s at 3350 Oe,
associated with the g factor (g = hv/uoH.es, where v is elec-
tromagnetic wave frequency) of 1.99 in the same temperature
region where localized Eu?>* 4f electron spins dominate this
paramagnetic state [30,31]. Below Tr, AH starts to increase
while H,.s decreases with decreasing temperature above Ty .
These behaviors reveal that an effective internal magnetic
field develops as the magnetic correlations occur with cooling
the system down to Tr. And it is noticed that 7 is roughly
five times larger than Ty, which indicates magnetic interac-
tions drive SR magnetic order over a large temperature scale
above T)r.

Below Tur for H || ab, H,.s increases to the value of
2728 Oe at 4.5 K associated with the increase of M(T)
during the cooling process, which is consistent with pos-
itive Curie-Weiss temperature of ® = 25 K acquired by
fitting M(T) curves. These behaviors reveal a FM correla-
tion for in-plane magnetic interactions favoring the A-type
AF structure revealed by our neutron results. In contrast, for
H || ¢, Hys drops sharply with decreasing temperature below
Tar and to 1510 at 4.5 K, consistent with the decrease of
M(T), suggesting the AFM correlation for interplane mag-
netic interactions. But the ® = 20 K value acquired by fitting
M(T) curves for H || ¢ reveals that the FM correlation still
persists, accompanied by an A-type AF order. As shown in
Fig. 3(d), the angular ESR line width AH (#) and resonant
field H,5(0) (where 0 is the angle between the applied field
and the ab plane) reveal the anisotropic magnetic correlations.
In a weakly correlated spin system such as a paramagnetic
(PM) or weakly correlated AF system, H.(0) and AH ()
follow the relations Hs(0) ~ [sin*(8) + 1] and AH(0) ~
[cos?(8) + 1] respectively. These angular dependent laws can
well describe the anisotropy due to the interactions for uncor-
related spins such as that for the type-A AF state in MnBi, Te4
or for the PM state in intrinsically low-dimensional van der
Waals magnets [7,27]. Here our angular data violate these
relations, suggesting stronger and more anisotropic magnetic
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FIG. 4. The phase diagram for EuZn;As,. Top: The schematic of
various magnetic states in different temperature regions. The canted
AF state can host local nonzero spin chirality. FM fluctuations can
host local FM domains. For paramagnetic (PM) state the spins are
random and isotropic. Bottom: The color plot for topological Hall
resistivity. The black broken lines divide the diagram into three
regions. The arrow around 12 K indicates the vanishing of the second
shoulder for THE.

correlations. It is observed that our AH(0) and H(0) fol-
low the relations H..s = a;{1 + sin2(9) + ax[3cos?(0) — 117}
and AH = a;{1 + sin*(0) + a[3sin*(8) — 1]?} respectively
(where a; and a, are fitting coefficients), which describe
typical two-dimensional magnetic systems with the increas-
ing dominance of long-wavelength fluctuations such as the
FM state in Cr,Ge,Teg [27]. These anisotropic magnetization
and ESR results suggest the following: (1) For EuZn;As;
with layered crystal structure, the in-plane FM interactions
are expected to be much stronger than the interlayer AFM
interactions. (2) the FM correlation spans a large temperature
scale for both in-plane and out-of-plane directions [4]. (3)
The substantial frustrations which may be due to nearest and
next-nearest neighbor magnetic exchange couplings drive an
anisotropic SR FM order strongly interacting with the static
LR AFM order. These SR magnetic orders may be also sen-
sitive to the applied field and undergo an evolution for spin
freezing with an anisotropic dynamic behavior, which need
further study by magnetic dynamic spectrum measurements
with applied fields.

Figure 4 shows the phase diagram of EuZn,As,. In a
frustrated system, upon cooling the system from the PM
state, the in-plane FM correlations increase and the dipolar
interactions will then further stabilize FM correlations out
of the plane. The related SR FM order divides the system
into local FM domains whose net magnetization brings the
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additional AHE term for p,, below Tr. Upon further de-
creasing the temperature, both dipolar and AFM interlayer
exchange interactions prefer magnetization changes from an
out-of-plane to an in-plane orientation leading to an A-type
AFM structure. However, the FM SR order still persists and
interacts with the established long-range order, leading to a
canted AF structure. These canted spins with local FM orders
can also host nonzero spin chirality in a centrosymmetric
system such as that in EuCd,As,, leading to the additional
THE contribution which can even persist above T4 [5,21,32].
For a time, the SR magnetic orders were overlooked in devel-
oping a robust magnetic topological system. But the recent
studies in Mn-Bi-Te and Eu-122 systems revealed that the
SR magnetic orders [33], such as magnetic fluctuations or
magnetic polarons, can also change the topological nature of
a magnetic system, e.g., the SR magnetic orders may drive
novel features at higher temperatures such as the observed
magnetic Weyl point far above Tyr [4,7,14]. For EuZn;As,,
when the magnetic correlations become strong enough, the
system can also change the local magnetic chirality and Berry
curvature, probably mediated by the magnetic fluctuations
hosting the novel transport properties. Moreover, it is ob-
served that THE exhibits a second shoulder feature below
12 K, which may suggest a crossover by the competing inter-
action of the LR AF order and the SR FM order. In EuZn,As,,
due to the evolved magnetic correlations the SR magnetic
order can persist and interact with electron and LR magnetic

order on a wide scale, resulting in various abnormal transport
features.

In summary, we systemically investigate the magnetism
and the related transport properties for EuZn,As,. The SR
FM order is revealed prominently in a temperature region
above the AF transition. This short-range order results in a
large AHE above Ty and canted AF orders below Tyr. These
interacting magnetic orders drive THE in a centrosymmetric
system. Our results indicate the short-range magnetic order
can bring about nonzero spin chirality and the Berry curvature,
driving novel transport properties which should be also con-
sidered and emphasized for the investigation of the interplay
between magnetism and topology in quantum materials.
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