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Ferrimagnets that can be driven to magnetic compensation show promise for use in spintronics
as they exhibit a finite anomalous Hall effect at zero magnetic field without having a significant
magnetic moment. Compensated ferrimagnet spintronic devices with both a large anomalous Hall
effect and a high coercivity would be simultaneously easy to read and difficult to erase. The kagome
ferrimagnet TbhMngSng has been reported to host a large intrinsic anomalous Hall effect. Here, we
demonstrate that doping the Mn sites with Cr drives the system towards magnetic compensation.
For nearly compensated compositions at low temperatures, giant coercive fields exceeding 14 T are
observed. Additionally, Cr doping significantly enhances the intrinsic anomalous Hall effect, which
can be attributed to a shift in the Fermi level. Our results extend the range of unique magnetic
states observed in kagome materials, demonstrating that chemical doping is an effective strategy to

tune and realize these states.

I. INTRODUCTION

Compensated ferrimagnets have recently emerged as
a promising material platform for spintronics applica-
tions, combining advantageous properties of both ferro-
magnets and antiferromagnets [1-3]. In antiferromag-
nets, the net moment is zero by symmetry. This feature
leads to faster switching times, reduced stray fields and
resistance against external fields, but also leads to dif-
ficulty to read and write magnetic domains. A related
class of Luttinger-compensated ferrimagnets [4] also fea-
tures exact compensation, albeit not by symmetry but
by virtue of Luttinger theorem. These can be insula-
tors, or half-metals (metallic in one spin channel). A
more promising possibility are chemically compensated
ferrimagnets, which are metallic in both spin channels.
There, the net magnetization can be tuned to zero by
controlling the chemical composition of their inequiva-
lent spin sublattices. A great advantage here is that the
net magnetic moment can be tunable by chemical com-
position or temperature, so that it is small, but not zero,
thus allowing domain control by external fields. Another
important advantage is that despite near-zero magnetiza-
tion, compensated ferrimagnets allow for large (on the or-
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der of hundreds meV) exchange splitting. Consequently,
they can exhibit finite anomalous Hall effect (AHE), pro-
viding a relatively straightforward reading mechanism.

A well-known class of compensated ferrimagnets are
the rare-earth transition-metal alloys [5]. In these mate-
rials the magnetic moments of rare-earth and transition-
metal ions are antiferromagnetically coupled, and the net
magnetic moment can be controlled by tuning their rela-
tive concentrations. The magnetization of the rare-earth
and the transition-metal moments have different temper-
ature dependencies. As a result, zero net magnetization
occurs at a compensation temperature, denoted as T,
which can be smoothly modulated by chemical compo-
sition. While amorphous materials have dominated the
study of rare-earth transition-metal compensated ferri-
magnets, crystalline compounds have received compara-
tively less attention. Unlike amorphous materials, crys-
talline materials host well-defined Bloch energy bands,
characterized by Berry curvatures capable of generating
large intrinsic anomalous Hall effects. Consequently, the
search and design of materials with large Berry curva-
ture has also emerged as a key focal point in spintronics
research [6].

Here we report the realization of compensated ferri-
magnetism in a rare-earth transition-metal intermetal-
lic compound, Th(Mn;_,Cr,)sSng. Th(Mn;_,Cr,)sSng
belongs to the RT3 X (R = rare earth, 7' = transition
metal, X = Si, Ge, Sn) family, known for its kagome lat-



tice structure and intriguing band structure features such
as flat bands, van Hove singularities, and Dirac points [7—
9]. Notably, the ferrimagnet TbMngSng exhibits a large
intrinsic AHE, which was initially attributed to Berry
curvature arising from a gapped 2D Dirac point above
but near the Fermi level [10]. This picture, if correct,
would preclude Cr doping (hole doping) as a knob to
tune the net magnetization without decreasing the in-
trinsic AHE, since that would shift the Fermi level away
from the Dirac point. Furthermore, the 2D nature of the
Dirac point would limit the large AHE to one particular
geometry. Fortunately, it was later shown [11-13] that
the AHE is accumulated over the entire Brillouin zone
and does not depend dramatically on the Fermi level; it
was also shown that the AHE in similar compounds is,
in fact, 3D [14], which is also favorable for applications.
In this work, we show that the substitution of Cr for
Mn reduces the magnetic moment of the transition metal
site, which eventually turns Th(Mn;_,Cr;)sSng into a
compensated ferrimagnet. Near compensation, we ob-
served a divergence of the coercive field at low temper-
atures. Furthermore, contrary to the initially advocated
2D Dirac point scenario, Cr substitution significantly en-
hances intrinsic AHE, likely due to the tuning of the
Fermi level to various Berry curvature hot spots [13].
Our findings pave the way for the rational design of a
compensated ferrimagnet with a large intrinsic AHE.

II. BASIC CHARACTERIZATION

High-quality single crystals of Th(Mn;_,Cr,)sSng
with  up to 0.55 were grown using a Sn flux method.
The magnetization and magneto-transport properties of
these crystals were measured by the vibration sample
magnetometry (VSM) option of a Quantum Design Phys-
ical Property Measurement System (PPMS) Dynacool
and standard AC electrical transport techniques, respec-
tively. Further details can be found in the methods sec-
tion. Fig. la shows the crystal structure of ThMngSng,
which consists of two layers of kagome lattices formed
by Mn atoms and one layer of triangular lattice com-
posed of Tb atoms, viewed along the ab-plane (top)
and c-axis (bottom). This crystal structure is pre-
served with Cr doping, as exemplified in the Z-contrast
atomic-resolution scanning transmission electron micro-
scope (STEM) image shown in Fig. 1b where the ab-
plane kagome motif can be observed in an x = 0.55 sam-
ple. Additionally, atomic-resolution electron energy-loss
spectroscopy (EELS) was used to map out the elemental
distribution in this sample which is presented in Fig. lc.
Notably, the Cr substitution for Mn is relatively homo-
geneous even at the nanometer scale.

TbMngSng orders ferrimagnetically at 423K (7¢) [15].
Within the layers the Mn moments and the Tb mo-
ments order ferromagnetically, but the Th and Mn lay-
ers couple antiferromagnetically, resulting in a ferrimag-
netic structure where Th and Mn moments are antipar-

allel (schematically shown in the top portion of Fig. 2a
(FiM IP)). Neutron scattering studies have revealed that
at base temperature, the size of Mn moment is 2.4
Bohr magnetons (up) and the size of Tb moment is
8.6up, leading to a net 5.8 moment per formula unit
along the direction Mn moments [15]. Fig. 2b shows
the temperature dependence of the magnetization of
Tb(Cr,Mn;_,)6Sng with a small in-plane (top) and out-
of-plane (bottom) magnetic field of 0.1 T. The ferrimag-
netic ordering temperature of the z = 0 sample exceeds
the instrument limit (400 K), thus it is not visible within
this dataset. Nevertheless, a sudden decrease in in-plane
magnetization and an increase in out-of-plane magneti-
zation are clearly observed at 309K (7s,). The abrupt
change in magnetization is associated with a spin reori-
entation transition [10], where the Tb and Mn moments
switch from a high temperature in-plane orientation to
a low temperature out-of-plane orientation (FiM OOP),
as shown in the bottom portion of Fig. 2a. This tran-
sition can be attributed to the competition between the
c-axis uniaxial anisotropy favored the Th moments and
the easy-plane anisotropy preferred by the Mn moments.
At high temperatures, the Tbh moments fluctuate more
due to a weaker exchange interaction, allowing the easy-
plane anistotropy of the Mn moments dominates. At low
temperatures, the scenario is reversed, and the c-axis uni-
axial anisotropy of the Th moments prevails [13, 16].

As shown in Fig. 2b, the temperature dependence of
the in-plane magnetization for Cr doped samples closely
resemble that of the parent compound except that T,
T, and the magnitude of the magnetization steadily de-
crease with increasing x. This is consistent with a pre-
vious study on polycrystalline samples, where Cr dop-
ing reduced the average moment size of the transition
metal, thereby suppressing the overall ferrimagnetic or-
dering temperature [17]. However, the out-of-plane mag-
netization exhibits a more intriguing behavior. While
the features at T, and T, are consistent with the in-
plane magnetization data, the out-of-plane magnetiza-
tion demonstrates a strong temperature dependence be-
low T,., contrasting with the nearly constant magnetiza-
tion observed in the parent TbhMngSng over this temper-
ature range. For the Cr doped samples, the out-of-plane
magnetization decreases with temperature, reaching a lo-
cal minimum near 60 K. For z greater than 0.4, the mag-
netization continues to decrease even after reaching zero
at T*, resulting in negative value for temperatures be-
low T*. This anti-alignment of the moment with the
external magnetic field has been observed in other ferri-
magnets driven to magnetic compensation by changing
temperature [18].

Using the magnetization data presented here and the
resistivity data presented in Supplementary Note 1, along
with the literature value of T, for t = 0 [15, 19], an x —T
phase diagram was constructed and is shown in Fig. 2c.
It can be seen that both T, and T, decrease rapidly
with increasing x in the low x regime, but become rela-
tively constant with further doping above approximately
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FIG. 1. Atomic-scale visualization of Tb(Mni_,Cr;)sSns kagome lattice. a, Atomic models of the Th(Mni_,Crz)sSns
lattice viewed along the ab-plane in the upper panel and along the c-axis in the bottom panel. The kagome layers have a mixed
occupancy of Cr-dopants and Mn (depicted in blue and red, respectively). b, Z-contrast atomic-resolution STEM image of an
x = 0.55 crystal viewed along the c-axis. ¢, Color maps of elemental distribution by atomic-resolution EELS. Left: Tb (M5
edge), middle: Sn (My5 edge), right: mixed distribution of Cr and Mn (L2,3 edges).

x = 0.3. For higher Cr concentration, T* emerges, delin-
eating the boundary of a region where the magnetization
is anti-aligned with the external field during the cool-
down process. In the following sections, we will examine
the hysteresis loop of both the magnetization and the
anomalous Hall resistivity as a function of doping and
temperature. Our results reveal that this unusual be-
havior arises from magnetic compensation driven by Cr
doping and thermal fluctuations of Th moments.

IIT. CHEMICAL DOPING INDUCED
MAGNETIC COMPENSATION AND GIANT
COERCIVITY

We begin by examining the doping dependence at the
base temperature. Fig. 3a shows the magnetization (top
row) and py (bottom row) as functions of the mag-
netic field parallel to the c-axis at 2.5K for five rep-
resentative Cr concentrations. The magnetization of

Th(Mn;_,Cr,)6Sng shows a clear hysteresis loop char-
acteristic of a hard ferrimagnet with uniaxial anisotropy.
As the Cr concentration increases, the saturated magne-
tization decreases, reaching a value near zero at a compo-
sition x* ~ 0.43, before increasing again for x > z*. The
reduction in saturated magnetization is accompanied by
a significant increase in the coercive field. A previous
neutron scattering study on low-z Th(Mn;_,Cr,)sSng
revealed that Cr doping at the Mn site reduces the mo-
ment on that site without substantially changing the mo-
ment on the Tb site [17]. Extending this observation to
higher dopings suggests that at x* the total magnetiza-
tion from the Mn/Cr and Th moments becomes equal,
resulting in a net magnetization of zero. As x increases
beyond z*, the total magnetization of the Th moments
surpasses that of the Mn/Cr moments, causing the net
magnetization to rise again, aligning with the Tb mo-
ment.

To confirm this hypothesis, we plot M’ in the top panel
of Fig. 3b, where M’ = M for x < z* and M’ = —M
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FIG. 2. Spin reorientation transition and the phase diagram of Tb(Mn;_,Cr;)sSng. a, Orientation of magnetic mo-
ments of Tb(Mn;_,Cr;)sSne in the high-temperature ferrimagnetic in-plane (FiM IP) (top) and low-temperature ferrimagnetic
out-of-plane (FiM OOP) (bottom) phases. b, Low-field magnetization as a function of temperature of Th(Mni_,Cr;)sSng for
a variety of x with an in-plane (top) or out-of-plane (bottom) magnetic field of 0.1 T applied. The sudden decrease/increase

of in-plane/out-of-plane magnetization indicates the spin reoirentation transition at Ti..

c,  — T phase diagram of

Th(Mn1—,Crz;)6Sne as determined from magnetization and transport measurements.

for x > z*. Here M represents the experimentally mea-
sured zero field magnetization after the application of a
large positive field to polarized the moments. The as-
sumption is that M’ corresponds to the net magnetiza-
tion of the Mn/Cr moments minus the net magnetization
of the Tb moments. Indeed, M’ decreases roughly lin-
early as a function of x while (by construction) crossing
zero at x*. A linear fit of these data indicates that the
average moment decreases by roughly 1.8up per Cr sub-
stitution, in good agreement with the previous neutron
scattering study [17]. Since each Mn ion has a moment
of 2.4up in TbMngSng, this implies that each Cr ion in
Th(Mnj_,Cr,)sSng carries a moment of 0.6p 5 if the Mn
moments remain the same regardless of doping. This is
quite similar to the value of 0.48up which was found to
be the moment per Cr ion in ThCrgGeg via neutron scat-
tering measurements [20]. Thus, Cr is likely in a low-spin
state in these materials.

To gain further insight, we performed density func-
tional theory (DFT) calculations to investigate the mag-
netic state of Tb(Mn;_,Cr;)eSng. Interestingly, we
found that for ThCraMnySng (with both DFT+U frozen
core Th3*) the lowest energy states correspond to
Cr forming one-dimensional in-plane antiferromagnetic
chains. Thus, a potential major contribution to the mag-
netic moment reduction with Cr doping is due neither to
dilution of the Mn sublattice by nonmagnetic ions, nor to
suppression of Mn moments, but by the tendency of Cr
appearing next to each other in the plane to form anti-
ferromagnetic clusters. The results of these calculations

are shown in Supplementary Note 2.

The bottom panel of Fig. 3b shows the coercive field,
noH,., extracted from the magnetization measurement.
The coercive field approximately follows the inverse of
the zero-field magnetization, consistent with the flipping
of the magnetization when the Zeeman energy poH.M
overcomes the domain depinning energy [21, 22]. Near z*
the coercive field exceeds 14 T, the maximum field achiev-
able by the PPMS used. To our knowledge, this is the
largest coercive field ever observed in a crystalline mate-
rial [23]. This massive coercivity is a result of the small
magnetic moment observed combined with the large mag-
netocrystalline anisotropy of the Tb ions at low temper-
atures [13, 24]. These observations are consistent with
Th(Mn;_,Cr,)sSng behaving as a nearly compensated
ferrimagnet, exhibiting a giant coercive field at low tem-
peratures between 0.30 < x < 0.45, where the net Th
moments and the net Mn/Cr moments nearly cancel each
other.

In contrast to magnetization, pay increases with Cr
concentration. For samples very close to z*, the hystere-
sis in pag cannot be detected by magnetic field sweep at
base temperature simply because the coercive field ex-
ceeds 14 T. However, when the sample is field-cooled
from high temperature, a large pay can still be observed
even as M approaches zero. For x > z*, the anoma-
lous Hall effect switches sign, i.e. papy switches from
positive to negative when the magnetization is positive.
Given that the energy bands near the Fermi level are pri-
marily composed of transition metal d-orbitals, the sign
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FIG. 3. Magnetic compensation and giant coercivity through chemical doping. a, Magnetization (top row) and pay
(bottom row) as a function of magnetic field for a variety of z at 2.5 K. Plots in the same column are from the same x which is
indicated by the text on top of the column. b, Top: M’ (described in the main text) as a function of z at 2.5 K with decreasing
magnetic field. Bottom: poH. as a function of x from magnetization measurements.

change of is consistent with the anomalous Hall effect be- IV. TEMPERATURE INDUCED MAGNETIC
ing driven by the transition metal sites. In-depth analysis COMPENSATION
of the anomalous Hall effect will be presented in Sec. V.

In addition to chemical substitution, temperature is
another effective parameter for controlling magnetic com-
pensation. Fig. 4a displays the previously shown out-



of-plane magnetization as a function of temperature for
a sample with z = 0.49. This data was collected as
the sample is cooled under a 0.1 T c-axis magnetic field.
At the spin reorientation transition temperature Ty, =
150K, the magnetization abruptly increases as all mo-
ments reorient from in-plane to out-of-plane. Below
Ts,, the magnetization reaches a maximum and then de-
creases with decreasing temperature. It crosses zero at
T* = 114 K and remains negative for temperatures below
T

To gain a deeper understanding of this behavior, we
measured the field dependence of magnetization and Hall
resistivity p, across a range of temperatures, as shown
in the top and bottom rows of Fig. 4b, respectively. Each
column represents data taken at the same temperature,
which is noted above the column. In the 2.5K data, in
addition to the large hysteresis loop, a small additional
paramagnetic contribution can be observed near poH =
0T in the magnetization versus field data. This contri-
bution is highly sample dependent and only noticeable
in samples with = greater than 0.4, suggesting it may
result from either disordered spins or a minor impurity
phase. As the temperature increases, poH. decreases
significantly (the temperature dependence of ugH,. for
multiple samples is detailed in Supplementary Note 3).
Near T* (=~ 120K), the hysteresis loop in p,, reverses
direction, whereas the magnetization vanishes. As tem-
perature increases above T, the magnetization increases
again. The temperature dependence of the magnetiza-
tion and the anomalous Hall effect mirrors the doping de-
pendence at base temperature, indicating that the mag-
netic compensation can also be induced by temperature
sweep. Instead of a reduction in average Mn/Cr moments
due to Cr substitution, the magnetic compensation at 7™
is driven by the reduction of the average Th moments at
elevated temperatures due to thermal fluctuations, which
is the same mechanism that drives the spin-reorientation
transition [13]. Such temperature-driven compensation
is commonly seen in other rare-earth transition metal
alloy system, where sign switching of p4py has been ob-
served [25].

With these new insights, we can now explain the mag-
netization reversal observed in the field-cooled measure-
ments. In samples with z > 0.4, the Mn/Cr mo-
ments have decreased sufficiently that the Tbh moments
can match them in magnitude at T*. As the tempera-
ture continues to decrease in these samples, the net Th
moment becomes larger in magnitude than the Mn/Cr
moment, causing the net magnetization to become anti-
aligned with the external field. Additionally, the coercive
field rapidly increases with decreasing temperature and
exceeds the external field below T*. Consequently, the
magnetization becomes trapped in the reverse configura-
tion, leading to an overall negative value of magnetiza-
tion.

V. ENHANCEMENT OF ANOMALOUS HALL
EFFECT WITH DOPING

TABLE I. Extracted parameters from conductivity fitting of
AHE.
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We now turn to a more quantitative analysis of the
anomalous Hall effect. Fig. 5a and b show the field de-
pendence of Hall resistivity p,, of samples with z = 0.28
and 0.43 measured at various temperatures. Similar plots
of samples with other Cr concentrations can be found in
Supplemental Note 4. All samples exhibit pronounced
hysteresis and a well-defined anomalous Hall effect at
zero field. For higher Cr concentrations, the anomalous
Hall effect changes sign as a function of temperature as
a result of magnetic compensation, as discussed in the
previous section.

We calculated the anomalous Hall conductivity, o4y,
using the relation oag = —pan/(p2, 0+ p4y), Where
Pzz,0 is the zero-field longitudinal resistivity. Fig. 5c
presents the anomalous Hall conductivity as a function of
temperature for various Cr concentrations. To facilitate
comparison across different samples without the influence
of sign switching, we plot only the absolute value |0 gp|.
The results for = 0 are consistent with previous reports
[13]. Cr doping does not significantly alter |04z |, which
changes by less than an order of magnitude across all
measured Cr concentrations. Additionally, this quantity
is not strongly dependent on temperature.

There are two contributions to the anomalous Hall ef-
fect: the intrinsic and extrinsic contributions. The for-
mer is originated from the Berry curvature of the band
structure, while the latter is due to the skew scattering
and side-jump mechanisms. Separating the intrinsic and
extrinsic contributions of the anomalous Hall effect is a
challenging task. Traditionally, this is done by fitting the
anomalous Hall conductivity versus longitudinal conduc-
tivity to the function ooy = ac?, + ¢, where ¢ = o{;
is the intrinsic contribution, and the ac?2, term corre-
sponds to extrinsic skew scattering and side jump contri-
butions [26]. However, it has been shown that this func-
tion does not adequately fit the anomalous Hall conduc-
tivity in TbMngSng. An additional non-standard term,
tentatively associated with spin fluctuations as discussed
in Ref. [13], can be included to achieve a better fit, lead-
ing to an equation of the following form:

OAH = aaiz—kc—kda;} (1)
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function of magnetic field at a variety of temperatures for the same sample. Plots in the same column are taken at the same
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We fitted the o 4y versus o,, data for each sample, as
shown in Fig. 6a and b for low and high doping levels,
respectively, to extract o} and 05%. The dashed lines
represent fits to the standard anomalous Hall equation,
while the solid lines include an additional term propor-
tional to % (Eqn. 1). This additional term decisively

improves the fit, especially for higher dopings.

The doping dependence of the fit parameters are pre-
sented in Table I and plotted in Fig. 7. It can be seen
that the a coefficient associated with the skew scattering
changes sign and increases dramatically as Cr concentra-
tion increases. This can be explained by the increase of
disorder scattering due to Cr doping, and it is consis-
tent with the substantial drop of residual resistance ratio
(RRR), as shown in Fig. 7a. The extracted non-standard
parameter (d) increases roughly an order of magnitude
over the measured dopings as shown in Fig. 7b, which is
consistent with the enhanced Tb fluctuations correspond-
ing to reduction of T, with increasing x. Also shown in

this panel is a substantial enhancement of the extracted
parameter ¢ (= of;) in orange. To further validate these
fits, analyses using the resistivity form of the AHE equa-
tions are detailed in Supplementary Note 4 and yield sim-
ilar results.

This extracted oY, with increasing z is plotted again
in orange in Fig. 7c. Also shown is a simultaneous devel-
opment of a large negative 055, with increasing x (results
shown for data taken at 50 K). Due to the opposite signs
of the intrinsic and extrinsic contributions, the overall
lotetal| does not vary significantly with doping, and thus
can be completely missed barring a proper scaling anal-
ysis.

VI. DISCUSSION

TbMngSng has attracted significant attention due to
reports of a large intrinsic anomalous Hall effect, initially
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attributed to quasi two-dimensional gapped Dirac points,
a characteristic feature of the kagome lattice band struc-
ture [10]. However, this interpretation has been chal-
lenged by recent calculations, which suggest that the rel-
evant Dirac points are far from the Fermi level and that
the intrinsic anomalous Hall effect primarily arises from
the anti-crossing of energy bands at other locations in

momentum space [12, 13, 21]. These studies further in-
dicate that intrinsic anomalous Hall conductivity could
be significantly enhanced if the material is hole-doped, a
condition that can be achieved through Cr substitution.

The pronounced doping dependence of o2%, observed
in this work sheds more light on this debate. According
to the gapped Dirac point model proposed in Ref. [10],
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fluctuations contribution) as a function of x. ¢, |gam| and extracted o¥; and 057 at 50K as a function of z. d, Calculated

ol as a function of x using a rigid band model.

ot should decrease with Cr doping, as Cr doping lowers
the Fermi level away from the gapped Dirac points, where
the Berry curvature is concentrated. In contrast, the ob-
served increase in 0%, with Cr doping (i.e., hole doping)
aligns better with scenarios proposed in Refs. [12, 13, 21].
To verify this, we calculate of}; as a function of hole
doping by rigid band shift the Fermi level of ThMngSng,
as shown Fig. 7d. The good agreement between the
experiment (orange curve in Fig. 7c) and the calcula-
tion (Fig. 7d) unambiguously confirms that multiple anti-
crossing features in the band structure contribute to the
intrinsic anomalous Hall effect.

In summary, we successfully grew Cr-doped single crys-
tals of ThMngSng and studied their magnetic and mag-
netotransport properties. Cr doping tunes the ferrimag-
netic state towards magnetic compensation with a gi-
ant coercive field. Additionally, with increased Cr dop-
ing, o7, becomes significantly larger, in strong agree-
ment with first-principles calculations. This work offers
a pathway for identifying and synthesizing compensated
ferrimagnets with large intrinsic anomalous Hall conduc-

tivities.

METHODS

Single crystals of Th(Mn;_,Cr,)sSng were synthesized
utilizing a flux method similar to those previously re-
ported for TbMngSng [10, 13]. Mixtures of Tbh (99.999%)
pieces, Cr powder (99.99%), Mn powder (99.95%), and
Sn shot (99.999%) were loaded into Canfield crucible
sets [27] with atomic ratios Tb:(Cr, Mn):Sn 2.5:15:97.5,
then vacuum sealed in quartz tubes. These were heated
up to 1150°C in 12 hours, held at this temperature for
12 hours, then cooled to 600°C in 150 hours. Then the
growths were decanted in a centrifuge to separate the
excess flux from the crystals. The doping concentration
x of each crystal of Th(Mn;_,Cr;)sSng used for mea-
surements was determined using energy-dispersive X-ray
spectroscopy (EDX) with a Sirion XL30 scanning elec-
tron microscope. Each crystal was polished prior to EDX
measurements to remove residual flux on the surface of



the crystal, and at least 8 points on each crystal was mea-
sured. The measured spread in zgpx for each crystal
used in this study (and most of the Tb(Mn;_,Cr,)sSne
in general) was limited to a few hundredths, indicating
the doping is reasonably homogeneous throughout the
crystal. A plot of zgpx as a function of z,,y, (the nomi-
nal % included in a growth) for a number of growths
is presented in Supplementary Note 5 along with other
EDX information. Throughout this paper the measured
xgpx is referred to as x for simplicity. Using the growth
technique outlined here, crystals of Th(Mnj_,Cr,)sSng
with 0 < = < 0.55 were able to be grown. Some crystals
with « 2 0.3 had significant Sn inclusions that could be
detected via transport measurements (shorting of the re-
sistivity below Sn’s superconducting transition) and/or
seen under a microscope. Measurements performed on
these samples are not reported. It should be noted that
for relatively high z,,, (> 0.5) secondary phases of Cr
(cubic crystals) and ThsSn; (plate-like crystals) were also
found in the growths, and growths with ., > 0.6 did
not provide any crystals.

Transport measurements were performed on samples
that were polished and cut by a wire saw to be bars with
dimensions roughly 1mm x 0.4mm x 0.05mm. Silver
paste and gold wires were used to make 5 point (Hall pat-
tern) contacts. These measurements were performed in a
Quantum Design Dynacool Physical Property Measure-
ment System (PPMS) with standard lock-in techniques
in temperatures ranging from 1.7 K to 400 K and in mag-
netic fields up to 147T. To eliminate any contributions
from contact misalignment the in-line and Hall resistiv-
ities were symmetrized and anti-symmetrized with mag-
netic field, respectively.

Magnetization measurements were performed with the
vibrating sample magnetometer option of the PPMS.
Samples of the same size as the transport samples were
attached to a quartz paddle with GE varnish such that
the magnetic field was either out-of-plane (i.e. parallel
to the c-axis) or in-plane.

Electron microscopy imaging and spectroscopy were
carried out by an aberration-corrected scanning trans-
mission electron microscopy (STEM) in a Nion Ultra-
STEM 100 [28]. The electron microscope was operated
with an acceleration voltage of 100 kV, using a semi-
convergence angle of 32 mrad. High-angle annular dark
field (HAADF) images, also known as Z-contrast images
due to the intensity being proportional to atomic num-
ber, were acquired with an inner (outer) semi-angle of 80
(200) mrad. Electron energy-loss spectroscopy (EELS)
data were acquired with a collection semi-angle of 48
mrad.

The DFT calculations were performed using a full-
potential linear augmented plane wave (FP-LAPW)
method, as implemented in WIEN2K [29, 30]. Spin-
orbit coupling (SOC) was included using a second vari-
ational method. The generalized gradient approxima-
tion by Perdew, Burke, and Ernzerhof (PBE) [31] was
used for the exchange-correlation potentials. To gener-
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ate the self-consistent potential and charge, we employed
Ryt - Kinax = 8.0 with Muffin-tin (MT) radii Ryt =
2.8, 2.4, 2.4 and 2.5 atomic units (a.u.) for Tb, Mn,
Cr and Sn, respectively. The calculations are performed
with 4800 k-points in the Full Brillouin zone (FBZ) and
iterated until the charge differences between consecutive
iterations are smaller than 10~*e and the total energy
differences are lower than 1072 mRy/cell. The strongly
correlated Th-4 f electrons are treated using the DFT+U
(U=10 V) method with the fully-localized-limit (FLL)
double-counting scheme [32]. TbMngSng consists of six
equivalent Mn atoms, which are replaced by one, two, or
three Cr atoms depending on the doping concentration.
We constructed one, three and three configurations by
replacing on one, two and three Mn atoms to Cr atoms
respectively and compared magnetic moments and to-
tal energies of each configuration. We also performed
virtual crystal (VC) calculations to confirm if the rigid
band model is reliable in this study. We kept lattice pa-
rameters the same as that of TbMngSng since the lattice
parameters change is less than 0.5% up to 33% doping
[17].

A realistic TB Hamiltonian was constructed using
the maximally localized Wannier functions (MLWFSs)
method [33-35] implemented in WANNIER90 [36] after
the self-consistent density-functional-theory calculations
performed using WIEN2K. To circumvent complications
associated with the 4f state of the Th atom while pre-
serving the main physics, we employed an open-core
method for the 4f state. A set of 118 Wannier functions
(WFs) consisting of Tb-5d, Mn-3d, and Sn-s,p orbitals
offers an effective representation of the electronic struc-
ture near the Fermi level (Er). The intrinsic anomalous
Hall conductivity (AHC) can be calculated by integrating
the Berry curvature over the Brillouin zone (BZ) [37]:

where f(E ;) is the Fermi-Dirac distribution, Qp.ap(k)
is the contribution to the Berry curvature from state n,
and o, 8 = {z,y,2}. A dense 2563 k-point mesh is used
for the AHC calculations in TB.
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All data supporting the findings of this study are avail-
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I. SUPPLEMENTARY NOTE 1: RESISTIVITY VS. TEMPERATURE

Fig. S1(a) presents as a function of temperature from 2-300 K for a variety

of x samples. Several samples only show data for temperatures down to 3.6 K due to the
emergence of small drops of resistivity below this temperature that arise from supercon-
ducting Sn that remains on the surface of the crystals. Any crystals with significant drops
in the resistivity below this temperature were not used. The resistivity of = 0 is consis-
tent with previous reports [1, 2], exhibiting metallic behavior below 300K and a residual

resistivity ratio (RRR) of roughly 100. With increasing x the RRR of Th(Mn;_,Cr,)sSng

quickly decreases. For x >=0.25, non-metallic behavior (ie. dggf <0) is observed at high

dpzs

f2r switches sign at a temperature near T, but further

temperatures. In these samples
work would be needed to fully understand this behavior. Small kinks can be seen in this
data at Ty, for > 0 (T, is not observed in these data for z = 0 since Ty, > 300K) which

is highlighted in Fig. S1(b) which shows %22 as a function of temperature for several of the

T
samples.
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FIG. S1. Resistivity as a function of temperature of Tb(Mn;_,Cr,)sSng. a, Normalized

resistivity as a function of temperature for a several Th(Mn;_,Cr,)sSng samples. b, dg%ﬂ” as a

function of temperature for Th(Mn;_,Cr,)sSng with = 0.44. Ty, is marked with a vertical line.
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II. SUPPLEMENTARY NOTE 2: DFT CALCULATIONS OF MAGNETIZATION

Fig. S2 presents the total magnetic moment (including the Tb orbital magnetic moment)
of Th(Mn;_,Cr,)sSng as a function of x, which represents the Cr doping concentration.
At x = %, the virtual crystal (VC) calculation and substitution calculation show similar
trends, indicating that the rigid band model can explain the magnetic moment changes
in this composition. In the rigid band model, an increasing magnetic moment with Cr
substitution for Mn implies that the system loses more spin-down electrons than spin-up
electrons as the Fermi energy (Ep) lowers. This behavior is related to the details of the
density of states below Eg. For larger x, however, the results of the two methods deviate.
While the VC calculation predicts an increasing total magnetic moment magnitude up to
x = 0.4, the Cr atom substitution calculation shows a reduction in total magnetic moment
after z = %. At this doping level, the rigid band model becomes unsuitable for describing
the magnetic structure. The blue squares represent the total magnetic moment of the
lowest energy configuration as a function of x. These calculations were performed under the
hypothesis that the magnetic interaction between Cr atoms is ferromagnetic (FM), similar

to the interaction between Mn atoms.

Next, since the magnetic interaction between Cr atoms in this compound need not have
the same FM sign as in the host Mn plane, we extended the study to include antiferromag-
netic (AFM) interactions between Cr atoms. This way, we found spin configurations with
lower energy than the FM configuration (see Table S1, Table S2), indicating the Cr atoms
couple antiferromagnetically. In Fig. S2, red asterisks represent the results of including
AFM interactions. The most significant change occurs at z = %, where two substituted Cr
atoms exhibit AFM interactions and cancel each other’s magnetic moments. This results

in a total magnetic moment of approximately —0.3up at ¢ = %, compared to FM-only

1
3

calculations, where the total magnetic moment reaches —0.3up only at x =

While the calculations show reasonable agreement with experiments regarding the mag-
netic moment compensation concentration (0.52 ws. 0.43), the total magnetic moment
change with x does not align with experimental findings, which show a linear change with
Cr concentration. In this calculation, we employed a unit cell for uniform doping, represent-

ing a highly ordered and limited scenario that may differ significantly from experimental

conditions. Addressing this discrepancy would require using larger supercells to account for
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FIG. S2. Calculated magnetic moments as a function of doping. The total magnetic mo-
ment of Th(Mn;_,Cr,)gSng as a function of z is shown. It is well established that the interactions
between in-plane Mn atoms are strongly FM [3], but the nature of the interactions between Cr
atoms remains unclear. Two cases are separately presented: one assuming only FM interactions
between Cr atoms (Blue) and the other including AFM interactions between Cr atoms (Red). The
black solid line represents the calculation under the assumption that, with Cr doping, the magnetic
moments at specific atomic sites remain constant at 9.33, -2.42, -1.11, and 1.21 up for Th, Mn, Cr,
and the sum of all other contributions, respectively. In the VC calculation (Green), all interactions

between the 3d transition metal atoms are assumed to be FM.

an doping disorder.

A simple method to estimate the compensation composition involves using a linear equa-
tion under the hypothesis that Cr doping does not alter the magnetic moments of individual

atoms but merely substitutes Mn atoms with Cr atoms. The black solid line represents
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the calculation under this hypothesis. The magnetic moments of Th, Mn, and the sum of
all other atoms except Cr are taken from ThbMngSng, which are 9.33, —2.42; and 1.21 up,
respectively. The Cr magnetic moment is obtained from ThCrgSng, which is —1.11upg. This
calculation yields x = 0.51 for the compensation concentration, and the slope of the linear

equation is 1.31 pp/Cr, smaller than the experimental finding of 1.8 pp/Cr.

Table S1 presents the averaged spin magnetic moment of each atom (up/atom), total
magnetic moment (up/cell), and total energy (eV/cell) for various configurations and Cr
concentrations. The Tb magnetic moment remains almost constant regardless of doping.
The Mn atoms show variations in their averaged magnetic moments, though the changes
are not significant. However, the Cr magnetic moment exhibits strong variations with struc-
tural configurations, demonstrating sensitivity to neighboring atoms. States with higher Cr
average magnetic moments also have higher total energies, indicating that FM magnetic

interactions between Cr atoms are energetically unfavorable.

Table S2 presents magnetic moments of each Mn and Cr atoms of the configurations
that have AFM interactions between some of Cr atoms. It displays the variation of magnetic
moments which depend on the details of neighboring atoms. The Mn atom which has the
largest magnetic moment is located on the same plane with two AFM Cr atoms in both
xr = % and x = 12. The Mn2 atom which has smallest magnetic moment among Mn atom
inx = % is located the top of Mn4 while other two (Mn1, Mn3) are the top of two Cr atom.

Fig. S3 present the spin structure of these two lowest energy configuration.

Table S2 presents the magnetic moments of individual Mn and Cr atoms in configurations
where AFM interactions occur between certain Cr atoms. It shows the variation in magnetic
moments, which depend on the details of neighboring atomic arrangements. The Mn atom
with the largest magnetic moment in both x = % and r = % is located on the same plane as

two AFM Cr atoms. Conversely, the Mn2 atom, which has the smallest magnetic moment

among Mn atoms at x = %, is positioned directly above Mn4, while the other two Mn atoms
(Mn1 and Mn3) are located above two Cr atoms. These two lowest-energy configurations

are visualized in Fig. S3.



X config total Tb Mn Cr A E (eV/cell)

0 1 -6.98 6.33 -2.42
3 1 -7.43 6.30 -2.55 -1.92
1 -4.92 6.28 -2.63 -0.75 0.000
1 2 -7.43 6.29 -2.68 -1.89 0.121
’ 3 -7.49 6.28 -2.61 -2.06 0.145
4 -3.37 6.26 -2.60 0.11 -0.046
1 -3.23 6.27 -2.56 -0.85 0.000
) 2 -4.35 6.27 -2.78 -0.99 0.013
’ 3 -4.74 6.27 -2.73 -1.16 0.059
4 -3.33 6.26 -2.69 -0.71 -0.075

TABLE S1. Spin magnetic moments of Th(Mn;_,Crz)6Sn6 are presented for various configura-
tions. The total spin magnetic moment is given in units of up/cell. The magnetic moments of Mn
and Cr atoms are averaged across all sites within the given configuration and are reported in units
of up/atom. To account for the orbital contribution, 3.0 pup should be added for each Tb atom.
Configuration 4* includes antiferromagnetic (AFM) interactions between Cr atoms. Total energies

are compared between configurations with the same Cr concentrations.

III. SUPPLEMENTARY NOTE 3: TEMPERATURE DEPENDENCE OF poH.
NEAR z*

Fig. S4 presents the full temperature dependence of poH, for samples near x*. Panels
a-e show pgH,. as a function of temperature for several samples with blue data points in-
dicating poH. < 14T and red data points indicating puoH. > 14T. Panel f presents these
same data along with the full 2 K z dependence by plotting uoH. as a function of x at a
variety of temperatures. It can be seen that pgH. grows in all samples as the temperature
decreases. There is no obvious change in poH,. near T as sometimes seen in compensated

ferrimagnets [4, 5].



X config Mnl Mn2 Mn3 Mn4 Crl Cr2 Cr3

4* -2.58 -2.49 -2.61 -2.74 -2.10 2.12

W=

4* -2.65 -2.69 -2.74 -2.18 2.08 -2.03

N[ =

TABLE S2. The spin magnetic moments of Mn and Cr atoms in the lowest-energy configuration
are presented. For the z = § () composition, there are 4 (3) Mn sites and 2 (3) Cr sites. The

magnetic moments exhibit variations depending on the specific atomic sites.

FIG. S3. Calculated magnetic configurations. Top: The configurations of the lowest-energy
states (config. 1) for = % (left) and = = § (right), considering only FM interactions between
transition metal atoms.

Bottom: The spin configurations of the lowest-energy states (config. 4*) for x = % (left) and = =

DO

(right) are shown. In both cases, two Cr atoms within the same plane exhibit AFM interaction. The
purple, red, blue, and gray spheres represent Tb, Mn, Cr, and Sn atoms, respectively. Red arrows

indicate positive magnetic moments, while blue arrows represent negative magnetic moments.

IV. SUPPLEMENTARY NOTE 4: ANALYSIS OF AHE

Fig. S5 presents p,, as a function of 1o H at several temperatures for x = 0,0.03,0.10, 0.28, 0.43,

and 0.49, respectively. As noted in the main paper, a well-defined anomalous Hall effect can
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FIG. S4. Temperature dependence of jgH. near z*. a, b, c, d, e, ugH, as a function of
temperature for several samples near z*. Blue data points indicate uoH. < 14T while red data

points indicate ugH. > 14T. f, ugH. as a function of = at a variety of temperatures.

be observed.

Fig. S6 presents |04x| as a function of o,, on a log-log scale for Th(Mn;_,Cr,)sSng for a

Pzz,0
2 2
pzz,0+pAH

as pap is very small as it crosses zero as a function of temperature and for x = 0.43 only

variety of x. Here 0., is defined as o,, = . For x = 0.49 data near 7™ are removed
data from T" > T™ are presented as there to a limited number of reliable data points available
below T™* due to the massive H. at low temperatures. These data imply that the AHE in
Th(Mn;_,Cr,)sSng may be largely due to an intrinsic Berry phase contribution when they
are compared to the theory from Ref. [6]: regardless of x, 0., is between 3x10% and 10°

1

S-cm™! and o4y is roughly constant (ie. does not change orders of magnitude) and of the

order of 102 S-cm™! as o, is varied by over an order of magnitude.

As noted in the main text, fitting of p4g as a function of p,, for TbMngSng is non-trivial.
The resistivity form of the anomalous Hall fits are shown here to act as a check of the
conductivity fits shwon in the main paper. The accepted scaling of the anomalous Hall
effect in general goes as pay = a + cp?, where ¢ = o, [7], yet adding an additional cubic

term has been observed to improve the fit quality [8]. This cubic term has been argued to

be related to the fluctuations of Tb ions [8] as noted in the main text. As seen in Fig. S7,
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FIG. S5. Anomalous Hall effect of Tb(Mn;_,Cr;)sSns. a, b, c, d, e, f, p,, as a function of

uoH at several temperatures for z = 0,0.03,0.10,0.28,0.43, and 0.49, respectively.
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FIG. S6. Scaling of |oan| with o4,. |oam| plotted as a function of o, on a log-log scale for

various dopings of Th(Mnj_,Cr;)eSng.

our data agree with this observation of a cubic term enhancing the fit quality in ThMngSng
just as the % term enhances the fit quality of the conductivity data. As such, we present

analysis of the AHE using a fitting function of the form

here.
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other panels.

Fig. S8a-e present fits of pay vs. p,, for a variety of x using Eqn. 1. Note that for 7" < T
the sign of pay has been changed to match the sign of data taken at T > T™, data near T™

have been removed as pay becomes small as it changes sign, and that the lack of analysis
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TABLE S3. Extracted parameters from resistivity fitting of AHE.
x a (Q-cm) ¢ ([Q-cm]™H)| d ([Q-cm]~2)

0 |(1.274£0.94)x1078 | 181+2.3 2.964-0.17) x 10°

0.03](-4.11+14.7)x107?| 136+2.5 1.8640.10)x 10°

0.10

1.1040.19) x 106

(- )

(- ) (- )

(-2.1947.21)x1078| 291£9.9 |(-4.010.35)x10°
0.28(-1.04+0.20)x107%| 567480 |(- )

(-8.3142.72)x1076| 11514256 |(- )

0.49 4.07+0.94)x 108

x=0
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FIG. S9. AHE fitting using resistivity data without cubic term. a, b, c, Fitting of pay

VS. pgo for low x using pag = a + cpgw.

for x = x* is due to the high pgH, observed at low temperatures which limits the amount of
data points that can be reliably fit to. Table S3 lists the fitting parameters for these fits as
well as their 95% confidence bounds. Fig. S8f plots o7, (or ¢) as a function of z. Note that
these extracted parameters are very similar to those shown in the main paper using fitting

to the conductivity.

As another check of the results presented here, Fig. S9 presents fitting of pag vs. pg. for
low z using the standard AHE resistivity equation pag = a + cp?,. Only low z data are
shown as the data in this regime is still quasi-quadratic. On the other hand, it can clearly
be seen in Fig. S8d,e that for high x the data becomes clearly not quadratic. While these fits
reduce the extrapolated o%%; as compared to the the fits with the cubic terms, the results

are qualitatively consistent: z = 0.03 has a smaller ¢4, than z = 0 and z = 0.10 has a

larger o4}, than both x = 0 and z = 0.03.
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V. SUPPLEMENTARY NOTE 5: FURTHER CRYSTAL GROWTH DETAILS

Fig. S10 presents xppy as a function for x,,,, for a set of Th(Mn;_,Cr,)sSng growths.
The open circles indicate the average of xgppx found in the growth and the error bars
indicate the range of xppyx in the growth. Each growth had between 3 and 8 crystals
of Th(Mn;_,Cr,)sSng measured with at least 8 points measured on each crystal. “+y”
indicates that a secondary phase y was also found in the growth. Cr and ThsSn; crystals
were identified in the growths with x,., > 0.5. The large spread in xgppyxy measured for
each growth in the low x,,,, growths likely is related to the steepness of the xgpx VS. Tpom
curve in this regime. As mentioned in the main paper, growths with z,,,, > 0.6 using the
growth recipe utilized here did not provide any crystals, likely due to the reduced solubility
of Cr in Sn [9] as compared to the solubility of Mn in Sn [10]. This is also evidenced by
the precipitation of Cr crystals from the melt at high z,,,. The EDX statistics for several
dopings are given in the tables below, and indicate a reasonably homogeneous doping across
the entire doping range. Furthermore, an EDX map for a sample with x = 0.42 is shown
in Fig. S11 with the left panel showing the Cr Kal response and the right panel showing
the Mn Kal response. x was determined with point and ID mode of the EDX system as it
is more quantitatively accurate, but mapping mode offers further evidence that the doping
is qualitatively consistent throughout a crystal. Note that the scale bars are 500 pm, thus
this map is done over a region that is larger than the area of a typical sample used for the

magnetization and magnetotransport measurements.

TABLE S4. Supplementary Table 3. EDX statistics for x = 0.04 in atomic percents.
Tb | Cr | Mn | Sn

Maximum 7.8313.00(147.13|44.89

Minimum 7.31]1.82{45.66|43.51

Average 7.55(2.12|46.13|44.21

Standard Deviation|0.16]0.40| 0.50 | 0.50

12
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FIG. S10. zgpx as a function for z,,,, for a set of Tb(Mn;_,Cr,)sSng growths. The open
circles indicate the average of xtgppx found in the growth and the error bars indicate the range of

Tgpx in the growth. “+y” indicates that a secondary phase y was also found in the growth.

TABLE S5. Supplementary Table 4. EDX statistics for x = 0.35 in atomic percents.
Tb| Cr | Mn | Sn

Maximum 7.78|17.63|32.28145.13

Minimum 7.14]16.76(30.53 |42.66

Average 7.48|17.11|31.49|43.93

Standard Deviation|0.19| 0.34 | 0.76 | 0.79

VI. SUPPLEMENTARY NOTE 6: TWO-STATE MAGNETIC WRITING AND
READING

As seen elsewhere in this paper, in Tb(Mn;_,Cr,)eSng poH,. grows substantially as tem-
perature decreases, especially in samples near z*. Fig. S12 focuses on x = 0.43 which is
close to the experimentally observed z* and exhibits Ty, = 148 K. Fig. S12a presents the
magnetization as a function of magnetic field applied along the c-axis after being cooled

from high temperatures in a magnetic field of 0.1 or —0.1T. These two curves are part
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TABLE S6. Supplementary Table 5. EDX statistics for z = 0.50 in atomic percents.
Tb| Cr | Mn | Sn

Maximum 7.82124.46(24.94|44.71

Minimum 7.23123.40|23.64|43.24

Average 7.57|24.13|24.45|43.85

Standard Deviation|0.21] 0.39 | 0.43 | 0.21

CrKal n Kal

Sbbum deym

FIG. S11. EDX map of z = 0.42. An EDX map of the Cr Kal (left) and Mn Kal (right) signal

on a sample of Th(Mn;_,Cr,)sSng with = 0.42. The scale bars are 500 pm.

of a hysteresis loop with H. > 14T, and thus they have different values across the whole
measured field range. Panels b and ¢ show the process to reach these two distinct low tem-
perature states: at 145K the sample is a hard ferromagnet with a relatively small coercive
field. Due to this, the sample can be polarized with relatively small magnetic fields. After
the sample has been polarized at this high temperature and subsequently cooled in either a
small negative or positive field to 2.5 K, the moments will be “locked in” and unable to be
changed to the other state. It should be noted that this process also works without applying
a small negative field while cooling (ie. if a sample is trained with a positive magnetic field
at 145 K, then the magnetic field is turned completely off, then the sample is cooled, the
same low temperature results will be obtained).

Using this same principle of a highly temperature dependent coercive field, a simple
memory device can be made utilizing the AHE in Th(Mn;_,Cr,)sSng. Fig. S12d presents

a process that be used to accomplish task with the colored arrows indicating the direction
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FIG. S12. Two-state magnetic writing and reading. a, Magnetization as a function of
magnetic field at 2.5 K for = 0.43 after being trained and subsequently cooled in small positive
and negative magnetic fields. b, Magnetization as a function of temperature while cooling in small
magnetic fields after training. ¢, Full magnetization versus magnetic field hysteresis loop measured
at 145 K. Note that this sample is a hard ferromagnet with a small coercive field at this temperature.
d, Sequence that can be used to utilize Th(Mn;_,Cr,;)Sng near z* as a simple memory device
by virtue of the temperature dependence of pgH.. The colored arrows indicate the direction of
the net magnetic moment. At high temperatures ugH, is small, allowing for polarization into a
chosen state with a relatively small field. At low temperatures pgH, is larger than 14 T, effectively
“locking in” the state that was chosen at high temperatures. e, p;, for another sample of z = 0.43
as a function of magnetic field at 2.5 K after cooling in a small positive or negative field. Note that

the curves of cycles 1 and 2 fall on top of each other at this resolution.

of the net magnetic moment: the moments are polarized at 145K with a relatively small
magnetic field, then cooled in a small magnetic field of the same sign (or zero magnetic field
as described above), then a full magnetic field sweep up to fields of 14T is performed at
2.5 K. After warming back to 145 K, the process can be repeated with magnetic fields of the
opposite signs. This entire process constitutes one “cycle”. Panel e shows the Hall effect
measured at 2.5 K for another sample of x = 0.43 from two cycles. Note that the data from

cycle 1 and cycle 2 overlap each other on this scale. Due to the relatively large pay and
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extremely large 110, in samples near 2*, a large difference in the p,, can be observed between
data obtained after training in positive or negative magnetic fields at high temperatures.
This offers a proof of concept of the enhanced AHE in Th(Mn;_,Cr,)sSng being utilized as a
simple way to easily write a magnetic state at relatively high temperatures and subsequently

read the state at low temperatures with the state remaining robust up to at least 14 T.
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