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Abstract

Topological magnetism typically appear in non-centrosymmetric compounds or compounds with
geometric frustration. Here, we report the effective tuning of magnetism in centrosymmetric tetrag-
onal Mns_,7Zn,Sb by Zn substitution. The magnetism is found to be closely coupled to the trans-
port properties, giving rise to a very large topological hall effect with fine tuning of Zn content,
which even persists to high temperature (~ 250 K). The further magnetoentropic analysis suggests
that the topological hall effect is possibly associated with topological magnetism. Our finding
suggests Mns_,7Zn,Sb is a candidate material for centrosymmetric tetragonal topological mag-
netic system, offers opportunities for studying and tuning spin textures and developing near room

temperature spin-based devices.



I. INTRODUCTION

Magnetic materials with topological spin textures have attracted considerable attention
for use in spintronic devices [1]. Materials with magnetic skyrmions are considered useful
for nonvolatile [2], low power computing [3-5] as topological magnetic materials are robust
to perturbation due to the topological protection of the magnetic states. Magnetic phases
with nontrivial topology have attracted attention for their ability to be manipulated by
low current densities [6-9] and with low dissipation [10]. Nontrivial topological magnetic
states most commonly arise from geometric frustration in hexagonal lattices [11-14], and
spin-orbit coupling through the Dzyaloshinskii-Moriya interaction [15, 16] such as chiral
noncentrosymmetric B20 materials MnSi [17], FeGe [18], and Fe;_,Co,Si [19]. In contrast,
in inversion symmetric materials with no geometric frustration, topological spin textures
are less common and normally require additional mechanisms, such as centrosymmetric
tetragonal GdRusSi, which displays a skyrmion lattice owing to the interactions between

itinerant electrons and magnetic order[20].

Materials with layered crystal structure are of particular interest. These materials are
ideal candidates for device applications as their structure may allow for exfoliation and easy
integration into layered heterostructures, which opens a new route in exploring intrinsic
magnetism in the 2D limit. To date, 2D magnetism has been observed in many hexagonal
and trigonal materials, but remains elusive in other lattice types [21-23]. Therefore, the dis-
covery of tetragonal layered magnetic materials with tunable spin textures is highly desired
for better understanding of low dimensional magnetism. One promising class of materials is
Mny_, T, Sb, where T is a transition metal such as Zn [24-26], Cr [27, 28], Co [29], or Fe [30].
As the parent compound of Mn,_, T',Sb, MnsySb crystallizes in a CuySh-type centrosymmet-
ric tetragonal lattice with P4/nmm space group. It displays a ferrimagnetic (FI) order with
spins collinear along the c-axis below 550 K, and undergoes another magnetic transition with
spins re-oriented within the ab plane below 240 K [31]. The substitution of Mn by other
transition metals T tunes magnetic phases, which consequently modifies other properties
such as cell volume [24], magnetostriction [32], electronic transport [24], and the magne-
tocaloric effect [33]. Such coupling of magnetism and physical properties, together with the
layered structure and high electrical conductivity of these materials, makes Mnsy_, T,.Sb a

good material platform to study and tune the competing exchange interactions, as well as



to develop new magnetic devices.

Among transition metals, the non-magnetic Zn substitution to create Mnsy_,7Zn,Sb is
particularly interesting. It has been reported that light Zn-substitution leads to a weak
ferrimagnetic state at low temperatures [24]. Further increasing Zn content to z = 1 can
fully suppress the anti-parallel magnetic sublattice, leading to ferromagnetic (FM) order
with the Curie temperature of 320 K in MnZnSb [34, 37]. Such room temperature ferromag-
netism is of great interest for technological applications. As Mnsy_,7n,Sb has been ascribed
to itinerant electron magnetism [24] and displays tunable magnetic phases, it is an inter-
esting candidate for nontrivial magnetic topology in a centrosymmetric tetragonal lattice.
Under this motivation, we studied the magnetic and electronic properties of Mnsy_,7Zn,Sh
compounds. We focused on Zn-rich samples (z > 0.5) which has not been previously stud-
ied (except for z = 1). We observed rich magnetic phases in this material system and a
very large topological Hall effect (THE) with a maximum p[, ~ 2 u€ occurring at high
temperature up to 250 K. These observations, together with the magnetoentropic analysis,
imply Mny_,7Zn,Sb can be a rare material platform for tunable topological magnetism in

centrosymmetric tetragonal lattices.

II. EXPERIMENTAL METHODS

Mns_,7Zn,Sb single crystals were grown by a self-flux method with Zn flux. Mn powder
(99.6%, Alpha Aesar), Zn powder (99.9%, Alpha Aesar) and Sb powder (99.5%, Beantown
Chemical) with ratio 142:6:1 were loaded in an alumina crucible inside evacuated fused
quartz tubes. The tubes were heated to the maximum growth temperature over 30 hours,
held for 3 days, and cooled down to 600°C, followed by subsequent centrifuge to remove the
excess flux. The maximum growth temperature varied with sample composition. For exam-
ple, 800°C for stoichiometric MnZnSb while 900°C for other compositions. Millimeter-size
crystals with metallic luster were obtained, as shown in the insets of Fig. 1b. Their com-
positions and crystallinity were checked by energy dispersive x-ray spectroscopy (EDS) and
x-ray diffraction (XRD) (Fig. 1b), respectively. Throughout this work, the compositions
shown below are measured compositions determined by EDS. The crystal structure were
determined by single crystal XRD in a Bruker Apex I diffractometer with Mo K, radiation

(A = 0.71073 ). Resistivity and most of the magnetization measurements were carried out
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FIG. 1. (a) Crystal structure for Mns_,;Zn,Sb. (b) Left: Images of a few representative
Mng_,Zn,Sb single crystals used in this work and their (00L) series x-ray diffraction patterns.

Right: zoom of the XRD pattern to show the systematic shift of the (003) diffraction peak.

using a Quantum Design Physical Properties Measurement System. Some magnetization
measurements were performed with a Quantum Design Superconducting Quantum Interfer-

ence Device.

III. RESULTS

As shown in Fig. 1la, the parent compound MnySb crystallizes in a layered tetragonal
structure with two inequvalent Mn sites Mn(I) and Mn(II), whereas the Zn substitution has
been found to occur at the Mn(II) site [24, 26, 34]. The systematic shift of the (00/) XRD
peaks with varying the Zn content indicates successful substitution in our samples, as shown
in Fig. 1b. We have further performed crystal structure refinement using single crystal XRD
on Mny_,7n,Sb, which have revealed that Zn-substitution maintains the crystal structure
with the same space group P4/nmm, and the Zn substitution indeed occurs at the Mn(II)

site. In Supplemental Materials [35] we provide the structure parameters resolved using

JANA2006 [36].
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FIG. 2. (a-b) Temperature dependence of magnetic susceptibility for Mng_,Zn,Sb measured with
magnetic field of 0.1 T applied (a) along the c-axis (H || ¢) and (b) within the ab-plane (H || ab).
Data for each composition are shifted for clarity. The same color code is used for (a) and (b). (c)

Magnetic phase diagram constructed from the susceptibility measurements presented in (a) and

(b). Inset: the schematic magnetic structures for the HT-FI and LT-FI phases.

In MnySb, Mn(I) and Mn(II) sublattices carry opposite magnetic moments which leads
to two FI phases. The high temperature FI phase (denoted as HT-FI) occurs between 240
and 550K, which is made up of inequivalent Mn(I) and Mn(II) magnetic sublattices with
moments oriented out-of-plane. Below 240 K, the moments of both magnetic sublattices are
re-oriented to in-plane direction which forms the low temperature FI phase (denoted as LT-
FI) [31]. The schematic magnetic structures are shown in the insets of Fig. 2c. Therefore,
the dilution of Mn(II) magnetism by non-magnetic Zn substitution can significantly affect
the magnetism. The magnetic transition temperatures have been reported to be suppressed
by light Zn-substitution (z < 0.3) [24-26]. In this work, we clarified the magnetism of the
heavily Zn-substituted compounds. Upon increasing the Zn content, the out-of-plane (H//¢,
Fig. 2a) and in-plane (H//¢, Fig. 2b) magnetic susceptibility measurements indicate that
the two transition temperatures systematically decrease. The HT-FI ordering temperature
saturates to 300 - 310 K. For the LT-FI phase, the order is completely suppressed when
Mn(II) is fully replaced by Zn (z = 1), leaving a room temperature ferromagnetism with 7, ~
310 K that corresponds to the magnetic ordering of the Mn(I) sublattice. These observations
indicate that the magnetic phases in Mny_,Zn,Sb are determined by the coupling of Mn(I)
and Mn(II) magnetic lattices.



The evolution of magnetism in heavily Zn-substituted (z > 0.5) samples is summarized
by a magnetic phase diagram in Fig. 2c, together with the possible magnetic structures for
HT-FI and LT-FI phases adopted from the earlier studies [24, 31]. For MnZnSb which is
FM, the magnetic structure is similar to that for the HT-FI phase, except that the Mn(II)
sublattice is replaced by non-magnetic Zn [37]. Though the reported magnetic structures for
HT-FI and LT-FI phases were originally determined for lightly Zn-substituted samples [24],
they agrees well with the observed magnetic properties of our Zn-rich samples. As shown in
Fig. 2a, when H//c, susceptibility x. is the greatest in the HT-FI phase but drops steeply
upon entering the LT-FI phase. In contrast, under in-plane field H//ab, the LT-FI phase
susceptibility x., is comparable or greater than that of the HT-FI phase. These results are
consistent with the proposed magnetic structures with the easy axis being out-of-plane for
the HT-FI phase but in-plane for the LT-FI phase (Fig. 2c, insets), which has also been
observed in Co-doped MnsSb [29].

Magnetic properties of Zn-substituted samples have also been characterized by isothermal
field-dependent magnetization measurements. In Figs. 3a-c we present the field dependent
magnetization M (H) for a few representative samples = = 0.77,0.85, and 1, measured with
H//c. The low field hysteresis loop and the high field moment saturation behavior are
consistent with the nature of ferrimagnetism. In the x = 0.77 and 0.85 samples with mixed
Mn(II)/Zn plane, a strong metamagnetic transition can be observed below the LT-FI tran-
sition temperature (e.g., 150 K for the x = 0.77 sample and 100 K for the = 0.85 sample),
which shifts to higher fields with lowering temperature and is absent in measurements under
in-plane magnetic field (H//ab, see Fig. 3b, inset). Those observations imply a field-driven
spin canting and reorientation from the LT-FI magnetic structure to the HT-FI structure
(see magnetic structures in Fig. 2c). In MnZnSb (x = 1), the full replacement of the
Mn(II) lattice by Zn plane leads to a typical FM behavior with saturation moment around
1.2 pp/Mn, consistent with earlier studies [37]. In addition, as shown in the insert of Fig.
3c, the width of the hysteresis loop is negligible in MnZnSb. The small magnetic coercivity
further indicates soft room temperature ferromagnetism.

The highly tunable magnetic phases in Mny_,7Zn,Sb provides an good opportunity to
study the evolution of electronic transport properties with fine-tuning of magnetism. The
strong coupling of magnetism and electron transport in this material system has been re-

vealed by the observation of strong anomalous Hall effect (AHE) in all Mn,_,Zn,Sb samples
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FIG. 3. Magnetic field dependence of (a-c) isothermal magnetization M, (d-f) Hall resistivity puy,
and (g-1) normalized magnetoresistivity, MR = [pyz(H) - pzz(H = 0)]/pza(H = 0) for z = 0.77,
x = 0.85, and x = 1 samples, measured with H//c. Metamagnetic transitions below the HT-FI
transition temperatures are manifested by the jump at higher fields at 150 K in x = 0.77 and
100 K in = = 0.85 sample. For each of those three compositions, identical samples were used for
Hall effect and magnetoresistivity measurements. Lower insets in (a-c): zoom-in of the low field
magnetization. Upper inset in (b): out-of-plane (H//c) and in-plane (H//ab) magnetization for

the x = 0.85 sample at T' = 2 K. The same color code is used for all panels.

we have measured. Figures. 3d-f present the field dependence of Hall resistivity p,,(H) for
a few representative samples with = 0.77,0.85, and 1. The jumps in Hall resistivity pg,
match well with the magnetization jumps, both near the zero field and at the metamagnetic
transition (Figs. 3a-3c). In addition to the low field hysteresis loop that was also seen in the
magnetization measurements, the x = 0.77 sample also display a hysteresis loop in the field
scan at the metamagnetic transition around 4 T at 150 K (Fig. 3d), which is not observed in

the magnetization measurement (Fig. 3a). In addition, as shown in Figs. 3g-3i, the magne-
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totransport measurements reveal negative magnetoresistivity (MR) which is consistent with
the nature of ferrimagnetism, as well as the clear kinks at magnetization transitions.

One interesting feature in our transport study is the presence of THE in Mn,y_,7Zn,Sh
in p,, data. In materials with nontrivial spin texture, conduction electrons acquire a Berry
phase that gives rise to a fictitious magnetic field, leading to additional THE contribution

to Hall resistivity, as given by [38]:

pay = RoB + Supua(B, TV’ M (B, T) + o, (1)

where Ry = niq is the ordinary Hall coefficient, Sy is the anomalous Hall coefficient, p,.
is the longitudinal resistivity, and M is the magnetization. The first, second, and third
terms in Eq. 1 correspond to ordinary Hall effect (OHE), anomalous Hall effect (AHE), and
topological Hall effect (THE). For the AHE component, we choose the widely used quadratic
dependence for longitudinal receptivity (i.e., AHE o p,.(B,T)?), which is applicable for
extrinsic AHE in good metals (¢ ~ 10*—10° (2 cm)~1), or AHE with an intrinsic Berry phase
mechanism [38, 39]. Although extrinsic AHE originating from a skew scattering mechanism
can show a linear dependence (i.e., AHE x p,,) [38, 39], it cannot fit our measured data.
For the THE component pz;y, it can arise due to topological spin texture in the real space,
or the Berry phase in momentum space through a topological band structure.

For FM MnZnSb in which the Mn(II) plane is fully replaced by Zn, p,, can be well
reproduced by ordinary and anomalous Hall components with a negative anomalous Hall
coefficient Sy. However, Mny_,Zn,Sb samples with mixed Mn(II)/Zn lattice plane display
distinct features. First, Sy reverses its sign from positive to negative with lowering the
temperature (Figs. 3d and 3e). The mechanism for such sign change is unclear, but appears
to be associated with changing magnetic easy axis from out-of-plane in HT-FI phase to
in-plane in LT-FI phase (see magnetic structures in Fig. 2b). Second, p,, at low fields
does not scale to magnetization, indicating the presence of a THE component pfy, which
can be extracted by subtracting the ordinary and anomalous Hall contributions from the
total measured p,,, from the fits using the above Eq. 1. A typical example showing the
extraction of pgy at T' = 2 K for the z = 0.85 sample is shown in Fig. 4a, in which
the measured magnetic field dependence of Hall resistivity has been decomposed to the
OHE, AHE, and the remaining THE component. The extracted pl,(H) exhibits a peak

near the zero field, which is gradually suppressed upon increasing magnetic field. Such a



field dependence for pf (H) is reminiscent of the THE in skyrmion systems. In addition
to magnetic field, increasing temperature also suppresses pfy, which can be directly seen
from the absence of the low field feature in the measured Hall effect data (Figs. 3d and 3e).
Similar behavior has also been observed in all other Mn,_,7Zn,Sb samples with varied pfy
amplitude, except for the = 1 sample. In Fig. 4b we summarized the extracted maximum
pfy in color map to present the temperature and composition dependence of the THE in
Mny_,7Zn,Sb. It can be clearly seen that THE occurs with Zn substitution for Mn(IT),
becomes the strongest in the x = 0.85 sample with a large pfy ~ 2 pf) , and diminishes
when Mn(II) is fully replaced by Zn. Interestingly, the sizable THE even persists at high
temperatures (250 K), which is large compared to other materials showing THE close to

room temperature [40-46].

In magnetic materials, large THE is expected [47] and observed [48, 49] with non-
collinear antiferromagnetism, which has been attributed to the Berry curvature-driven in-
trinsic anomalous Hall effect [47]. As a specific scenario, the formation of skyrmion lattice
with topological spin texture is known to cause large THE [14]. In addition, there is also a
proposal of artificial THE caused by signals from multiple magnetic phases in inhomogeneous
or polycrystalline samples [50, 51], which can be excluded because no secondary phases have
been probed in structural and magnetic property characterizations on our single crystalline
samples. To clarify the mechanism of the large THE, we have performed the temperature de-
pendent magnetization for the x = 0.85 sample under several perpendicularly applied fields
(H//c), as shown in Fig. 4c. Here we focus on low field (< 0.1 T) measurements because
THE diminishes at high fields (Fig. 4a). Here the data were taken during both cooling and
heating, in contrast to the conventional magnetization measurements in which the data are
usually collected with increasing temperature. Our measurements reveal a field-dependent
ordering temperature which shifts to lower values with increasing field. Furthermore, there
is a thermal hysteresis in the HT-FI to LT-FI transition, and an anomaly peak immediately
above the transition. The anomaly peak only occurs upon heating from the LT-FI phase,
which is suppressed at higher fields (> 0.07 T). This magnetization anomaly, which occurs
as a precursor to the magnetic transition, implies that there is an intermediate phase de-
pending on the temperature history of the sample. Such an anomaly peak in magnetization

has also been observed in other materials with non-trivial spin textures [52, 53].

The transitions between topologically distinct spin states in real space are characterized



@ 66——————————— (c) (d)
—~ 3 [
g
2 ~
< -3 x=085 £
oL r=xk - %é‘ 8
9 6 3 0 3 6 9 E 5
HoH (T) £ % 0.07T
= % /" \
/| / /
/ / > // 0.06 T
/// 0.04 T o B \Gemmm e N
/
— e — 0.04 T
m E 003T | | 7\ e
g T 0.03T
Y ooLT R XTE
i =" A : A
06 07 08 09 1 120 150 180 210 240 120 150 180 210 240
Zn content x T (K) T (K)

FIG. 4. (a) Separation of the ordinary (OHE), anomalous (AHE), and the topological (THE)
Hall components for the z = 0.85 sample at 7' = 2 K according to Eq. 1. (b) Color map for the
maximum topological Hall resistivity for various Mns_,Zn,Sb samples and at various temperatures.
(c) Low field (< 0.1 T) susceptibility for the z = 0.85 sample, measured with both cooling and
heating as indicated by the arrows. Data collected at various fields are shifted for clarity. (d)
(dS/dH)r = (dM/dT)g for the = 0.85 sample, obtained from (c). Data collected at various

fields are shifted for clarity, with the dashed lines indicating the zero value.

by entropy changes which can be conveniently revealed by temperature dependent magneti-
zation measurements via the Maxwell relation (dS/dH)r = (dM/dT)y [52]. The derivative
of the warming data of magnetization is presented in Fig. 4d, which displays a positive peak
corresponding to the magnetic transition in M (7). At low fields, a negative peak (the blue
shaded region) in dS/dH occurs immediately above the magnetic transition temperature
and extend to 220 K, indicating a reduced magnetic entropy. This negative peak disap-
pears at higher field (> 0.07 T). The temperature and field dependence of the negative peak
agrees well with the emergence of THE in the x = 0.85 sample (Figs. 4a and 4b). Similar
magnetoentropy signatures have also been observed in FeGe [52] and Co,Zn,Mn, [53] which

are attributed to the formation of skyrmion lattice. Though direct probes such as Lorentz
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transmission electron microscopy or small-angle neutron scattering are needed to clarify the
existence of skyrmion phase in Mny_,7Zn,Sb, our observations indeed imply the development

of a distinct spin state prior to the HT-FI to LT-FI phase transition.

IV. DISCUSSION AND CONCLUSION

The magnetoentropic analysis indicates the presence of an intermediate phase that occurs
only at low field, which further suggests that the THE is due to a real space Berry phase
caused by a topological magnetic spin texture. One possibility is the skyrmion lattice phase
stabilized by magnetic fluctuations near the phase boundary between the HT-FI and LT-FI
phases. Centrosymmetric material possessing magnetic skyrmion or skyrmion-like features
have been discovered such as SrFe;_,Co,0O3 and MnNiGa [54, 55]. Large THE in tetragonal
lattice has also been reported in MnyPtSn which is non-centrosymmetric [56]. However, a
skyrmion lattice phase is rare in the lattice which is centrosymmetric and tetragonal. In
centrosymmetric tetragonal Mn,_,7Zn,Sb, magnetic fluctuations and frustrations may be
introduced by partial replacement of the magnetic sublattice. Furthermore, It has been
reported that coupling between itinerant electron states and localized magnetic moments
can lead to a skyrmion lattice without geometric frustration. These exchange interactions
have been shown to lead to a square skyrmion lattice when stabilized by magnetic anisotropy
in materials such as GdRuySis through both experimental observations [20, 57] and Monte
Carlo simulations [20, 58]. More direct probes are needed to clarify the spin texture in
Mny_,7Zn,Sb. Providing large THE in centrosymmetric tetragonal lattice is rare [59], the
large THE occurring at very high temperatures and its high tunablity with compositions
indicate that magnetically disordered Mny_,7Zn,Sb is a good candidate material for a tunable
topological magnetism.
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