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Abstract

Antiferromagnetic van der Waals-type M>P2Xs compounds provide a versatile material
platform for studying two-dimensional magnetism and relavant phenomena. Establishing
ferromagnetism in two-dimensional materials is technologically valuable. Though magnetism
is generally tunable via a chemical way, it is challenging to induce ferromagnetism with
isovalent chalcogen and bimetallic substitutions in M>P>Xs. Here, we co-substitute Cu'* and
Cr*" for Ni*" in NioP2Se, creating CuxNi(1-x)CrxP2S¢ medium-entropy alloys spanning a full
substitution range (x = 0 to 1). Our findings reveal a unique evolution in crystal structure and
magnetic phases that are distinct from traditional isovalent bimetallic doping, with Cu and Cr
co-substitution enhancing ferromagnetic correlations and generating a weak ferromagnetic
phase in intermediate compositions. This aliovalent substitution strategy offers a universal
approach for tuning layered magnetism in antiferromagnetic systems, which along with the
potential for light-matter interaction and high-temperature ferroelectricity, could enable

multifunctional device applications.



1. Introduction

Tuning magnetic properties in layered magnets creates a pathway for a deeper
understanding of magnetism in low dimensions and enlightens possible new routes to realize
two-dimensional (2D) magnetic systems in real materials for spintronic applications!!~l.
Several strategies such as doping!”-*], high pressure® 2! and electrostatic gating!>!3] have been
implemented to tune magnetism in layered magnets. In addition, high- and medium-entropy
alloys also offer an effective way to engineer magnetic properties. High-entropy alloys are
defined as solid solutions containing more than five principal elements whereas medium-
entropy alloys are considered as the intermediate between traditional alloys (with two principal
elements) and high-entropy alloys!'*!5]. Such high and medium-entropy alloys lead to enhanced
configuration entropy. Since magnetic exchange interactions are highly dependent on elemental
distribution in the lattice, this structural arrangement could significantly influence the magnetic
properties. Therefore, owing to added complexity and parameter space, high- and medium-
entropy alloys are expected to generate unusual magnetic orderings arising from competing
magnetic interactions enabled by expanded degrees of freedom!'), which would result in
additional functionalities for technology applications.

Single crystalline medium- or high-entropy layered magnets are barely explored.
Recently, a few medium!'”- and high-entropy!'® layered antiferromagnetic (AFM) metal
thiophosphates MPX3 (M = metal; X = chalcogen S or Se) compounds have been reported. These
studies have revealed the modulation of magnetism under medium or high entropy
environments in MPX;!'"!8] but detailed investigation is still lacking. For various M and X,
MPX3 compounds exhibit common structural characteristics!”-'*?!) with metal atoms M
arranged in a honeycomb lattice and sandwiched by P and X atoms, as shown in Figure la. In
this structure, P forms P-P dimers perpendicular to the hexagonal metal plane. In each dimer,
each P is bonded with three X to form (P2Xs)* bipyramids filling the center of the M honeycomb

lattice. Therefore, MPX3 is also referred to as M>P2Xs, which will be used throughout this article.
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Some M,P,Xs materials exhibit robust AFM ordering from bulk to atomically thin limit!!6:1%-22

421 This material family offers a broad avenue for technological applications because of the
feasibility of obtaining atomically thin layers, enabling the fabrication of nanodevices and
heterostructures-based electronics and spintronics. The M>P2Xs compounds are mostly
semiconductors with band gaps ranging from 1.3 to 3.5 eV, which makes them suitable for
optoelectronic applications in a broad wavelength horizon!'*2%. In addition, other properties
such as the unusual intercalation-reduction behavior, higher ionic conductivity, and unusual
ferroelectricity of these materials expand their potential applications to Li-ion
batteries!!*204344] energy and data storage devices, and sensors!!?%. Therefore, engineering
magnetism and exploiting its coupling with electronic and optical properties would create novel
phenomena and further enrich the technology applications.

The zero net moment of the AFM ground states of M>P>Xs compounds complicates the
detection of magnetism in the 2D limit and further hinders the integration of magnetism with
other electronic and optical properties. Establishing ferromagnetism in M>P2Xs would greatly
unleash its potential as a spintronic platform. Earlier theoretical work has predicted the rise of
ferromagnetism in M>P2Xs via isovalent substitutions ** and charge doping!*®!. Experimentally,
tuning magnetism in this material family is mostly based on bi-metallic [i.e., (M7, Mi*")P2X6"),
where M; and My are different metals]3>-384%47-601 or bi-chalcogenide [i.e., MaP2(S,Se)e] >0
64] substitutions, and inter-layer intercalations!% %), In addition to diverse antiferromagnetism
induced by various metal and chalcogen substitutions[3>38:40:4247-5961-64] * gionamyres of

ferromagnetism is only reported in Zn-substituted Fe2P2S¢!®”! and Co-substituted NizP,S¢ 18,

65-67

as well as guest species intercalated samples!®>7]. Even for the reported medium- and high-

entropy M>P2Xs!!"-18] that are more versatile due to their composition tunability, a ferromagnetic

(FM) ground state is still absent. Most of the recent metal substitution studies adopt an isovalent

[35,38,40,47-60
Y

substitution strateg I In addition, a new metal substitution strategy has been

adopted, in which the divalent M** ions in M>P>X; are fully replaced by an equal fraction of
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monovalent M"'" (M = Cu or Ag) and trivalent M’ ** (M’ =V or Cr) ions to form quaternary
compounds M "M’ 3 P,Xs, such as (Cu,Ag)(V,Cr)P2X!"78 While these compounds have
been discovered a long time agol’>’+ 7%, there have been very few studies on magnetism!’%-7274-
7. Though the ground states are still AFM, FM states have been realized by applying a

(7071} and AgCrP2Seq”®. Such a polarization field is

magnetic field of around 6 T in CuCrP2Ss
much lower than the rather high field (~ 35 T) needed to achieve a fully polarized FM state in
a monometallic FeaP2Se?. It is worth noting that such an AFM to FM transition under a
relatively weak field is commonly observed in Cr-based layered antiferromagnets!”® 8!, which
has been ascribed to a weak AFM coupling between Cr** moments within an A-type magnetic
ordering and a small magnetic anisotropy because of a lack of orbital degeneracy for Cr** (d°)
ion7071808283] “More interestingly, with the inclusion of another trivalent V', AgVP,Ses is

t ["71. These results

reported to exhibit a robust FM ground state from bulk to atomically thin limi
suggest that the trivalent Cr** and V3" ions may favor FM correlation in M>P2Xs.

Inspired by these studies, here we report a new doping strategy in M>P>Xs to engineer
magnetism and promote ferromagnetism, which involves the simultaneous mixing of mono-,
di-, and tri-valent metal ions. We successfully performed Cu'" and Cr** substitutions for two
Ni?" in NiaP2Se to form Cu,Niz1-nCr:P2Se (0 < x < 1) leading to a wide range of medium-entropy
compositions. Our work reveals a smoother evolution of AFM phases with substitution in
CuxNi21-nCriP2Ss as compared to traditional bimetallic substitution in AM>P2Xs. The
intermediate CuxNiz(1-CrxP2Se compositions 0.32 < x < 0.80 exhibit a weak FM phase at low
temperatures, which is likely attributed to the FM component of canted moments. The Cu and
Cr (Cu+Cr) co-substitution in NioP»>Se enhances FM correlation, which is manifested by the
field-driven moment polarization and systematic rise of saturation moment that has been
extremely challenging in M>P2Xs. Such aliovalent substitution and medium-entropy

engineering provide an efficient approach to tuning layered magnets, creating a diverse

landscape of new properties for implementation in device applications.
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2. Results and discussion

Cr-based layered magnets exhibit robust magnetic orders in the 2D limit®®*88] and host
great potential for applications in spintronic and multifunctional heterostructures. However, the

(89 and

study of Cr-based M>P2Xs compounds is surprisingly limited. So far, only Cr2P2Ses
CrasP2S6”" have been reported while the stoichiometric Cr2P2S¢ has not been experimentally
realized. The Cr2P2S¢ phase is difficult to stabilize due to a weaker Cr-S covalency, favoring 3+
valence for Cr instead of the 2+ metal valence expected in M>P2Xs°!). Substitution of 3+ ions
for the M?" in M>P»X; is challenging and sometimes causes strong metal ion vacancy as seen in
V2.:P2S6 (x = 0.78P2%3) and 0.94) that possess both V* and V" ions. This explains the recently
reported Cr substitution of only up to 9% in Ni2P2Se!*> which is contrary to a much higher
substitution of other bi-valent metals like Mn, Fe, Co, Mg, etc. in NipP,S[3840-33:3457-59.96] 'Thjg
chemical valence difference can be compensated by replacing bi-valent A" ions with mono-
and di-valent metal ions, such as quaternary compounds AgCrPx(S,Se)s and
CuCrP1(S,Se)s! 7173781 Inspired by this idea, we successfully co-substitute Cu and Cr in
Ni2P2S6. As shown in the images in the right panel of Figure 1b, our extensive crystal growth
effort (see Experimental Section) has yielded a wide range of single crystalline (Cu,Ni,Cr)2P2Se
medium-entropy alloys. Composition analyses (see Experimental Section) by energy-dispersive
x-ray spectroscopy (EDS) reveal nearly equal Cu and Cr substitutions for Ni in our crystals, i.e.,
substituting two Ni?* by one Cu!" and one Cr**, as summarized in Table 1. Therefore, the
composition is represented as Cu,Niz1x)CriP2Se, where x represents Cu or Cr content.
Additionally, different single crystal pieces can exhibit varying compositions, even when grown
with the same nominal composition. However, each piece of crystal displays compositional
homogeneity. Therefore, the reported properties are reliable and accurately reflect the measured

compositions. As expected, full substitution leads to CuCrP2Se"%’!). As discussed above, the



enhanced Cr content is expected to induce and stabilize ferromagnetism, which is the goal of

this study.

Table 1: Nominal elemental compositions of the source materials and the actual compositions

of the obtained crystals determined by EDS for Cu,Niz(1-x)CrxP2Se.

Nominal x EDS composition x = (Cu+Cr)/2
0 Ni2.00P1.99S5.86 0
0.20 Cuo.16N11.69Cr0.15P1.93S6.02 0.16
0.40 Cu0.33Ni1.46Cr0.31P1.95S5.98 0.32

Cuo.40Ni1.31Cr0.39P1.92S5.99 0.40

0.60 Cu0.45Ni1.18Cr0.47P2.01S5.85 0.46

Cuo.60Ni0.81Cr0.59P1.99S5.89 0.60

0.80 Cuo.70Ni0.58Cr0.72P1.91S5.97 0.70

Cuo.82Ni0.37Cro0.81P2.01S5.98 0.80

0.90 Cu0.94N10.12Cr0.94P1.93S5 88 0.94
1 Cuo.97Cr1.03P1.88S5.91 1
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Figure 1. (a) Top: Crystal structures of NioP2Ss and CuCrP2Se. Bottom: location of Ni ion in
Niz2P2S¢ and Cu ion in CuCrP2Ss at room temperature. At room temperature, Cu atoms in
CuCrP»S¢ partially occupy multiple sites, as indicated by the partially filled magenta spheres.
(b) X-ray diffraction for CuxNiz(1-CriP2S6 (0 < x < 1). Left panel: XRD data for all the samples
from 10° to 80°; Middle panel: zoomed 26 range between 57° to 59°; Right panel: the optical
microscope images of single crystals for all the compositions from x = 0 to 1. (¢) Composition
dependence of lattice parameters a, b, and ¢ in CuxNi2(1-xCrxP2S¢. Different colored regions in
(b) and (c) represent different crystal structures. The green color denotes the Ni2P2S¢ -type
structure with a space group C2/m; the orange color denotes the CuCrP,Se-type structure with

a space group C2/c.



Successful Cu and Cr substitutions in Ni2P2Se are further confirmed by the evolution of
crystal structure probed by x-ray diffraction (XRD), which was performed on powdered
samples obtained by grinding single crystals with well characterized compositions. Although
the XRD patterns for all CuxNiz1-xCrxP2S¢ samples look similar in the left panel of Figure 1b,
a systematic peak shift and splitting is observed, which is better seen in the middle panel of
Figure 1b that displays XRD peaks between 57° and 59°. To obtain deeper insight into the
structure evolution, we have performed Rietveld refinement (Figure S1, Supporting
Information). The refinement confirms that the substitution occurs with two bi-valent Ni** being
replaced by one mono-valent Cu'" and one tri-valent Cr*". Furthermore, samples are found to
adopt the NixP2Ss-type structure for compositions up to x = 0.40, with a slight expansion in
lattice constants a and b as summarized in Figure 1c¢. This can be attributed to the larger average
size of Cu'* and Cr** as compared to Ni*" and explains the systematic low-angle XRD peak
shift up to x = 0.40 shown in the middle panel of Figure 1b. Increasing Cu and Cr amount to x
= 0.46 causes a structural transition from the Ni2P2Se-type to the CuCrP2Se-type. The structure
differences between such two structures are shown in Figure la. The metal atoms in both
Ni2P2Ss and CuCrP2Ss organize in a similar honeycomb arrangement in the ab-plane when
viewed along the c-axis!’®?"), which makes the two structures hardly distinguishable. However,
as depicted in the right panel of Figure 1a, in CuCrP,Se, the Cr*" ions are located in the center
of each sandwich layer, whereas the Cu'* ions are off-centered along the c-axis at room
temperaturel’’!7 Moreover, Cu atoms have been found to exhibit positional and occupational
disorders at room temperature!’”), showing vacancies!’” as represented by the partially filled
magenta spheres in the figure. As a result, the c-axis is nearly doubled in CuCrP2Ss [¢ =
13.360(8) A] as compared to that of NixP2Se [6.616(3) A]7%7197) Hence in our Cu,Nia-
»Cr:P2Se, with increasing Cu and Cr co-substitution from x = 0.4 to 0.46, the doubling of c-axis
[from 6.620(5) A to 13.315(5) A] as well as the sudden increases in a and b (Figure 1¢) signature

the structure transition from the Ni2P2Ss-type to the CuCrP2Se-type. Accompanied with the
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structure transition is the symmetry reduction from a C2/m space group to a C2/c one, which
explains the XRD peak splitting for x > 0.46 denoted by asterisks in the middle panel of Figure
1b. Therefore, though it is challenging to identify substitutions using cross-sectional
transmission electron microscope imaging (Supporting Information) owing to the close atomic
numbers of Cr, Ni, and Cu, our structure analysis using XRD provide strong evidence for the
proposed aliovalent substitution scenario.

35.38.4047-59 are generally

In M>P>Xs compounds, isovalent metal-substituted compounds!
considered to exhibit a random distribution of substituted metal ions within the honeycomb
network. Quaternary (M"*M’**),P2Xs compounds have been proposed to show ordering due
to the weaker repulsive coulomb interactions and substantial size differences between the
mono- and tri-valent ions!”?). For example, Ag!" and (V or Cr)** ions in Ag(V,Cr)P2Xs (X =S
and Se)">7>7"78] form zig-zag chains, while in CuCrP>Se, Cu!™ and Cr** ions occupy separate
layers!’%. Consequently, as the concentrations of Cu” and Cr*" increase in CuxNia(1-0Cr:P2Se,
the metal network should transit from a Ni2P2Se-type to a CuCrP2Se-type structure. Except for
the two end compounds Ni2P2Se and CuCrP2Se, the substituted metal ions likely form random
distribution as expected in isovalent metal-substituted compounds. Therefore, this combination
of Cu, Ni, and Cr creates a single solid solution phase with enhanced configurational entropy,
classified as a medium-entropy alloy with three principal elements. In addition, chemical short-
range order, which is characterized by the slight deviation of the atomic distribution from
the perfect random distributions but does not strongly affect the strongly enhanced
configuration entropy, has been discovered in other medium-entropy alloys®%!%. It likely

exists in CuiNiz1.nCr,P2Se¢ and together with enhanced entropy may contribute to the

modification of magnetism!”),
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Figure 2. Temperature dependence of susceptibility (y) for CuxNiz1-nCrxP2Se (0 < x < 1)
samples measured with in-plane (H//ab, blue) and out-of-plane (HLlab, magenta) magnetic
fields of 0.1 T. Insets in (a) and (j) show magnetic structures of the end compounds x = 0 and
1, respectively. Insets in (b), (¢), and (d) show zoom-in view of low-temperature susceptibility

to identify magnetic transitions. The black arrow in each panel denotes the AFM transition

temperature 7.

As the goal of this study is to induce ferromagnetism in M>P2Xg, to investigate the
evolution of magnetic properties in medium-entropy CuxNiz(1-xCrxP2Se, we have measured the
temperature dependence of susceptibility (y) under in-plane (H//ab) and out-of-plane (HLab)
magnetic fields of uoH = 0.1 T. The two end compounds NizP2Se (x = 0)[22:26:38:40.57.59.63] a5
CuCrP1Se (x = 1)[7071.759798] have been found to possess a C-type zig-zag!?®! and A-typel’>7)
AFM structures below Tn= 155 K and 32 K, respectively, as denoted by black arrows in Figure
2a and 2j. In C-type zig-zag AFM structures, magnetic moments within each plane form zig-
zag chains with adjacent chains arranged antiferromagnetically (Figure 2a, inset), while in A-
type AFM structures, magnetic moments within each layer are aligned ferromagnetically, with

moments in adjacent layers forming an antiferromagnetic alignment (Figure 2j, inset). Such in-
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plane FM coupling in CuCrP»S¢ might be associated with the significantly reduced 7n and low
critical field (~6T) %71 for polarizing the AFM moments due to the competition between FM
and AFM correlations. As illustrated in insets of Figure 2a and 2j, both end compounds have
been reported to exhibit magnetic easy axes aligned within or near the basal plane?*7%7!1 which
can also be inferred from the magnetization measurements as will be shown later. Owing to
their distinct magnetic structures, the magnetic exchange interactions are different. In Ni2P2Se,
the dominant third nearest-neighbor interaction J3 is AFM though much weaker FM interactions
(nearest-neighbor interaction J; and inter-layer interaction J.) also exist!!°!1%2 On the other
hand, despite the AFM ground state in CuCrP»Ss, the magnetic order is governed by intra-layer
FM interactions while inter-layer AFM interactions are rather weak!”). Such distinct magnetic
interactions in these compounds are in line with their different paramagnetic (PM) to AFM
transition behaviors in susceptibility measurements. As shown in Figure 2a, susceptibility for
Ni2P2Se lacks a sharp peak at 7w but exhibits a broad hump just above T in y;, which has been
ascribed to the short-range magnetic correlations above Tn[?%4%3763] In this case, the PM to
AFM transition 7N can be estimated by the rise of anisotropy between in-plane (y/) and out-of-
plane (y.) susceptibility measured under H//ab and H_L ab respectively, where y; should be

smaller than y , below Tn due to the in-plane moment orientation [263840:57.59.631 p

CuCrP,S6*7!] however, it exhibits a sharp AFM transition. Providing that the broad hump
above T is believed to be associated with the short-range magnetic correlations before the
establishment of long-range order®*!, it is likely that the presence of Cu breaks such short-range
correlation between Cr moments. Despite an in-plane magnetic easy axis (Figure 2j, inset)!’%7!]
similar to NioP2Se*®!, the A-type magnetic structure leads to a more pronounced susceptibility
peak at 7x in yy than y1 for CuCrP2Se.

The sharp difference in susceptibility transition between Ni2P2S¢ and CuCrP2Se can be

adopted as an indicator to understand the evolution of magnetism in CuxNiy1-CriP2Ss. As
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shown in Figure 2b-2d, for samples close to the Ni;P2Ss end (x = 0.16-0.40), susceptibility
upturns develop below T < 50 K. At high temperatures, y | is essentially featureless but
yexhibits a small kink, as indicated by the arrows. Above such kink temperature, y, and y .
overlap. Such behavior resembles Ni>P2Se-type susceptibility, i.e., relatively broad peak in yy
and absence of a clear feature in y; at 7n. Therefore, we define such susceptibility kink as AFM
transition for these substituted samples up to x = 0.4. This weak susceptibility feature disappears
upon further increasing the Cu and Cr contents. Instead, the well-defined susceptibility peaks
start to appear for x > 0.46, which is reminiscent of that of pristine CuCrP>S¢"%"!! and implies
the gradual development of CuCrP2Se-type AFM phase. Hence, the magnetic phases in these
two composition regimes below and above x = 0.40 may be categorized as Ni2P>Ss-type and

CuCrP2Se-type AFM phases, which are denoted as AFM; and AFM; respectively. Moreover, it

is worth noting that the structure change also occurs above x = 0.40 as mentioned above.
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Figure 3. The magnetic phase diagram for Cu,Niz(1-xCrxP2S6 (0 < x < 1) showing evolution of
magnetic phases with doping and temperature, established based on magnetization
measurements under in-plane magnetic field of 0.1 T. The magnetic structures of pristine
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Ni2P2Ss (x = 0) and CuCrP2Ss (x = 1) are presented on the sides of the phase diagram and
denoted by AFM; (grey color) and AFM> (yellow color) in the phase diagram, respectively.
Weak FM; (blue color) and weak FM» (orange color) phases, for intermediate compositions
0.32 <x<0.40 and 0.46 < x < 0.80 within the AFM and AFM: phases regime respectively, are

defied using low-temperature ZFC and FC irreversibility.

The magnetic structure evolution with (Cu+Cr) co-substitution leads to significant
modifications in magnetic exchange interactions, which contribute to the non-monotonic
behavior of the magnetic ordering temperature, 7n, shown in the phase diagram in Figure 3.
The T trend shows a systematic decrease in the AFM; region (0 < x < 0.40), followed by an
abrupt drop at x = 0.46, and then a steady increase in the AFM; region. Aside from the sudden
drop, T~ evolves nearly linearly with composition. The minimum 7 near x = 0.5, where nearly
half of Ni is replaced by equal amounts of Cr and Cu, mirrors trends in isovalent substituted
bimetallic (M, Mi?")P2Xs compounds, which has been attributed to the magnetic frustrations
due to mixing magnetic ions in the honeycomb lattice planel*>*340:32561 However, the sudden
T~ drop from x = 0.40 to 0.46 in our trimetallic Cu,Ni>1-xCrxP2S¢ sharply contrasts with the
smooth evolution of 7 in bimetallic ones, indicating a sharp phase boundary between AFM;
and AFM; phases in CuxNiz1-nCrxP2Ss. The coinciding structural change in this composition
range may correspond to substantial modifications in exchange interactions between the two
distinct metal sublattices (side panels in Figure 3). In insulating M>P2Xs systems, magnetic
properties are determined by magnetic exchange interactions and single-ion anisotropy, as
described by the Heisenberg model”-'°2!l In pristine Ni,P,Se, the magnetic interactions are
governed by a dominant third-nearest-neighbor AFM interaction J3 within the ab-plane!!®!],
Due to Ni** (d®) ions having filled lower three-fold degenerate f, orbitals under octahedral
crystal fields, the direct exchange is absent!'’!! and magnetic interactions occur via

superexchange pathways through non-magnetic S atoms. With (Cu+Cr) co-substitutions, AFM
14



J3 most likely attenuates because Cr** (¢°) ions favor FM interactions, as evidenced by the
dominant in-plane FM correlations of the A-type AFM structure in the end compound
CuCrP,2S¢"7. As a consequence, the attenuation of J3 should contributes to the reduction of 7x.
Furthermore, magnetic interaction modifications may be especially intense near the AFM -
AFM: phase boundary due to the strong competition between these phases. Consequently, when
both crystal and magnetic structures shift to CuCrP2Ss-type at x ~ 0.40, T drops sharply across
the phase boundary. Nevertheless, the Tn variation within each phase is relatively mild and
symmetric. From x = 0 to 0.40, T~ reduces linearly to ~43%, while for x = 1 back to 0.46, it
similarly drops to ~44%, as shown in Figure 3. This symmetric 7x evolution is distinct from
bimetallic systems such as (Nij-«Mny)2P2Se1*%31%) and (Fe;..Mn,),P2Ses!'®, which exhibit
asymmetrical 7n drops. The smooth and symmetric 7n trend in Cu,Niz(1-nCriP2Ss might
indicate a relatively smoother disturbance by dopant in this material system, before triggering
structure change between x = 0.40 and 0.46, possibly associated with the doping to different
metal networks enforced by the different structure of end compounds. Additionally, with the
suppression of magnetic exchange upon substitution as discussed above, the role of single ion
anisotropy becomes relatively significant, consequently affecting the magnetic structure. For
example, in (Ni;-xMn,)2P2S¢, with reduced single ion anisotropy by increasing Mn content,
magnetic structure changes from in-plane zig-zag (Ni2P2S¢) to out-of-plane Néel-type
(Mn2P>S¢) that strongly affects the spin-flop transition*®! at around x = 0.75['%]. Similar
behavior is seen in Ising-type FeoP2Ses, where heavy Mn substitution to 90% reorients the

magnetic easy axis close to the in-plane direction!'%,
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Figure 4. (a) Low-temperature zero-field cooling (ZFC; solid lines) and field-cooling (FC;
dashed lines) susceptibility () for CuNiz1-¢CriP2S¢ (0 < x < 1) samples under in-plane (H//ab,
blue) and out-of-plane (HLab, magenta) magnetic fields of uoH = 0.1 T. The solid triangles
denote the onset temperature Tir of ZFC and FC irreversibility. (b-c) Temperature dependence
of AC-susceptibility (yac) for x = 0.40 (b) and 0.46 (c) samples under an in-plane AC field of
10 Oe at different frequencies from 100 Hz to 10,000 Hz. The same color code is used in (b)

and (¢).

Cu'f, Ni**, and Cr*" atomic arrangement could even be more influential in tuning
magnetic interactions in compositions with substantial amounts of all three metal ions, which
helps to realize an ideal medium-entropy environment. This is evident in the low-temperature

susceptibility of intermediate compositions 0.32 < x < 0.80. As shown in Figure 4a , both in-
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plane y; and out-of-plane y | susceptibilities for these samples exhibit clear irreversibility
between zero-field cooling (ZFC) and field-cooling (FC) measurements at temperatures (7ir)

well below T (solid triangles in Figure 4a), whereas other samples (x < 0.16 and >0.94) lack
clear susceptibility irreversibility. The ZFC-FC bifurcation is more prominent in y; than y |,

which can be understood in terms of the in-plane or nearly in-plane moment orientation over
the entire composition range. Such ZFC and FC irreversibility has been observed in pristine
Mn;P>Se and attributed to a weak FM phase arising from field-induced moment canting in AFM

(1951 The strongest irreversibility occurs in x = 0.40 and 0.46 samples where T is the

sublattices
lowest and competition is the strongest. It is not surprising that T in y, consistently exceeds
that in y1 (Figure 4a), considering the in-plane easy axis. An in-plane easy axis for each
composition is also evident in the field-dependent magnetization measurements at 7= 2 K, as
discussed below in Figure 5. With the determination of Tir which is considered as the rise of
the weak FM phase, the phase diagram in Figure 3 is further enriched with the inclusion of
weak FM; and weak FM» phases, because they evolve from AFM; and AFM; phases
characterized by different magnetic structures as discussed above.

The weak ferromagnetism arising from moment canting may stem from competing
exchange interactions or crystal field effects!!® up on substitution. Additionally, the
Dzyaloshinskii-Moriya interaction (DMI), which is a relativistic antisymmetric component of
exchange interaction, arises with spin-orbit coupling. Although DMI generally requires certain
lattice symmetries the same as the crystal field effect, it is often used to explain noncollinear
magnetic structures with canted moments!'%”), which can result in weak ferromagnetism even
in centrosymmetric antiferromagnets!!®!. Recent theoretical work!!”! proposes, however, that

weak ferromagnetism in centrosymmetric and noncentrosymmetric conventional

antiferromagnets is absent. Instead, materials often deemed antiferromagnetic with weak
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ferromagnetism are altermagnets. Therefore, the discovery of weak ferromagnetism in Cu,Niz(i-
»Cr,P2Se offers an additional platform to further clarify moment canting mechanisms.

In addition to the weak FM state, the irreversibility between ZFC and FC susceptibility
also occurs with the development of a spin-glass (SG) state. In M>P2Xs, the spin-glass transition

17321 which can be clarified by the frequency

has been observed upon metal substitution!
dependence of AC susceptibility. Because of the slow spin dynamics for an SG system, the spin
relaxation time becomes longer. When an external AC magnetic field with a driving frequency
is applied, the spin dynamics are enhanced with the increasing frequency of the AC field,
consequently raising the SG temperature (7sg). In Figure 4b and 4c we present AC
susceptibilities for x = 0.40 and 0.46 samples - the ones that show the strongest irreversibility
(Figure 4a) - measured with varying frequencies from 100 to 10,000 Hz. The absence of a
notable shift rules out the possibility of an SG state. This provides additional support for the
development of the weak FM state discussed above. Furthermore, our results on aliovalent
substituted CuxNiz21-»CrxP2Se are in stark contrast to the SG states seen in isovalent substituted
bimetallic®? and medium-entropy!!”! M>P2Xs compounds. Such difference could be attributed
to the ordering, either long-range or chemical short-range, of Cu'*, Ni**, and Cr*" due to the

structure characteristics of this solid solution system as stated above, which prevents spin

freezing.
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Figure 5. Field dependence of magnetization for CuxNiz1-nCriP2Se (0 <x < 1)at T=2 K
measured with in-plane (H//ab, solid blue) and out-of-plane (H Lab, solid magenta) magnetic
fields. Positive field scans from 0 to 9 T is shown as the negative field scan is symmetric, as
shown in Figure S3 in Supporting Information. Insets in (a), (b), (i), and (j): Spin-flop
transitions under H//ab for x =0, 0.16, 0.94, and 1 samples characterized by the deviation from
linear dependence (red dotted lines) and a super-linear field dependence for magnetization. The
transition is denoted by black arrow in each inset. More complete information is provided in
Figures S5 in Supporting Information. (c-¢) magnetization saturation for x = 0.32, 0.40, and
0.46 samples. The dashed blue lines represent the magnetization saturation after removing the

linear AFM magnetization background.

The emergence of a weak FM state at low temperatures is further illustrated by the field
dependence of magnetization [M(H)] at T =2 K shown in Figure 5. Because all samples show
a symmetric response in the negative field as compared to the positive field scan (see Figure
S3, Supporting Information), we depict M(H) data from 0 to 9 T for all samples 0 <x <1 in
Figure 5, and provided the low field magnetization in Figure S4 in Supporting Information to

check possible magnetic hystersis. It has been reported that the end compounds Ni2P2S¢ and
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CuCrP,S6 do not show magnetic hysteresis loops around zero field"’*’!), consistent with their
AFM ground states. Similarly, at low fields (Figure S4 in Supporting Information), magnetic
hysteresis at 7 =2 K is absent for compositions close to the end compounds, i.e. compositions
in AFM; (x < 0.32) and AFM: (x > 0.8) regions. However, weak hysteresis at 2 K appears for
0.32 < x £ 0.80 in the in-plane magnetization measured with H//ab, consistent with the
emergence of weak ferromagnetism at low temperatures for these intermediate compositions.
As shown in Figure 5a, in high Ni-content AFM; region, at 7 = 2 K, pristine Ni2P2Ss
displays a robust AFM ground state with linear field-dependent magnetization at low fields,
which is followed by a metamagnetic transition around 6 T in in-plane magnetization that
features a super-linear field dependence. Such a transition in Ni2P2Ss has been attributed to a
spin-flop transition in an antiferromagnet, which occurs with the magnetic field component
along the magnetic easy axis!*®l, and hence the magnetization measure under the hard axis (H

| ab) is featureless. For (Cu+Cr) co-substituted sample x = 0.16 belonging to the AFM, phase,

in-plane magnetization also features a spin-flop transition but at a lower field around ~1 T, as
indicated by the black arrow in the inset of Figure 5b. At the high field, sublinear magnetization
is observed, without a clear sign of saturation up to 9 T. Increasing (Cu+Cr) compositions to
0.32, the spin-flop transition field is suppressed to around 0.15 T (Figure S5, supporting
information). For the AFM2> phase, i.e. high (Cu+Cr) content samples x = 0.94 and x = 1, spin-
flop transition occurs around 0.3 T in CuCrP2S¢ and 0.1 T in the x = 0.16 sample under in-plane
field (Figure 5i and 5j, insets), followed by magnetization saturation above 6 T. On increasing
substitution to the intermediate composition region, the spin-flop transition field is too low to
be resolvable (Figure 5c-5h), consistent with the trend that the spin-flop field is suppressed with
increasing substitution from either Ni2P2S¢ or CuCrP2S¢ end compounds. Such suppression of

the spin-flop field in intermediate compositions is expected, as the spin-flop field is related to
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the magnetic exchange and anisotropy, whose combined effects lead to the strongly suppressed
spin-flop field in the intermediate compositions, as discussed in the Supporting Information.

Despite the visible spin-flop transitions, in-plane magnetic easy axes for these
intermediate compositions can be inferred from the fact that magnetization saturates quicker
and reaches higher value under the in-plane field. The x = 0.32 sample (Figure 5c¢) exhibits
moment polarization-like behavior at higher fields. Though a complete magnetization
saturation is not achieved up to 9 T, given that the magnetization above 3 T displays a nearly
linear field dependence, the saturation moment is estimated by subtracting such linear
magnetization component. As shown by the dashed lines in the inset of Figure Sc, the
magnetization saturation (Msar) reaches ~(0.28+0.02)ug per f.u. Increasing (Cu+Cr) content to
x = 0.40 which leads to stronger ZFC and FC irreversibility (Figure 4) and greater T (Figure
3), a greater Msa: ~(0.38+0.03)us per fou. is observed (Figure 5d, inset), indicating stronger
moment canting from x = 0.32 to 0.40 in the weak FM| phase regime.

The scenario becomes different in the weak FM» regime (x > 0.46). For the x = 0.46
sample, Msat ~(0.86+0.04) 1 is enhanced more than twice as compared to that of the x = 0.40
sample. Since the samples in this composition region are characterized by A-type AFM in this
composition region (Figure 3), the stronger intra-layer FM correlation is likely to facilitate
much stronger moment polarization. Further increasing (Cu+Cr) content leads to enhanced Mia:.
For the end compound CuCrP>Ss which is characterized by a well-defined AFM state without
the low-temperature weak FM» phase, the field-induced spin polarization leads to a substantial
saturation moment of 2.79 up, consistent with the reported value of 3.00 up per fu.[%.

Given that the weak FM» phase stems from the A-type AFM phase of the end compound
CuCrP3Se, understanding the spin polarization of CuCrP2S¢ may shed light on the saturation
magnetization in doped samples. In CuCrP2Ss, the moment saturation seen above ~6.5 T field
has been attributed to the weak inter-layer AFM interaction for the A-type AFM ground state!”"!,

Therefore, for the doped sample x = 0.46 to 0.80 which exhibits the low-temperature weak FM>
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phase and is structurally similar to CuCrP2Se, the moment polarization is likely inherited from
CuCrP;Ss.

Figure 6 summarizes the observed saturation moment for CuNiz1-0CriP2S¢, together
with the theoretical value gsSus, where gs (= 2) is Landé g-factor and S = 1 and 3/2 for Ni**
and Cr*" respectively. The observed M = 2.79 us per f.u. in CuCrP,Ss is expected for Cr**
ions. Msa starts to deviate from the theoretical value upon substituting Ni in CuCrP»S¢. The
deviation becomes stronger with increasing Ni content (i.e., decreasing x value). Substituting
6% Ni in CuCrP2Ss (x = 0.94) reduces M by nearly 24% of the theoretical value, which is
surprising for such a low amount of Ni substitution and implies that each Ni moment prevents
nearly three Cr moments from being polarized. Further increasing the Ni content leads to the
greater suppression of Ms, in comparison to theoretical saturation magnetization, reaching only
12% of the theoretical value in the x = 0.32 sample, which is the boundary of the Weak FM;
phase. For samples with higher Ni content (x < 0.16), magnetization saturation behavior is
absent. Accompanied by the reducing saturation moment is the drop of magnetic field needed
to induce the saturation (u#oHsat), as shown in the inset of Figure 6. Therefore, it appears that
Hia somewhat scales with the amount of Cr moments in this material system - more Cr moments

require the higher field to polarize.
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Figure 6. Doping dependence of saturated magnetization (Msa) together with the theoretical
Msa values. The Msa values for x = 0 and 0.16 samples are not shown because these samples
lack magnetic saturation behavior up to magnetic field of 9 T. Inset: Doping dependence of

saturation field (uoHsat) for ferromagnetic-like polarization.

Similar partial moment polarization has also been reported in lightly Cr-substituted
Ni2P2S6!). Though only 9% Cr can be successfully induced in this bimetallic system, reduced
moment and saturation fields have been observed. The tri-metallic system Cu,Niz(1x)CrxP2Se
studied in this work greatly extends the doping level, demanding further in-depth experimental
and theoretical investigations. Furthermore, the enhancement of saturation moment and the
strengthening of FM correlations with (Cu+Cr) co-substitution in Ni2P2S¢ make this system
promising for 2D magnetism studies. Directly probing AFM states in 2D layers can be
challenging due to the lack of net magnetization. An earlier study has shown that the AFM

order in Ni2P2Se remains stable down to the bilayer, though it disappears in the monolayer
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limit??!. In contrast, ferromagnetism has been observed in few-layer CuCrP,S¢!''”! and
is predicted to persist in monolayer!!'!l. Although magnetic ordering in monolayer CuCrP,Ss
remains undetermined, its A-type AFM structure - with FM coupled individual layers stacking
antiferromagnetically’®’!! - suggests that ferromagnetism may persist to asingle layer.
Similarly, (Cu+Cr) co-substituted Ni2P2Se, especially for the compositions within the Weak
FMi, Weak FM,, and AFM; regimes, could exhibit FM correlations within each layer. In
contrast, samples in the AFM; regime are more likely to retain AFM ordering akin to pristine
Ni2P2Ss even in the 2D limit. In addition to magnetism, the medium-entropy Cu,Niz(1)Cr:P2Se
could be a promising material platform to study magneto-optics and magnetoelectric effects.
One of the end compounds Ni2P2S¢ exhibits a strong coupling between magnetic order and
light-matter interaction*!:!12113] " Ag discussed above, the (Cu+Cr) substitution in NizP2Se is
highly efficient in tuning magnetic order and moment orientation, which could make unusual
magneto-optical phenomena more accessible for novel photonic processes in layered magnets.
Another end compound CuCrP>Se¢ displays interesting properties such as strong
magnetoelectric coupling!®”! and room-temperature ferroelectricity!!'4. Thus, with the possible
inheritance of these functionalities from the both end compounds, together with the tunable
magnetism, would establish CuxNizi1.nCrP2Ss as a promising platform for developing

multifunctional device applications.

3. Conclusion

In conclusion, we studied the magnetic properties of Cu, Cr, and Ni substituted medium-
entropy compounds CuNiz1.Cr:P2S¢ and found a systematic tuning of magnetism with
substitution. The aliovalent (Cu+Cr) co-substitution for Ni induces a smooth evolution of AFM
phases in contrast to magnetic frustration usually seen in conventional bimetallic substitutions.
Increasing (Cu+Cr) contents also enhances FM correlation between magnetic moments, which

is rare in previously reported M>P2Xs compounds. These findings provide an interesting route
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to investigate tunable magnetism in layered magnets as well as the study of magneto-optics,
magnetoelectric effects, and other functional properties, which further extend the scope of 2D

magnets beyond the fundamental studies towards the practical applications.

4. Experimental Section

CuxNiz1-0CriP2S6 (0 < x < 1) single crystals used in this work were synthesized by a
chemical vapor transport method using > as the transport agent. For each compositions except
for x =1, elemental powders with various ratios of Cu (99.9%, BeanTown Chemical): Ni (99.9%,
BeanTown Chemical): Cr (99.9%, BeanTown Chemical): P (99.9%, BeanTown Chemical): S
(99.9%, BeanTown Chemical) = x : 2(1-x) : x : 2: 6 were loaded in a quartz tube together with
~2 mg I,. The tube was evacuated to a pressure ~10~ Pa and sealed using an oxygen-hydrogen
torch, heated in a two-zone furnace (Mellen TD) with a temperature gradient from 750 to 550
°C. For CuCrP>Ss (i.e., x = 1), however, higher temperatures are needed to ensure successful
growth. This composition was synthesized using a different temperature gradient from 840 to
720 °C. Single crystals of millimeter size with flat and shiny surfaces can be obtained after one
week of chemical vapor transport.

The elemental compositions were examined by the EDS at an accelerating voltage of 15
kV, using a FEI Nova Nanolab 200 dual beam workstation equipped with EDS, scanning
electron microscopy, and focused ion beam. It is worth noting that the compositions determined
by EDS deviate from the nominal compositions, as shown in Table 1. Furthermore, for the same
nominal composition, the compositions of the obtained single crystals may vary from sample
to sample, especially for the samples in the intermediate composition range. Nevertheless,
though compositions are sample dependent, for each piece of crystal, the composition is
homogeneous, as demonstrated by multiple EDS scans on different locations of the crystal. This
ensures that the obtained properties for each composition are reliable. Therefore, it is crucial to

use the crystals with well-characterized compositions for all experiments. From EDS
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measurements, P and S contents deviate from stoichiometric values only by a few percent,
which is common in EDS analysis due to instrumental limitations. In addition, the Cu and Cr
contents are identical or only vary by a few percent from the exact 1:1 ratio. So a chemical
formula of CuxNi21.»Cr:P2Se, with x being the average composition of Cu or Cr, i.e., x=
(Cu+Cr)/2, is used in this work.

The crystal structures of the obtained crystals were examined by powder XRD at room
temperature using a Rigaku XtaLAB Synergy-S diffractometer. Owing to the variation of
compositions in different pieces of crystals, crystals with well characterized compositions were
grounded to power for XRD. Cross-sectional transmission electron microscopy samples were
prepared using the in-situ lift-out technique in a FEI Nova Nanolab 200 duo-beam SEM/FIB.
Cutting and polishing were achieved using a 30 keV Ga+ ion beam. The lamella was cut along
a direction parallel to one of the crystal facets so that the electron beam may follow a low-
indices direction. Imaging was performed in a FEI Titan 80-300 TEM fitted with an image Cs-
corrector and operated at 300 kV. No damage or phase change were observed as the result of
the high-energy electron beam exposure during the imaging.

Magnetization measurements up to 9 T were performed in a physical property
measurement system (PPMS DynaCool, Quantum Design) using the ACMS II option which
offers sensitivity of 5x10°® emu for DC magnetic moment measurements. The magnetic
property measurements were also performed in a 7 T magnetic property measurement system
(MPMS3 SQUID, Quantum Design) which offers better resolution (< 8x107 emu) despite of
lower magnetic field range. Consistent results were obtained from results obtained from PPMS

DynaCool and MPMS3 SQUID.

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