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Anisotropic 2D van der Waals Magnets Hosting 1D Spin

Chains

Eugene Park,* John P. Philbin, Hang Chi, Joshua J. Sanchez, Connor Occhialini,
Georgios Varnavides, Jonathan B. Curtis, Zhigang Song, Julian Klein,

Joachim D. Thomsen, Myung-Geun Han, Alexandre C. Foucher, Kseniia Mosina,
Deepika Kumawat, N. Gonzalez-Yepez, Yimei Zhu, Zdenék Sofer, Riccardo Comin,
Jagadeesh S. Moodera, Prineha Narang, and Frances M. Ross*

The exploration of 1D magnetism, frequently portrayed as spin chains,
constitutes an actively pursued research field that illuminates fundamental
principles in many-body problems and applications in magnonics and
spintronics. The inherent reduction in dimensionality often leads to robust
spin fluctuations, impacting magnetic ordering and resulting in novel magnetic
phenomena. Here, structural, magnetic, and optical properties of highly
anisotropic 2D van der Waals antiferromagnets that uniquely host spin chains
are explored. First-principle calculations reveal that the weakest interaction

is interchain, leading to essentially 1D magnetic behavior in each layer. With
the additional degree of freedom arising from its anisotropic structure, the
structure is engineered by alloying, varying the 1D spin chain lengths using
electron beam irradiation, or twisting for localized patterning, and spin textures

1. Introduction

A unique feature enabled by 1D magnetism
is the ability to utilize magnetism in in-
dividual spin chains. This is made possi-
ble by separating the magnetic chains in
the structure by a sufficient distance such
that there are minimal interactions between
neighboring chains. Unique physics and ca-
pability are anticipated to arise from this
platform that may address the limitations
of conventional magnetic materials by facil-
itating magnetic manipulation without un-
wanted interactions between spins. Such
low-dimensional quantum spin systems

are calculated, predicting robust stability of the antiferromagnetic ordering.
Comparing with other spin chain magnets, these materials are anticipated
to bring fresh perspectives on harvesting low-dimensional magnetism.

have primarily been studied in bulk ma-
terials with well-separated 1D spin chains.
The resulting exotic 1D physics includes
Bose-Einstein condensation behavior in
TICuCl, with spin ladders, the spin-Peierls
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transition in vanadate family compounds such as a’-NaV, O, with
zigzag spin chains, and ferrotoroidicity hosted in Ba,Cr, S, with
its dimerized antiferromagnetic spin chain structure.'**! Low-
dimensional quantum spin systems can also be studied by syn-
thesizing isolated chains individually, for example, by terrace
or step-flow growth on a nonmagnetic substratel>®! or by pre-
cise placement of individual magnetic atoms on a surface us-
ing spin-resolved scanning tunneling microscopy.”~") However,
these strategies are less suited for executing seamless integration
with other materials, as needed for realizing diverse functionali-
ties and incorporating into devices designed to harness the ma-
terials’ distinctive magnetic properties.

Recent revelations of intrinsic magnetism in 2D van der Waals
(vdW) materials have opened opportunities for studying and uti-
lizing new types of low-dimensional magnetic materials.['®11] A
key benefit of 2D materials is that their planar nature enables
easy integration with other materials for functionality, and well-
controlled large-scale synthesis may be possible.['213] 2D vdW
magnets may therefore address the constraints that limit stud-
ies and applications based on both bulk spin chain materials and
individually synthesized 1D magnetic chains. However, most 2D
materials possess a symmetric honeycomb structure within each
layer, which for magnetic materials such as the well-known MPS,
family,1%1] with M a transition metal, leads to spin communi-
cation in multiple directions. This symmetry poses challenges
in controlling individual magnetic characteristics independently,
and leads to crosstalk in spins. As a result, the implementation of
magnetic applications sensitive to such interactions is restricted.
This motivates exploration into new types of 2D magnets that
combine the benefits of the extreme anisotropy of isolated spin
chains with the advantages of a vdW crystal structure for planar
integration.

Here, we investigate 2D vdW magnets that show a pronounced
anisotropy by virtue of a structure that contains well-separated
intrinsic 1D spin chains. The materials under examination,
AgCrP,S, (ACPS) and AgVP, S, (AVPS), referred to collectively as
AgMP,S; (AMPS) with M a transition metal, have layered struc-
tures with an antiferromagnetic (AFM) ground state that differ
from those of the MPS, magnets in containing, within each layer,
chains of M atoms separated by chains of Ag atoms.!'*!*] Us-
ing scanning transmission electron microscopy (STEM), we de-
scribe a comprehensive atomistic characterization of the struc-
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tures showing the alternating chains, and we combine this with
measurements of the anisotropy of magnetic and optical behav-
ior parallel and perpendicular to the spin chain direction in the
plane of the 2D layers. We calculate the strength of magnetic
exchange interactions to illustrate that each chain is effectively
isolated within and between layers. Finally, we demonstrate a
promising versatility in these materials, showing that the struc-
ture can be engineered in different ways to provide tunability for
probing fundamental magnetism with reduced dimensionality.
The atomistic engineering of anisotropic 2D magnets opens the
door to magnetic applications in 1D magnetic phenomena and
suggests the feasibility of practical utilization, highlighting the
prospect of tapping into the characteristics of 1D magnetism at
an applied level.

2. Results and Discussion

2.1. Structural Characterization of 2D Magnets with Separated
1D Chains

Figure 1 illustrates the highly anisotropic nature of the AMPS
structure and compares it with that of the MPS; vdW mag-
nets. The crystal structure of ACPS is displayed schematically in
Figure 1a, while AVPS possesses similar structural features. The
structure contains alternating zigzag chains composed of Cr and
Ag atoms, separated by P and S, with Cr being the element that
gives rise to magnetic order. Each layer has an offset parallel to
the chain direction with a repeat every three layers. To illustrate
this feature of the atomic arrangement, Figure 1a shows both the
monolayer (1L) and trilayer (3L) structural models. The crystals
are synthesized as described in the Experimental Section and il-
lustrated in Figures S1 and S2 (Supporting Information). Bulk
ACPS has a plate-like morphology and can be successfully exfo-
liated down to mono- to few layers. To examine the microstruc-
ture, we exfoliated few-layer electron-transparent flakes from the
bulk crystal and transferred them onto transmission electron
microscopy (TEM) grids (Experimental Section; Figures S3-S5,
Supporting Information). In Figure 1b, we directly visualize the
1D chain structure in ACPS using aberration corrected STEM
at 200 kV. The image intensity is approximately proportional to
the projected atomic number squared, and therefore the brightest
atoms visible are Ag, with Cr darker and located between the Ag
chains, and P and S darker still and difficult to distinguish. En-
ergy dispersive spectroscopy (EDS), however, shows the compo-
sition directly, confirming Cr between the Ag chains (Figure 1c).
The alternating Ag and Cr chains are visualized in cross-sectional
geometry in Figure 1f as well as in Figure S6 (Supporting Infor-
mation).

The layered nature of ACPS is characterized in Figure le—g,
where Figure 1e is a plan view image with different number of
layers of ACPS at an edge of the flake. The cross-sectional STEM
image in the crystallographic b-direction (Figure 1g) shows the
stacking order that repeats every third layer. The cross-sectional
images indicate no planar defects such as stacking faults within
or between layers. The highly ordered stacking of ACPS and its
apparently defect-free structure make it a suitable 2D vdW mag-
net for engineering low-dimensional magnetism. ACPS is not
the only 2D magnet with 1D spin chains. AVPS, another 2D mag-
net with the same structure, is shown in plan view STEM in

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 1. STEM structural characterization of 2D vdW magnets with 1D magnetic chains. a) Schematic of the structure of AgCrP,Sg shown for monolayer
(L) and trilayer (3L). Zigzag chains of Cr atoms are highlighted in blue (spin up) and pink (spin down) for 1L and in purple for 3L. b) Plan view STEM
image of AgCrP,Se. c) EDS map of AgCrP,Sg where Ag, Cr, P, and S are indicated in blue, red, purple, and yellow, respectively. d) The diffraction pattern
corresponding to the area shown in (b). e) Low magnification STEM image showing different layer numbers of the flake. f,g) STEM images of the cross-
sections in the crystallographic a- and b-directions, respectively, with atomic structures overlaid. h) Plan view STEM image of AgVP,S¢. Scale bars in (b),
(c), and (f=h), T nm. i) Schematic comparing the structure of AgMP, S with two types of MPS; where M denotes the transition metal. Magnetic atoms
are highlighted with blue (spin up) or pink (spin down) to visualize the spin arrangement.

Figure 1h. The key difference between these two materials is that
the chromium atom in ACPS has half integer spin of S = 32,14
while the vanadium atom in AVPS has an integer spinof S = 1
and the spin chain is known to have a Haldane gap.['*17] With
both Cr and V arranged in 1D spin chains, these different spin
states provide an additional variable to study low-dimensional
magnetism.

The arrangement of the M atoms in the AMPS structure is
compared in Figure 1i to that in the MPS; magnets, in which the
magnetic atoms reside on a honeycomb lattice with a zigzag or
Néel type AFM arrangement. The occupancy of alternate rows
of the AMPS structure by nonmagnetic Ag atoms, separating

Adv. Mater. 2024, 2401534 2401534 (3 of 9)

out the magnetic atom locations in one direction, is expected to
change the interaction between the spin chains in one in-plane
direction, as we discuss below.

2.2. Magnetic Properties of 1D Spin Chains in ACPS

The significance of the 1D Cr chains is manifested in the highly
anisotropic magnetization profiles of ACPS when an in-plane
external magnetic field is applied along and perpendicular to
the chain direction. This is illustrated in the vibrating sam-
ple magnetometry (VSM) measurements in Figure 2a—c. The

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Magnetic properties of AgCrP,S¢. a) Magnetic susceptibility () measured as a function of temperature with external magnetic field applied
(toH = 1T) along the crystallographic a- (red) and b- (black) directions, respectively. Black arrow indicates the Néel temperature Ty = 21 K. b) Mag-
netization (M) versus H perpendicular to the Cr chain (i.e., along the b-direction) and c) parallel to the Cr chain (a-direction) at selected temperatures.
Curves are each vertically shifted by 1 x 1072 ug per Cr for visual clarity. Schematic illustrations of ACPS (without P and S atoms for clarity) in d) plan
view, and e) cross-sectional view (b-direction) where J; = —3.91 meV and J, = 0.58 meV denote the nearest and next nearest exchange couplings, J,; =
—0.001345 meV and J,, = —0.02615 meV are interchain exchange couplings, and J,; = 0.1865 meV and J,, = —0.0149 meV are interlayer exchange
couplings. Negative and positive signs denote AFM and FM couplings, respectively. f) Spin—spin correlation function for AgCrP,S¢ just below Ty. The
sinusoidal behavior indicates AFM coupling and the exponential decay indicates ferromagnetic coupling.

temperature dependence of magnetic susceptibility with an exter-
nal field of 1 T applied along the a- and b-directions is shown in
Figure 2a. In these data, the kink (labeled by a black arrow) reveals
the Néel temperature (Ty). Below this temperature, anisotropic
AFM ordering develops, while above Ty, largely isotropic para-
magnetic behavior dominates in both directions. The observed
Ty agrees well with our density functional theory (DFT) calcula-
tion results, discussed below, as well as with a previous literature
value.'*] Below Ty, the anisotropy of the magnetic susceptibil-
ity implies that the easy axis is perpendicular to the chain, i.e.,
along the crystallographic b-axis. Above T, the broad maximum
indicates that short-range antiferromagnetic order has formed
far above Ty, which is a typical feature for low-dimensional
systems.[18-20]

In Figure 2b, in the AFM state, the field-dependent magneti-
zation M(H) of ACPS displays a spin flop behavior with perpen-
dicular magnetic field exceeding 7 T. This implies that the spins
are arranged with antiferromagnetic ordering and is consistent
with the easy b-axis being perpendicular to the chain. Along the

Adv. Mater. 2024, 2401534 2401534 (4 of 9)

magnetically hard a-axis, magnetization increases linearly with
H in Figure 2c. However, within the field range investigated of
up to 9 T, the magnitude of magnetization is quite small, on the
order of 10~ Bohr magneton u, per Cr ion. To access the field-
induced AFM—ferromagnetic spin-flip transition, a higher mag-
netic field would be required. This suggests that the AFM order-
ing of each 1D spin chain is stable and unaffected by neighbor-
ing spin chains, consistent with their wide spacing. This consti-
tutes a difference in magnetic properties compared to the Néel or
zigzag type AFM configurations often seen in MPX; compounds
with honeycomb structure and shown in Figure 1i. It has been
reported!?”) that the spin-flip transition field is higher for zigzag
type AFM structures (second panel), which have some anisotropy
in the ab-plane, compared to Néel type AFM (third panel).!?’]
ACPS (first panel) fits this pattern with an even higher spin-flip
transition field and anisotropy.

These experimental results agree with DFT + U calcula-
tions performed using Siesta-TB2J,12122] where the lowest en-
ergy ground state is AFM with an easy axis perpendicular to the

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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bandgap of E = 1.32 eV. Red PL traces correspond to incident photon polarization aligned parallel, and blue perpendicular, to the chain axis. The kink in
the PL near 1.22 eV is an artifact of the grating. b) Raman spectra in the XX channel at T =5 K. Zero degrees corresponds to the chain axis. Red dashed

lines indicate angles parallel, and blue perpendicular, to the chain axis.

Cr-chain direction. Furthermore, DFT results indicate that the
AFM ground state is mainly dependent on the intrachain nearest-
and next-nearest neighbor exchange coupling values (J;, J,). The
schematic in Figure 2d indicates the major magnetic interactions
of Cr atoms, with Ag shown to emphasize the spacing between Cr
chains. Interlayer exchange coupling (J, ,) values are small and
negative, leading to ferromagnetic (FM) coupling between layers.
Interchain exchange couplings (J,, ,) are two orders of magnitude
smaller than the nearest-neighbor exchange coupling values. The
interchain interaction is orders of magnitude smaller than that of
MPX, compounds (Table S1, Supporting Information).[?* Thus,
ACPS effectively hosts a 1D spin system.

The relationship between the magnetic state and the intra-
chain, interchain, and interlayer exchange couplings is further
studied via the correlation function. Figure 2f presents an exam-
ple spin-spin correlation function of ACPS just below Ty, show-
ing that the AFM nature of intrachain coupling and the correla-
tion lengths are intertwined. These calculations reveal that the
magnetic order is first established by intrachain, then interlayer,
and finally interchain correlations. An interesting outcome is that
the interchain correlation is the hardest to establish; all inter-
chain correlation is lost rapidly on increasing the temperature
above Ty (Figure S7, Supporting Information).

2.3. Optical Characterization of ACPS

We next discuss the electronic bandgap of ACPS which we
explore through DFT calculations. The calculations reveal flat
bands with a small dispersion and an indirect gap of 1.32 eV
(Figure S8, Supporting Information). Because of the flat bands
it is likely that the gap will behave like a direct gap. In order to
test these calculations, we measured the bandgap of ACPS using
optical absorption and photoluminescence (PL) measurements
at room temperature (Figure 3a). The PL spectra, recorded us-
ing a 532 nm laser, display a peak near E = 1.32 eV, which varies
slightly for incident photon polarization along or transverse to the
chain axis, demonstrating the electronic anisotropy of the mate-
rial. Optical transmissivity (T) and reflectivity (R) measurements
were performed with a halogen lamp (see the Experimental Sec-
tion). The resulting absorption (A =1 — T — R) indicates an ab-
sorption threshold near E = 1.32 eV. These results are in excellent

Adv. Mater. 2024, 2401534 2401534 (5 of 9)

agreement with the DFT bandgap (dashed line) and suggest that
ACPS is a direct bandgap semiconductor. Furthermore, Raman
spectroscopy, performed at T =5 K for a range of linear polariza-
tion incident angles, reveals the highly anisotropic character of
ACPS (Figure 3b; cross-polarization data presented in Figure S9
in the Supporting Information). Numerous peaks originate from
the large unit cell with 10 distinct atomic sites, and can all be
attributed to phonons. We observed no additional peaks when
compared to data taken above Ty (Figure S10, Supporting Infor-
mation), indicating that the magnetic order is locked to the same
symmetry as the lattice.

2.4. Atomistic Engineering of 1D Spin Chain Layered Magnets

We now turn to the engineering of these 2D magnets through
different approaches: alloying and imposing additional structural
features. We expect such engineering to enable interesting oppor-
tunities for manipulating spin textures for device applications, as
these unique and highly anisotropic materials offer an extra de-
gree of freedom to work with 1D magnetism.**] We first intro-
duce an example alloy, then show two strategies for patterning.
In Figure 4a, we show the alloy AgCr,V,P,S, (ACVPS), syn-
thesized in the same way as ACPS and AVPS (Figures S1, S2,
and S11 (Supporting Information), Experimental Section). In this
example of the feasibility of alloy design, the magnetic atoms
along the chains have mixed spin states with half-integer spin for
Cr and integer spin for V. By alloying the metal of the mag-
netic chains or the metal of the nonmagnetic stripes, we expect
to tune, respectively, the J values in the a- and b-directions in-
dependently. Alloying has already uncovered significant physics
in MPS; magnets,!?” but the ability to tune the exchange inter-
actions in the desired orientation is not available in the MPS,
structure. In materials with high structural anisotropy, the oppor-
tunities for accessing new physics could be even greater. Mixed
spin state Heisenberg AFM chains are expected to have a ferri-
magnet ground state according to the Lieb—Mattis theorem, %]
different spin correlation dynamics, as well as a change in the ef-
fective spin state.[?’] Such mixed spin systems are accessible in
conventional bulk materials/?®2’] but are yet to be explored in the
2D vdW materials system. Alloys such as that shown in Figure 4
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Figure 4. Atomistic engineering of 1D spin chains. a) Plan view STEM image of AgCry 5V 5P,Sg. b) STEM image of 40 nm thick AgCrP,Sg where black
vertical regions such as that outlined in purple are irradiated with the electron beam to create short chains about 7 nm in length (highlighted in yellow).
Scale bar, 2 nm. ¢) STEM image with varying chain lengths and with increased electron beam exposure times. d) Magnetic vector potential contribution
along the beam direction projected along [001], for varying-length magnetic chains using an idealized surface AFM ordering (black arrows). e) STEM
image of two ~10 nm thick AgCrP, S, flakes stacked with a high twist angle of ~90°, f) STEM image of two ~25 nm thick stacked AgVP,S; flakes, and g)
stacked ~15 and ~50 nm thick AgCry 5V 5P, S¢ flakes. h) Schematic of the chain system considered. Relative twist is referenced with respect to the lab
frame. i) Canting angle for the spin at the intersection of the two chains is defined with respect to zero canting angle lying along the easy axis. j) Canting
angle as a function of the applied twist angle, displaying a maximum (but still small) value when the chains are orthogonal.

may therefore be promising candidates to access mixed spin state
physics.

In Figure 4b,c, we change the structure of ACPS by controlling
the length of the Cr spin chains. This was accomplished by irra-
diation of an ~40 nm thick ACPS crystal with the focused elec-
tron beam in STEM. Electron beam irradiation causes knock-on
damage that cuts through the crystal, leaving a few nanometers
transition region at the newly formed surfaces. The gap between
the segmented chains can also be controlled. In Figure 4b, we
see that some material remains in the gaps; higher doses create
slits through the crystal, although with collateral surface damage
(Figure 4c). The electron beam therefore separates the chains into
segments but also causes surface restructuring and amorphiza-
tion at the chain ends. The use of irradiation to create magnetic
chains is expected to be most controllable through use of thinner
crystals where the required dose is lower.

We expect the spins of surface Cr atoms to cant, in order to
accommodate the loss of symmetry, giving rise to surface AFM
ordering.!?®] Depending on the nature of this surface-spin cant-
ing, the resulting spin configurations may develop a total mag-
netic moment, with benefits for all-spin-based devices. To inves-
tigate whether 1D spin chains are magnetically isolated from one
another, we calculate the projected magnetic vector potential for
two model surface-spin orientations and varying chain spacings
(Figure 4d and Figure S12 (Supporting Information)). We find
that the spin signatures are fairly robust to varying spin chain
separations which, in combination with the weak interchain cou-
plings discussed above, suggest that the 1D chains can be treated
as magnetically isolated. Figure 4d also highlights that the nature
of the surface-spin canting should be visible in projection, and
in principle observable with a recently developed simultaneous
ptychographic reconstruction framework (Figure S13, Support-
ing Information).l?’]
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We next discuss interface engineering of the 2D magnets,
highlighting the versatility in enabling exotic phenomena due
to new states arising from the interlayer interactions (Jiyerayer)-
With a large Jierayer» €W phases are expected to arise at the inter-
face, while with weak [, er1,ver» the layers should not interact but
rather maintain their unique properties. Although both cases are
of interest, the first is more commonly studied,**! yet the proper-
ties of ACPS and AVPS should allow investigation of the second.
Figure 4e—g demonstrates that ACPS, AVPS, and ACVPS can
be stacked with a controllable angle to result in structures with
1D spin chains propagating in different directions. The strong
crystal anisotropy and weak interlayer exchange coupling predict
that the spin chains in each stack are isolated from each other
with minimal canting angle at the center of rotation. To predict
changes in canting angle due to the stacking, we used a simple
model (Experimental Section). We assume single chains in the
top and bottom layers are rotated with an angle, as shown in
Figure 4h, then minimize the energy as a function of the twist
angle 9 to obtain the local spin angle on each site. This is then
referenced to its value if the chains were uncoupled, which would
be along the easy axis and antialigned with its neighbors, as de-
picted in Figure 4i. This canting angle « is plotted in Figure 4j as
a function of the twist angle. We see it is generically quite small,
but is maximal when the two chains are orthogonal as this ap-
plies the largest effective torque on the spin at the center. We can
also model the dependence of the canting angle on the strength
of the interlayer exchange interaction, shown in Figure S14
(Supporting Information) for a variety of interlayer coupling
strengths. We observe that the canting angle becomes larger with
stronger interlayer coupling, as the spin is only incentivized to
cant due to the exchange torque from the neighboring layer. It
is interesting to note that the canting angle also acquires a more
nonlinear dependence on the twist angle, showing nonsinusoidal
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dependence. Physically, the interlayer exchange coupling is ex-
pected to be highly sensitive to strain, since it involves tunneling
across the vdW gap and depends exponentially on the interlayer
distance, which may change upon straining. Experimental data
on the magnetic properties of these engineered chain structures
would be needed to verify these predictions and explore opportu-
nities arising from stacked 1D chain vdW magnets.

3. Conclusion

We have demonstrated several material candidates as a new class
of 2D vdW magnets that host highly anisotropic 1D chains of
magnetic atoms. These 2D vdW materials with well-separated
1D spin chains enable new possibilities for tuning and exploit-
ing magnetism at low dimension and extending the range of 2D
magnet research, for example, as a platform for studying the Lut-
tinger liquid phase of half integer spin 1D Heisenberg chains.3!]
Another direction of great interest is as a system to study magnon
diffusion, since the 1D chains of magnetic atoms may act as a
spin wave guide.??*3] We have also established a framework for
structural engineering of these materials to enable future explo-
ration of additional opportunities. A 1D chain structure with tai-
lored chain lengths presents an intriguing opportunity for realiz-
ing atomic scale all-spin-based devices such as spin logic gates, if
we imagine using the magnetic chains for input/output intercon-
nects. 1D chains in a twisted configuration may enable influenc-
ing of magnon transport through disruption by the top or bottom
layer spin chains. Further chemical and compositional engineer-
ing in this family of materials offers exciting prospects for fun-
damental exploration of magnetism and for tailor-designed spin-
tronic devices that utilize their unique anisotropic properties.

4. Experimental Section

Chemical Vapor Transport: Synthesis of thiophosphates was per-
formed by direct reaction from elements using powder silver (—325
mesh, 99.9%, Strem, USA), vanadium (—325 mesh, 99.7%, Strem, USA),
chromium (—60 mesh, 99.99%, Chemsavers, USA), sulfur (1-3 mm,
99.9999%, Wuhan Xinrong New Materials, China), phosphorus (1-6 mm,
99.9999%, Wuhan Xinrong New Materials, China), and iodine as a trans-
port medium (99.9%, Fisher Scientific, Czech Republic). The elements in
stochiometric ratio corresponding to 15 g of crystal were placed in an am-
poule using 1 at% excess of sulfur and phosphorus together with iodine
(3 mg mL™"). The ampoule (35 x 200 mm) was melt sealed by oxygen—
hydrogen torch under a base pressure of 1 x 1073 Pa. The sealed ampoule
was first placed horizontally in muffle furnace and heated on 450 °C for 50
h, on 500 °C for 50 h, and at 600 °C for 50 h with a heating and cooling
rate of 1°C min~'. After complete reaction of elements, the ampoule was
mechanically homogenized and placed in a horizontal two zone furnace.
First, the growth zone was heated at 750 °C, while source zone was kept
at 500 °C for 50 h to clean growth zone. Subsequently, the thermal gradi-
ent was reversed and source zone was kept at 700 °C and growth zone at
600 °C for 14 days. Finally, the furnace was cooled to room temperature
while the ampoule was opened in a glove box.

X-Ray Diffraction (XRD): Powder XRD data were collected under am-
bient conditions on a Bruker D8 Discoverer (Bruker, Germany) powder
diffractometer with parafocusing Bragg—Brentano geometry using CuK,,
radiation (4 = 0.15418 nm, U = 40 kV, | = 40 mA). Data were scanned
over the angular range 10°-70° (26) with a step size of 0.019° (26). The
acquired data were analyzed using the HighScore Plus 3.0 software.

Sample Fabrication: Samples were mechanically exfoliated onto
SiO, /Si wafers. Sample thickness was verified using optical contrast and
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atomic force microscopy measurement. Each sample was then transferred
on to a SiN, TEM grid using cellulose acetate butyrate as the polymer han-
dle for transfer.

Scanning Transmission Electron Microscopy: A probe-corrected Thermo
Fischer Scientific Themis Z G3 was operated at 200 kV with a probe current
of 20 pA and convergence semiangle of 18.9 mrad. The frame size was
1024 x 1024 with a dwell time of 500 ns per pixel. Velox software was
used to overlap 10-15 images to increase signal to noise ratio and correct
drift. For fabricating short chains, the electron beam was focused on to a
rectangular area and the beam current was increased to 50 pA to irradiate
the area of interest for 60-90 s.

Vibrating Sample Magnetometry: Temperature, field, and angle-
dependent magnetic properties were measured in a Quantum Design
Physical Property Measurement System equipped with a 9 T supercon-
ducting magnet. An external magnetic field of 1T was applied for the mag-
netization versus temperature measurement in the temperature range of
1.8-300 K.

Optical Measurements: PL and Raman spectroscopy measurements
were performed in a Montana Instruments closed-cycle optical cryostat.
Experiments were performed in a backscattering geometry using a con-
focal microscope spectrometer (Horiba LabRAM HR Evolution) with a
20x (PL) or 50x (Raman) objective (Olympus) and 532 nm laser exci-
tation at a power of 100 uW. Scattered light was dispersed by an 1800
lines mm~" grating and detected with a liquid nitrogen cooled charge-
coupled device camera. The spectrometer integration time was 2 min and
each scan was taken twice and then averaged before analysis. Polarized
Raman and PL spectra were recorded with a linearly polarized incident
beam. For angle-resolved polarized Raman spectroscopy measurements,
an achromatic half-wave plate was placed just before the objective and ro-
tated in steps of 7.5° from 0° to 180°. An analyzing polarizer was placed in
front of the spectrometer entrance and kept vertical /horizontal for parallel
(XX)/perpendicular (XY) polarization channels, respectively.

Optical reflection and transmission data were recorded using a sta-
bilized tungsten halogen lamp (Thorlabs SLS201L) and a spectrometer
(Thorlabs CCS175). Measurements were performed at room temperature
using a single crystal of AgCrP,S¢ with thickness ~100 um. A 20x objective
(Olympus) was used for focusing and collection. For reflection measure-
ments, a broadband plate beam splitter (Thorlabs BSW26) was used at 45°
incidence to collect the backscattered signal. Subsequent measurements
of the T and R were recorded and used to calculate the absorbance as A=
1—T—R, as shown in Figure 2. All measurements were unpolarized and
recorded at normal incidence along the c-axis.

Density Functional Theory Calculations: The electronic structure was
calculated using SG15 pseudopotential based on an atomic basis set.
The Heyd—Scuseria—Ernzerhof hybrid functional was used to deal with ex-
change correlation interaction. A k-point mesh of 7 x 3 x 1 was sampled
in momentum space. The magnetic exchange interaction was calculated
according to the Heisenberg exchange function using Siesta and TB2).
The Perdew—Burke—Ernzerhof + U functional with a plane-wave basis set
was used and the U level was varied to reproduce the experimental Néel
temperatures of 21 K.[3433] The magnetic ground state was determined
by energy minimization. It was found that U = 3 eV gave a reasonable
trend of the magnetization versus temperature but the Néel temperature
was slightly higher than experimental. Therefore, all exchange coupling
values obtained with U = 3 eV were reduced by 50% to match the experi-
mental Néel temperature. The single-ion anisotropy term K was calculated
by obtaining the energy difference between all spins aligned along the b-
direction and along the a- or c-direction. Spin—orbit coupling was included
using fully relativistic pseudopotentials and K = 0.03 meV.

Atomistic Magnetic Simulation: The following spin Hamiltonian

H= Y —KSL+ Y 15 S M
i i#

was used to simulate the Néel temperature using the Vampire atomistic
magnetic simulation software,[*6] where K; is the anisotropy term, J; is
the exchange coupling, S; and S; are the unit vectors of the spin moment.
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Equilibration time steps and averaging time steps were set to 25 000 and
50 000 with a time step increment of 1.

Spin—Spin Correlation Function: The spin—spin correlation function
was calculated using the following equal-time correlation function equa-
tion

>

cn = (30:50) - GOS0 @

where _5'1'2 are the spin vectors and ris the distance. Correlation functions
for intrachain, interchain, and interlayer were calculated. The atomic co-
ordinates and spin configurations generated using Vampire simulations
were utilized in the correlation function.

The functional form for the fits below the Néel temperature was

axe for + (1= a) X cos(Qr) (3)

and the functional form for the fits above the Néel temperature was

e Lo x cos (Qr) (4)

The correlation length was very temperature-dependent and was on the
order of a few nanometers to tens of nanometers just above the Néel tem-
perature. This characteristic distance was consistent with the finite sys-
tem effects on the order of tens of nanometers (and not 100s or 1000s of
nanometers).

Magnetic Vector Potential and Ptychographic Reconstructions:  Bulk and
surface magnetizations were constructed by placing (canted) spin dipoles
on Cr sites using kernel density estimation. The magnetic vector potential
was then constructed by convolving the bulk and surface magnetizations
with the model spin orientations according to

a xXr

A M (r) )

r

where A is the magnetic vector potential, 4 is the bulk/surface-spin orien-
tation, and M(r) is the bulk/surface magnetization evaluated at position
r.

Electrostatic and magnetic vector potential contributions were sim-
ulated using multislice formalism, as implemented in the open-source
software abTEM,[>’] with the same accelerating voltage and convergence
semiangle as above, albeit using a defocus value of 200 A and a finite
electron-dose of 1x 106 e~ A2,

Simultaneous ptychographic reconstructions were performed using the
formalism introduced in ref. [29], as implemented in the open-source soft-
ware py4DSTEM,[8] using 1.0 A= Butterworth filtering of the magnetic
vector potential.

Theory for Twisted Magnets:  This was started by writing down the en-
ergy function for the magnetization considering a single chain in the top
layer, rotated from the lab frame with angle + 8/2, and a single chain in
the bottom layer, rotated with respect to the lab frame with angle — 9/2.
This is shown in the schematic diagram in Figure 4f.

In this configuration, the easy axis in each layer is given in the lab frame
by

n(¢§)=¢sin(§>ex+cos(§)ey (6)

with the signs chosen for their respective layers.

For simplicity, a single site was focused on, which was assumed to lie
at the intersection of the two chains, where the effect was expected to be
maximal. In this case, the energy can be written as a sum

E= Etop + Ebottom + Einter (7)
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Emp:—K(St~n<§))2+2_j||5t-n(§> (8
Epottom = — K(Sp -1 (=9/2))* + 2y, -n (=9/2) ©)
Einter = J1.5b " St (10)

Here, K > 0 is the easy-axis anisotropy, which favored the spin to lie per-
pendicular to the chain axis, Jj; > 0 is the intralayer antiferromagnetic cou-
pling, which favored the spin to antialign with its neighbors in the same
chain, and J; > 0 is the interchain exchange coupling, which was taken
here to be ferromagnetic. For estimates of the values, DFT + U calcula-
tions, combined with TB2] calculations of the magnetic exchange param-
eters (Experimental Section) were relied upon, with K=0.03 meV, J; =3.91
meV, and J, = 0.186 meV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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