Shin et al. NPG Asia Materials (2023) 15:10
https://doi.org/10.1038/541427-023-00467-y

NPG Asia Materials

ARTICLE Open Access

Direct correlation between spin states and
magnetic torques in a room-temperature
van der Waals antiferromagnet

Hyun Jun Shin@', Jin Seok Kim', Jong Hyuk Kim', Jae Yeon Seo', Jae Min Hong', Ki Won Jeong', Kyungsun Moon®',

Mi Kyung Kim®', Nara Lee®' and Young Jai Choi®'

1

Abstract

temperature spin-processing functionalities.

Explorations of van der Waals (vdW) antiferromagnets have revealed new avenues for understanding the
fundamentals of highly anisotropic magnetism and realizing spin-based functional properties. However, there is a
serious limitation to the feasibility of spintronic applications at room temperature owing to the lack of suitable
materials. In this work, we examined the anisotropic magnetic characteristics of Co-doped FesGeTe,, a high-Ty
antiferromagnet with Ty = 350K in which magnetic multilayers are intrinsically formed. Our spin-model calculations
with uniaxial anisotropy quantify the magnetocrystalline anisotropy energy and visualize the specific spin
arrangements varying in the presence of rotating magnetic fields at room temperature. We further show that the spin
configurations can be profoundly relevant to the distinctive evolution of magnetic torques in different magnetic
phases. Our advanced approach offers a high-Ty vdW antiferromagnet as a magnetic platform to establish room-

Introduction

Magnetic van der Waals (vdW) materials form intrinsic
magnetic multilayers with two-dimensional (2D) crystal
structures, acting as an ideal platform for the investigation
of fundamental low-dimensional magnetism. They inter-
estingly offer favorable circumstances to implement
spintronic applications'™®, In contrast to 3D magnetic
materials, interlayer spin interactions in 2D magnets alone
cannot stabilize a long-range magnetic order at finite
temperatures’. Magnetocrystalline anisotropy is essential
to establish a long-range spin order stable against the
inevitable thermal fluctuations in 2D magnetic sys-
tems'*™'3, A vdW gap assists the development of indirect
exchange coupling between 2D magnetic layers, which
determines the type of magnetic ground states and leads
to highly anisotropic magnetic properties. In addition, 2D
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vdW materials with assorted elements crystallized in
various structures are expected to exhibit a wide variation
in the magnetocrystalline anisotropy, which is crucial in
fabricating a variety of magnetic orders and magnetic
field-induced phases'*'%,

The intrinsic magnetocrystalline anisotropy resulting
from a sizable spin-orbit coupling is determined partially
by the crystal structure of magnetic materials. A good
example exhibiting the effect of magnetocrystalline ani-
sotropy on the magnetic order is a spin-flop transi-
tion'®~2!, A spin-flop transition often induces a significant
change in the anisotropic electromagnetic properties of
the material through phase conversion. A controlled
anisotropic phenomenon offers an in-depth under-
standing of the fundamental magnetism and broad spin-
tronic applicability**~%°,

FesGeTe,, an iron-based vdW itinerant ferromagnet
with a high Curie temperature (7¢ = 310 K), crystallizes in
a rhombohedral structure (R3m space group)®°. However,
substantial Co doping, i.e., (Fe; ,Co,)sGeTe,, leads to

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-1510-2857
http://orcid.org/0000-0002-1510-2857
http://orcid.org/0000-0002-1510-2857
http://orcid.org/0000-0002-1510-2857
http://orcid.org/0000-0002-1510-2857
http://orcid.org/0000-0002-9346-0860
http://orcid.org/0000-0002-9346-0860
http://orcid.org/0000-0002-9346-0860
http://orcid.org/0000-0002-9346-0860
http://orcid.org/0000-0002-9346-0860
http://orcid.org/0000-0001-7905-9942
http://orcid.org/0000-0001-7905-9942
http://orcid.org/0000-0001-7905-9942
http://orcid.org/0000-0001-7905-9942
http://orcid.org/0000-0001-7905-9942
http://orcid.org/0000-0003-2592-3031
http://orcid.org/0000-0003-2592-3031
http://orcid.org/0000-0003-2592-3031
http://orcid.org/0000-0003-2592-3031
http://orcid.org/0000-0003-2592-3031
http://orcid.org/0000-0002-1711-0607
http://orcid.org/0000-0002-1711-0607
http://orcid.org/0000-0002-1711-0607
http://orcid.org/0000-0002-1711-0607
http://orcid.org/0000-0002-1711-0607
http://creativecommons.org/licenses/by/4.0/
mailto:kkummi.mi@yonsei.ac.kr
mailto:eland@yonsei.ac.kr
mailto:phylove@yonsei.ac.kr

Shin et al. NPG Asia Materials (2023) 15:10

modulation of the interlayer magnetic interactions and
magnetocrystalline anisotropy. For 0.4 < x < 0.5, the crys-
tal structure of this material is altered to another rhom-
bohedral phase (P3ml space group) with an A-type
antiferromagnetic (AFM) order*”®, Interestingly, despite
the changes induced in its magnetic order type and
structure by chemical doping, the high critical T¢ is
maintained. At a proper Co doping ratio, the A-type AFM
spin configuration exhibits the spin-flop transition for a
certain magnetic field strength. It has been shown that
(Fe;_»Co,)sGeTe, regains its ferromagnetic phase for
x20.5, with Tc~310K and a polar hexagonal structure
(P63mc space group)’.

In contrast to ferromagnets, the study of the anisotropic
properties in antiferromagnets, including their various
origins and controllable factors, has not been considerably
performed. In this study, we explored the magnetic ani-
sotropy in the high-temperature vdW antiferromagnet
(Feo.54C00.46)5GeTe, (FCGT) using magnetic torque
measurements. We determined the magnitude of its
magnetocrystalline anisotropy energy and visualized the
detailed spin configurations that evolved with the appli-
cation and rotation of a magnetic field using the micro-
scopic spin model with easy-axis magnetocrystalline
anisotropy. Furthermore, we demonstrated that the ver-
ified spin states are directly related to distinctive magnetic
phases characterized by progressive reversal of the angle-
dependent torque across the spin-flop transition. Our
proposed approach provides useful guidance for the
analysis of the intricate magnetic characteristics of FCGT,
which can be extended to other vdW antiferromagnetic
materials.

Materials and methods
Sample preparation

To obtain FCGT single crystals, we utilized the iso-
thermal chemical vapor transport method with an iodine
agent. We mixed powder or granule forms of Fe, Co, Ge,
and Te in an excess molar ratio of Fe and Co with
2 mg/cm® iodine and sealed the mixture in an evacuated
quartz tube. The quartz ampoule was placed in a muffle
furnace at 750 °C for 2 weeks for crystallization. Then, it
was quenched in ice water to exclude the accidental for-
mation of high-temperature phases. The iodine remaining
on the surface of the crystals was washed off by ethanol.

Magnetization and magnetic torque measurements

The magnetic susceptibility and isothermal magnetiza-
tion were measured in the T range from 2 to 400 K and H
range from —9 to 9T using a vibrating sample magnet-
ometer (VSM) module in a physical properties measure-
ment system (PPMS, Quantum Design, Inc.). The
magnetic torque measurement was carried out utilizing
the torque magnetometer option in the PPMS. A single
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crystal was mounted on a piezoresistive cantilever
attached to the torque magnetometer chip (P109A,
Quantum Design, Inc.). A Wheatstone bridge circuit was
adopted to detect subtle variations in the magnetic torque
(1 x10™? N-m) through the resistance change.

Uniaxial anisotropic spin model
The spin Hamiltonian with uniaxial magnetocrystalline
anisotropy can be expressed as

2 2 2
H/N :]ZS:; . §i+1 —gﬂgﬁ . Z‘i —Q—I(Zsin@i,
=1 i—1 i—1

where N denotes the number of Fe/Co moments in a
single layer. The first term represents the AFM interac-
tions, in which J designates the AFM coupling strength
(/ > 0) between Fe/Co moments in two neighboring layers.
The second term corresponds to the Zeeman energy, in
which the magnetic field lies on the plane perpendicular
to the [110] direction and deviates from the c-axis by an
angle 6, with g=2. The third term represents the easy c-
axis magnetocrystalline anisotropy energy, where K
denotes the magnetocrystalline anisotropy constant.
Fitting the theoretical results of anisotropic magnetization
to the experimental data leads to the parameters J and K:
gsHaopS/JS> =175 and K=0.36JS* for T=2K and
gsHiopS/JS* = 1.08 and K= 0.16JS” for T=300 K.

i=

Results

Measured and calculated anisotropic magnetization
FCGT crystallizes in a rhombohedral structure
(P3m1  space group) with lattice constants

a=b=04023nm and c¢=0.9811nm (Supplementary
S1). As shown in Fig. la, magnetic Fe/Co layers are
separated by vdW gaps. Fe/Co 1 sites are half-filled,
whereas Fe/Co 2 and 3 sites are fully occupied (Table S1
in Supplementary Information). The relative ratio
between Fe and Co atoms was identified by electron probe
microanalysis (Table S2 in Supplementary Information).
The high-temperature (7) AFM order with Ty = 350K
was determined by an anomaly in the magnetic suscept-
ibility, y = M/H, measured up to 400 K under H=0.05T
upon warming after zero-field (H) cooling (Fig. 1b). The
different y curves for H, (H//c) and H,, (HLc) reveal the
highly anisotropic character for temperatures below TYy.
The faster decay of y below Ty for H, indicates that the
magnetic moments of Co/Fe ions are aligned along this
axis. This is consistent with the A-type AFM order in
which the net magnetic moments for the adjacent two
layers are arranged oppositely to the c-axis, as depicted in
the schematic of Fig. 1a.

The highly anisotropic characteristic of the magnetic
properties is elucidated in isothermal magnetization (M)
data, as shown in Fig. 1c, e. The linear increase in M, (M
for H,) in the low H, regime at 2 K indicates a fractional
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Fig. 1 High-Ty antiferromagnetism of (Fey 5,C00.46)sGeTe;, (FCGT). a Crystallographic structure of FCGT viewed along the [110] direction. The red,
green, and light purple spheres indicate Fe/Co, Ge, and Te atoms, respectively. Fe/Co 1 sites are half-filled, whereas Fe/Co 2 and 3 sites are fully
occupied. The gray rectangle designates a unit cell. The schematic depicts the formation of a multilayered magnetic structure, i.e, A-type
antiferromagnetic order. b Magnetic susceptibility, y = M/H, measured upon warming under H = 0.05 T after zero-field cooling for H//c and HLc. The
vertical dashed gray line specifies the Néel temperature, Ty = 350K. ¢ Isothermal magnetization measured for H//c (M) at T=2 and 300 K. The red
and orange inverted triangles denote the occurrence of spin-flop transitions, Huop, = 2.8 and 0.8 T for T= 2 and 300K, respectively. d Calculated M, for
T=2 and 300K, estimated from a uniaxial anisotropic spin model. The schematics illustrate the angles of the magnetic moments (blue arrows) for
the AFM, spin-flop, and spin-flip states at T=2K. The red arrows correspond to the strength of H,.. e Isothermal magnetization measured for HLc
(My) at T=2 and 300K. f Calculated My, for T=2 and 300 K.

flip of Fe/Co spins initially aligned in the direction
opposite to H, (Fig. 1c). A further increase in H, leads to
an abrupt jump with a weak hysteretic behavior at
Hgop,=2.8T, which indicates a first-order spin-flop
transition®* "%, The characteristic of this transition can be
identified by extrapolation of the linear slope above Hj,,,
that crosses at the origin. Additional canting of the flop
state above Hp,p, leads to the spin-flip state being reached
at ~4.8 T. The schematics in Fig. 1d illustrate the AFM,
spin-flop, and spin-flip states. As T rises, the Hg,p, in the
M, curve continuously moves toward lower H, with a
gradual reduction of the step-like feature (Supplementary
Figs. S1 and S2). The Hg,p, at 300 K occurs at 0.8 T (Fig.
1c), and the measured M, at 300K still increases after
transformation to the flipped state at ~2 T. This remain-
ing slope is attributed to the thermal fluctuation, which
interferes with the saturation of M. In contrast, M, at
2 K monotonically increases due to the steady canting of
Fe/Co spins to the H,;, orientation, followed by a slope
change at ~7 T (Fig. 1le). A slight hysteresis is observed in
M, which is attributed to the inhomogeneous distribu-
tion of Fe/Co atoms, previously confirmed by electron
energy loss spectroscopy’* (see Supplementary S1 for
details). The overall magnitude of M, is reduced and the
position of the change in the slope is lowered at 300 K.
The crossing behavior, in which the value of M, exceeds

that of M, at Hy,p, suggests a substantial modification of
the anisotropic properties through Hp,.

The crucial aspects of the spin-flop transition were theo-
retically examined by employing a uniaxial anisotropic spin
Hamiltonian (see “Methods” for details)®>. To fit the theo-
retical results to the M, observed at 2 K, we traced the global
minimum of the total magnetic energy upon increasing H,,
obtaining the following relations: g//lBHﬂopS/]Sz =175 and
J$2=11.10 x 10° ]/m?’, where JS? and gupHS denote the
exchange coupling and Zeeman energies, respectively. By
fitting to the measured M,;, we also obtained the ratio
between the magnetocrystalline anisotropy constant K and
JS% ie., K/JS* = 0.36, and K = 3.84 x 10° ]/m3. The presence
of K, which tends to bind the spin orientations to the c-axis,
stabilizes the AFM phase in zero H. The weak K regime (i.e.,
K < JS) enables the occurrence of the spin-flop transition at
a sufficient magnitude of H along the magnetically easy c-
axis. The resulting M, and M, at 2 K, which are displayed
in Fig. 1d, f, reproduce the anisotropic magnetic properties
experimentally observed.

As the anisotropic magnetic properties at 300 K are sig-
nificantly influenced by thermal fluctuations, the spin model
was precisely analyzed by using a statistical approach at finite
T. The spin S; within a ferromagnetic Co/Fe layer was altered
to S(TH) at a given T and H asS;(T,H) = §;(T,0) +
ﬂ(Si(O, 0) — Si(T, 0))]‘1 + b(SL(O, 0) — Si(T, O))HZ, where
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Fig. 2 Anisotropic magnetic torques at 2 K. a H dependence of the magnetic torque, 7, measured at 6 = —4, —2, 2, and 4° for T= 2K The orange
and gray inverted triangles represent the occurrence of spin flops at Hpop and the crossing of the zero T value at Hs, respectively. b H dependence of T
measured at 6 =87, 89, 91, and 93° for T= 2 K. The gray inverted triangle indicates the crossing of the zero 7 value at H,. ¢ Calculated H-dependent T
for 8= —4, =2, 2, and 4°. The schematics illustrate the angle variation of the magnetic moments as H is increased at 6 =4°. d Calculated H-
dependent T for 6 =387, 89, 91, and 93°. The schematics illustrate the angle variation of the magnetic moments as H is increased at 6 = 87°. @ Angular
change in the net magnetization upon increasing H at 6 =4°. f Angular change in the net magnetization upon increasing H at 6 =87°.

the coefficients are 2=50x102T ' and b=89x
103 T2 for T=300K, S}0,0) = 4.76 p, and S(300K,0) =
2.30 ug. Considering a quasi-one-dimensional system, the
effective T is given by T,y= T/N,(T), where N/(T) is the
average number of ferromagnetic spin clusters within a layer
at a finite 7. When T approaches zero, N(T) approaches one
since the spins are completely aligned. The isothermal M was
averaged out using the following formula: M(H) =
LTr[M(H)e /%), where Z is the partition function, kp is
the Boltzmann constant, H =H/N, and M(H)=
H Y2 S/(T,H). Our approach results in moderate coin-
cidence with the experimental M, and M,, data at 300 K
(Fig. 1d, f) and provides the relationship g/lBHﬂopS/]SZ =1.08
with JS* = 3.10 x 10° J/m®. In addition, the ratio K//S* =0.16
is still sufficient to result in the spin-flop transition at room
T, despite the large reduction of JS>.

Magnetic-field-dependent magnetic torques

Measuring the magnetic torque per unit volume, 7=
M x H, provides an alternative approach to examine the
anisotropic magnetic properties and occurrence of spin
flops, as shown in Fig. 2. An FCGT crystal with a size of
0.20 x 0.15 x 0.05 m®> was used for the r measurement.
The reproducibility of the 7 measurement was tested with
several different pieces of crystals from the same batch
(Supplementary Fig. S3). H deviates from the c-axis by an
angle 6 (8 = 0° for the H, direction and 6 = 90° for the H,,
direction). At 8=0°, the value of 7 is zero due to the

parallel or antiparallel alignment between the magnetic
moments in a certain layer and H, below Hp,p,. Further-
more, the values of 7 in the spin-flop state formed above
Hjop cancel out due to the equal magnitudes but opposite
signs of 7 (see the schematic in Fig. 1d). The value of 7 is
also zero at 6 = 90° because the same amount of gradual
canting of magnetic moments in adjacent layers at H,,
leads to a null 7. Therefore, anisotropic signals of 7 were
observed at 8 close to 0 and 90°. At T=2K and 8 = —2°,
7(H) starts from zero and sharply increases as H is
increased, showing a peak at Hg,p (Fig. 2a). Beyond Hy,p,
7 continually decreases and changes to negative values by
crossing zero at H; ~4.2 T. At 0 = —4°, the larger devia-
tion from 0° produces an enhanced peak at Hp,p,. At 0 =2
and 4°, 7 is fully reversed due to its sign change from the
formation of the opposite angle between the net M and H.
For O close to 90°, 7 exhibits a small and broad variation
with increasing H, and its sign change occurs at H, = 6.3 T
(Fig. 2b). The evident difference in the behavior of 7 is
attributed to the strongly anisotropic nature of FCGT
crystals. The T dependence of magnetic 7 at various H
values and 8 = —4° is shown in Supplementary Fig. S4.
The merit of our spin-model calculation is obvious in
the direct quantification of the net moment orientation in
each layer relative to H (schematics in Fig. 2¢, d), which
reproduces the anisotropic 7(H) near 0° and 90°, as plotted
in Fig. 2¢, d. Under H below Hy,, for 6 = 4°, the dominant
H, component tends to maintain the direction of the net
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moment in the upper layer (S; moment shown in the inset
of Fig. 2c) close to 0°, and the slight H,, component
affects the net moment in the lower layer (S, moment).
Accordingly, the §; moment is canted greater than the $;
moment (Fig. 2c). Thus, the net M (i.e., the sum of §; and
S, moments) points to an angle below 90° (Fig. 2e), gen-
erating negative r values. For the spin-flop state formed
beyond Hj,p, the angle of the net M is still larger than
0 = 4° (Fig. 2e), whereas the negative 7 value is maintained
because the S, moment is canted further due to the
influence of the H,, component. However, both the §;
and S, moments at high H above H; tend to align close to
the H, direction and are less affected by the small H,,
component. The resulting net M turns to slightly less than
0 =4° (Fig. 2e), followed by sign reversal of r (Fig. 2c). At
6 = 87°, the less rotated S, moment engenders an angle of
the net M larger than 6 and negative 7 values (Fig. 2d, f).
Under the high H above H,, the larger H, component
rotates the §; moment further to a smaller 0 orientation.
Simultaneously, the angle of the net M becomes smaller
than 6 = 87°, and the sign of 7 changes to positive values.

At room T, the peak indicating Hp,,, is well maintained
(Fig. 3a). At 0 near 90°, broad variations in 7 are also
observed when sweeping H (Fig. 3b). Sign reversal of 7
occurs at H;~1.6 T near §=0° and at H,~1.7 T near
0 =90°. The precise trace of the minimum total magnetic

energy for the spin Hamiltonian generates the orientation
of the magnetic moment in each layer. The resulting
values obtained by sweeping H coincide with the experi-
mental results (Fig. 3a, c and Fig. 3b, d).

Direct connection between spin states and magnetic
torque data at room temperature

The angle dependence of the magnetic 7 reveals the
details of the evolving anisotropic magnetic properties
through the spin-flop transition at room 7' (T = 300 K), as
plotted in Fig. 4. The geometry of the 7 measurement is
depicted in the schematic of Fig. 4a, in which H with an
angle 6 from the c-axis is rotated. In the spin-flop regime
(H=0.7T), asymmetric angular-dependent 7 values are
observed (Fig. 4b). The slopes of 7 near 6 =0 and 180°
appear to be larger than those at 6 =90 and 270°, which
originate from the peak feature of r(H) at the spin-flop
transition observed near 6=0° (Fig. 3a). The larger
magnitude of 7 near & =0 and 180° is well displayed in the
3D H-0 contour plot of Fig. 4c. At H=1.6 T, 7near =0
and 180° shows a plateau-like behavior with zero r when
7(H) changes to negative values by crossing zero at H;.
Under a slightly increased H (H=1.7 T), the values of r
near 8 =0 and 180° are partly reversed due to the negative
values of 7(H) above Hj. The sign of 7 is completely
reversed at H=3T, which is considerably higher than
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Hjop, due to the sign change of 7(H) across H, near 6 =90
and 270°. In the H-6 contour plot, two distinct aspects
can be clearly identified: an asymmetric and large varia-
tion in 7 at Hgop, and H-driven reversal of 7 above Hpp,
(Fig. 4c). In our theoretical estimation of the angle-
dependent 7, the minimum of the total magnetic energy
regarding the Hamiltonian model was calculated during
the rotation of a specific H, which generates the value of 7
associated with the orientation of the magnetic moment
in each layer at a given angle. A r variation trend similar
to that in the experiments is observed as H increases
(Fig. 4d), suggesting that the anisotropic spin model with
a sizable magnetocrystalline anisotropy can explain the
evolution of the anisotropic properties through the mag-
netic transition. As plotted in Fig. 4e, the estimated H—0
contour plot is also compatible with the experimental
results. The T development of angle-dependent 7 is
described in Supplementary Figs. S5 and S6.

The approach using the easy-axis spin model enables us
to build particular net moment orientations during the
rotation of H. The outcome explains the connection
between distinct spin states and the magnetic 7 data at
room T. As a weak H=0.5T is rotated from 0 to 45°, the
two net moments of both layers are only slightly tilted due
to the sizable magnetocrystalline anisotropy, which tends

to preferentially orientate the spins to the magnetic easy
c-axis (Fig. 5a). As a result, a small negative 7 value is
obtained for the configuration of the §; moment close to
the H direction. At 8 =90°, 7 crosses the zero value with
equal and small canting angles of the net moments toward
H,;,. Further rotation of H to 6=135° changes 1 to
positive values with the canted arrangement in which the
S> moment is located adjacent to H. Similar sign varia-
tions are repeated, leading to a periodic angle dependence
(Fig. 4b). At H=1.5T, the spin-flop state, in which the
net moments are symmetrically arranged around H, is
maintained in the low 6 regime, exhibiting plateau-like
behavior (Fig. 5b). With further rotation of H, the orien-
tation of the §; moment becomes adjacent to the H
direction, with negative 7 values. The 7 state varies from
negative to positive values by crossing 8 =90° and the S,
moment aligning close to the H direction. The spin states
with the rotation of H=17T above Hg,p shown in
Fig. 5c, provide a detailed explanation of the partly
reversed behavior of 7 near 6 =0 and 180°. The spin-flop
state at 8 = 0° transforms to another tilted configuration
that brings the S, moment close to the H direction and
generates a positive value of 7 at 6 =22.5°. With addi-
tional rotation of H, the t state converts from positive to
negative by crossing zero at 8 = 45°. The negative 7 value
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Fig. 5 Direct connection between spin states and angle-dependent torques at room temperature. a Angular dependence of magnetic T
calculated by fitting to the experimental T data at T=300K. H is rotated in the ac plane with H=0.5T. The schematics depict the configurations of
the net magnetic moments in the upper (S;7) and lower (S5) layers with respect to the H direction. b, ¢, and d Calculated angle-dependent T and
corresponding net moment orientations at H=1.5, 1.7, and 5T, respectively.

at 8=67.5° corresponds to the orientation of the S
moment being adjacent to the H direction. In this way, 7
shows a small magnitude but changes its sign twice as
much for the fully rotating H. In a strong field H=5T,
which is sufficient to saturate the net moments of both
orientations, =0 and 90°, the overall angular depen-
dence of 7 is entirely reversed, with an increased magni-
tude of 7 (Fig. 5d). The net moments in the two layers
exhibit a collective motion induced by the rotation of H.
However, the orientations of the moments relative to H
are still influenced by magnetocrystalline anisotropy. For
6 <90°, H, which incorporates a positive ¢ component,
turns the net moments closer to the positive c-axis and
yields a positive 7 value. At 8 >90°, the net moments are
rotated more than H, resulting in a negative 7 state.

Discussion

Unlike conventional methods, such as vibrating sample
magnetometry, the magnetic torque measurement
method has been developed to adequately observe the
angular dependence of magnetic properties and detect
tiny torque variations with extreme sensitivity%. Thus, it
seems appropriate for examining vdW magnets with
highly anisotropic magnetic properties inherently impli-
cated by their 2D nature®°. A certain axial or planar
magnetic anisotropy incorporated in an antiferromagnet
strongly affects the relative angle deviation between the
spin and magnetic field orientations, which leads to a
certain value of the magnetic torque. However, ordinary
phenomenological analyses were mostly performed by
simple fitting using a series of sinusoidal functions derived

from the angle dependence of the magnetic free
energy”>*>*!. As such, the interpretations were limited
due to the difficulty in identifying the strength of the
magnetocrystalline anisotropy and configurations of
relevant spin states. Moreover, the verification of the
magnetic torque variations in the magnetic phase transi-
tions remains restricted*>. In the high-Ty vdW anti-
ferromagnet FCGT, we quantified the magnetocrystalline
anisotropy energy and determined specific spin states
formed during the rotation of H, which were intimately
correlated with the progressive reversal feature of the
angle-dependent magnetic torque. Experimental techni-
ques such as neutron diffraction and resonant X-ray
scattering, which necessarily require large facilities, are
generally selected to verify the microscopic spin struc-
tures of diverse antiferromagnets®>*>~*>. However, the
detection of these continuously variable spin states in the
presence of rotating magnetic fields is technically chal-
lenging owing to the limiting field geometry. In this
regard, a recognizable benefit of our advanced theoretical
approaches consists of the convenient access to the spin
orientations in each layer through the estimation of the
minimum magnetic energy with respect to the uniaxial
anisotropic spin Hamiltonian. Furthermore, the flexibility
of the anisotropic spin Hamiltonian approach has broad
applicability to other types of antiferromagnetic materials.
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