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ABSTRACT

Impurity substitution is effective to study the intrinsic properties of a quantum material.
When the target element has multiple Wyckoff positions, it is challenging but essential to
know the exact position and occupancy order of impurity atoms. Via comprehensive
experimental and theoretical investigations, we establish the Ni substitution roadmap in the
van der Waals ferromagnet Fe;GaTe,. The results unambiguously reveal that in (Fe;.
«Niy);GaTe,, Ni atoms initially form interlayer gap Ni3 sites when x < 0.1, and then gradually
occupy Fe2 sites. When x > (.75, they start to substitute for Fel sites and eventually realize
full occupation. Accordingly, 7¢ and saturation moments both show nonlinear decrease tied
to different roles of Ni3, Fel and Fe2 sites in the spin Hamiltonian. The results not only yield
fruitful insights into the roles of different Fe sites in Fe;GaTe,, but also set a paradigm for

future impurity substitution study on other quantum materials.

Key Words: van der Waals ferromagnet, high Curie temperature, impurity substitution,

magnetic exchange

Impurity substitution in a solid can serve as an effective way to probe the mechanism
underlying the physical properties. This strategy has played crucial roles in understanding the
pairing symmetry of various superconductors. According to the Anderson’s theorem,!
nonmagnetic impurity substitution in a superconductor with an isotropic superconducting gap
influences the Cooper pairs negligibly, but can break them in a superconductor with an anisotropic
gap. As a sharp contrast, magnetic impurities can cause pair-breaking effect regardless of the gap
type. Guided by this theory, the Zn?" with a tightly closed d shell was widely used as an ideal
impurity to study the pairing mechanisms of both cuprate and iron-based superconductors.>!3
Besides, the impurity substitution was also used as an approach to investigate the origin of many-
body interactions in cuprate superconductors, because the substitution effect on the low-energy

dynamics could be viewed as a magnetic analogue of the isotope effect.!*
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The impurity substitution strategy is also widely adopted to study the recently emerged van
der Waals (vdW) magnets Fe,GeTe, (n = 3, 4, 5) and Fe;GaTe,.!>2! The inherent
magnetocrystalline anisotropy in the vdW magnets stabilizes the magnetic order against finite
temperature, thus violating the Merin-Wagner theorem and realizing long-range magnetic order in
a broad range of vdW magnets in mono- or few-layer form, such as in Crl;, Cr,Ge,Teg, Cr,Si;Teg,
VSe,, and MnSe,, 2?7 etc. The itinerant ferromagnets Fe,GeTe, (n = 3, 4, 5) are characterized by
the remarkably high Curie temperature 7 and therefore have been subjected to intensively
investigations. 283! Interestingly, the T of Fe,GeTe; is tunable by controlling the Fe content, 32734
suggesting the pivotal role of Fe in the magnetic exchange. However, the multiple Fe Wyckoff
sites in the lattice of Fe,GeTe, give rise to complicated magnetic orders, which makes the
understanding about the spin Hamiltonian extremely difficult. In Fe;GeTe, and FesGeTe,, the
substitution of Ni and Co shows distinct behaviors, where Co and Ni substitutions in Fe;GeTe,
gradually suppress the ferromagnetic (FM) order, while Ni substitution in FesGeTe, significantly
enhances the 7 even up to ~ 480 K and Co substitution results in an antiferromagnetic (AFM)
state. 15203537 However, with these substitutions, it remains unknown that whether the impurities
enter onto the Fe sites or not, and what is the order for impurities to occupy the different Fe sites,
thus hindering a direct understanding about the delicate roles of the impurities and the different Fe
sites in the complex magnetic exchanges.

The recently emerged Fe;GaTe,, which is isostructural with Fe;GeTe,, has a very high 7¢ of
~ 380 K. 3% In the centrosymmetric crystal structure, the Dzyaloshinskii-Moriya interaction (DMI)
caused by the introduction of Fe deficiency and hence the spatial inversion symmetry breaking,
rather than the competition between magnetic dipole interaction and strong perpendicular uniaxial
anisotropy, is suggested as the driven force for the observed room-temperature Néel-type
skyrmions. 3*4° Regarding the intriguing magnetic properties related to the Fe sites, impurity
substitution would yield valuable insights. A very recent impurity study work unveiled that a small
amount of Co or Ni substitution in Fe;GaTe, results in 7T suppression. Specifically, the Co
substitution turns the FM state into an AFM one and then to the spin-glass state, while Ni
substitution turns the magnetic states from the FM state into the spin-glass state. 2! To fully
understand these effects and establish the spin Hamiltonian for impurity substitution, precisely

tracing the roadmap for impurity occupation in the crystal lattice is very necessary.
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In this work, by employing first-principles calculations, Cs-corrected scanning transmission
electron microscopy (STEM), Lorentz transmission electron microscopy (L-TEM), magneto-
optical Kerr effect (MOKE) microscopy and magnetization measurements, we established a clear

roadmap for the Ni occupancy in (Fe;—Ni,);GaTe, with x up to 1.0.

As is schematically drawn in Figure la, Fe;GaTe, crystallizes into a hexagonal structure
(space group: P6;/mmc) with the lattice parameters a = b =3.9860 A, ¢ = 16.2290 A, a = = 90°,
and y = 120°. In this structure, the vdW gap is between two adjacent Te atoms, and there are two
Fe Wyckoff positions in each layer of the lattice, which we refer to as Fel and Fe2. The slabs of
Fe;GaTe, are stacked along the c-axis with the interlayer space of ~ 0.78 nm. Our first-principles
calculations indicate that on Fel and Fe2 sites the magnetic moments are 1.33 ug/Fel and 1.98
us/Fe2, respectively. In this layered structure, the intralayer exchange between the nearest Fe2
along out-of-plane direction is 26.0 meV, which is the main contribution to the FM order.

As a comparison, in the crystal structure of Ni;GaTe, as shown in Figure 1b, there are
additional Ni3 Wyckoff sites locating in the vdW gap. The different Fe and N1 Wyckoff sites in
the two compounds make the occupancy of Ni in Fe;GaTe, very confusing. The Bragg reflection
index on the XRD spectrum of (Fe;_,Ni,);GaTe, (x =0 — 1.0) crystals confirms the (001) orientation,
and no impurity peaks were detected within the instrument resolution limit, as shown in Figure S1
of the Supplementary Information (SI). The peaks of XRD for each composition can be
satisfactorily indexed on basis of the hexagonal structure with the space group P6s;/mmc,
suggesting the phase purity of our specimens. As illustrated in Figure 1c, the main peaks of all
compositions exhibit a continuous shift to higher angle with Ni substitution till x = 0.7, unveiling
a monotonic decrease of the c-axis with increase of Ni. When x > 0.7, the change of ¢ shows almost
saturation. The derived values of c-axis from the PXRD data analysis are summarized in Table S1
of SI. The compositions were measured by using energy dispersive X-ray spectroscopy (EDS),
with the results shown in Figure S2 and Table S2 of SI. We thereafter use the measured substitution
concentration for each sample.

Figure 1d shows the temperature dependent magnetization curves M(T) for (Fe,—Ni,);GaTe,,
which exhibits typical FM order with a 7 at ~ 350 K, where 7 is determined by the peak of
dM(T)/dT. With the increase of x, T¢ is gradually suppressed, which can be clearly seen in Figure

1f. When x = 0.28, T¢ decreases to ~ 50 K, while when the substitution is gradually increased up
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to x = 1.0, the FM order completely disappears, which is consistent with the fact that Ni;GaTe, is
essentially nonmagnetic.*! The evolution of isothermal magnetization M(H) at 2 K for various x is
consistent with the M(T), clearly displaying the suppression of ferromagnetism, as seen in Figure
le. In Figure 1f, the nonlinear evolution of 7 and saturation magnetization Mg follows the same
trend with x, which shows that the decrease of 7¢ is initially very fast from 350 K to ~ 100 K
before x = 0.1 and then is somewhat moderate till it is invisible. Considering this nonlinear
evolution of T and My with x and the fact that Ni;GaTe, has three Ni sites, it is crucial to trace the
positions of substituted Ni and study its effect on the magnetism. Furthermore, homogeneity and

stability of the dopants are also necessary to be investigated.
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Figure 1. Crystal structure and magnetizations of (Fe,.,Ni,);GaTe,. (a)-(b) Schematic views of the crystal
structure of Fe;GaTe, and NizGaTe, along the a-axis, respectively. (c) The PXRD of the (001) orientation of
(Fe.xNi,);GaTe,. (d) Temperature dependent magnetizations of (Fe;Ni,);GaTe, (x =0 — 1.0) under a 0.1 T
magnetic field which is perpendicular to the ab-plane. (¢) Out-of-plane isothermal magnetizations at 2 K. (f) The
evolution of T¢ and M at 2 K against x. The height and width of the rectangles represent the moment size and x

to achieve a full occupancy on each site, respectively.

Aberration-corrected high-angle annular-dark-field (HAADF) STEM and annular bright-
field (ABF) STEM are used to obtain atomic-resolution images of Ni-substituted Fe;GaTe,. The

image intensity in HAADF-STEM mode of an atomic column is approximately proportional to the
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atomic number to the power of 1.7/Z!7, that is, brighter spots in the images are indicative of heavier
atoms in the region or similarly a greater atomic density. ABF-STEM images collect scattered
electrons in a lower angle range, which can simultaneously image both light and heavy atomic
species and are more sensitive to less atomic density. On the contrary to the contrast of HAADF-
STEM image, dark spots are indicative of the presence of atoms in ABF-STEM mode. Therefore,
by combining HAADF-STEM and ABF-STEM imaging, we can map out of the occupancy of Ni
dopants within the Ni-substituted Fe;GaTe, at the atomic level.
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Figure 2. STEM images of (Fe;_.Ni,);GaTe; crystals with EDS mappings of Fe, Ni, Ga and Te atoms viewed
along the [100] (x = 0.05 and x = 0.36) and [120] (x = 0.1 and x = 0.9) zone axes. The HAADF-STEM images
in (a)-(d) for x = 0.05, 0.1, 0.36 and 0.9 and the corresponding ABF-STEM images are in (e)-(h), respectively.
Simulated images are overlaid on the HAADF and ABF-STEM images. In (e)-(h), the cyan, blue, green, and
brown balls in the crystal models represent Fel, Fe2, Ga, and Te atoms, respectively. (i)-(1) EDS mappings of

(Feg.64Nig36)3GaTe,. The scale bars in the images are 1 nm.
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Figures 2a-2d and Figures 2e-2f show the atomic-resolution HAADF and ABF-STEM images
of (Fey.,Ni,);GaTe,, when x = 0.05, 0.1, 0.36, and 0.9 respectively. Simulated HAADF/ABF-
STEM images are shown as insets in the lower right corner of each figure, which are consistent
with experimental images. The results demonstrate that initially, substituted Ni atoms
preferentially occupy the interlayer Ni3 sites (Figures 2a-2h). This is unsurprising, because
Ni;GaTe, possesses three distinct Ni occupation sites, unlike Fe;GaTe, with only two Fe sites.
Notably, the vdW gap between layers is partially filled with Ni atoms (0.25 occupancy), while the
Nil site has a 75% occupancy.*! EDS mapping results for x = 0.36 (Figures 2i-21) reveal the
formation of Ni3 sites. Subsequently, additional Ni atoms preferentially occupy the intralayer Fe2
sites, as shown in the EDS mapping results for x = 0.36 (Figures 2i-21). Comparing the distribution
of Fe and Ni atoms at x = 0.36, it is evident that Fe atoms remain in both Fel and Fe2 sites, while
Ni atoms are restricted to Ni3 and Fe2 sites. This result is further supported by the plotted intensity
of Fe and Ni atoms with their distribution in Figure S3. This demonstrates that Ni atoms would
actually occupy the Fe2 sites after they fill the Ni3 sites. It is quite different from the Ni atoms in
(Fe;Ni,)sGeTe, at x = 0.36, which lead to the coexistence of flat and rumpled atomic planes due
to Fe-rich and Ni-rich atoms, respectively, rather than occupy different Fe sites in a special order.?”
Furthermore, with increasing Ni substitution levels, Ni atoms progressively occupy the Fel sites,

eventually achieving complete occupancy at x = 1.0.

The detailed isothermal magnetizations of (Fe,_Ni,);GaTe, at various temperatures measured
with the magnetic field perpendicular to the ab-plane are presented in Figure 3, which clearly show
the evolution of ferromagnetism with both temperature and Ni substitution level. When x = 0, the
hysteresis loop signifying the ferromagnetism is even visible above 300 K, which is consistent
with the fact that the 7 is of about 350 K. As x increases, the hysteresis loop becomes wider
accompanied by larger saturation magnetic field and smaller saturation moment. While when x =
0.1, the hysteresis loop changes from square to circular shape, which then becomes narrower as x
is further increased. The evolution of hysteresis loop is fully consistent with the STEM results,
that is, when the x is smaller (x < 0.1), Ni atoms enter onto the interlayer Ni3 sites, resulting in a
sudden drop of the 7 and saturation moment while a quick increase of the coercive field, seen in
Figure 1f, while the hysteresis loop remains a rectangular shape signifying the ferromagnetism,

suggesting that the substituted crystals are pinning-type ferromagnets and the motion of domain
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wall becomes difficult. When x > 0.1, Ni substitutions start to occupy the Fe2 and then the Fel

sites and the magnetic hysteresis loops are no longer rectangular.
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Figure 3. Ni substitution level x and temperature dependence of isothermal magnetizations measured with

the magnetic field perpendicular to the ab-plane.

First-principles calculations can yield in-depth insights into the Ni substitution effect on the
magnetism. Since the vdW interlayer gap is filled with 0.25 Ni atoms, which suggests a maximum
x of about 0.083 (1/12) for that the occupancy of Ni3 site reaches 0.25 in (Fe;Ni,);GaTe,, so a
supercell with 24 Fe sites (2 x 2 x 1 supercell) was used in the calculations. The calculated
electronic bands of (Fe,Ni,);GaTe, with x =0, 1/24, 1/12, and 3/24 are presented in Figures 4a-
4d. Tt is apparent that the Ni substitution makes the energy bands less dispersive, and the impurity
bands reduce the itinerant magnetism. During Ni substitution, the resulting Fe vacancies generate
local magnetism, thereby boosting the correlation effect. Thus, (Fe;_Ni,);GaTe, hold both local
magnetism and itinerant magnetism due to the Fe vacancies caused by Ni doping. In the first step
with the Ni substitution, i.e., when the Ni forms the interlayer Ni3 sites, the magnetic moment
decreases about 4.1 ug per Ni atom, which indicates that substituted Ni atoms strongly weaken the
itinerant magnetism. When Ni3 occupancy is larger than 0.25 (x = 3/24), there are three Ni atoms

and three Fe vacancies in the supercell model and 9 cases with lowest energies are plotted in Figure
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S4 and their energies are listed in the Table S3. The total energy of Fe2 is lower than that of Ni3
by 0.52 eV per Ni atom and lower than that of Fel by 0.41 eV per Ni atom. Thus, the substituted
Ni atoms prefer to occupy the Fe2 site in the second step. During this process, the magnetic
moment decreases 2.5 ug per Ni atom. It indicates somewhat moderate suppression of the FM as
compared to that in the first step, because the (Fe/Ni)2 site still keeps the conducting channels for
itinerant electrons. This is fully consistent with our magnetization measurements. Moreover, the
Fe vacancy has significant effect on the FM exchange. When x = 1/24, as shown in Figure 4e,
assuming that in the layer without Fe vacancy, the substituted Ni atoms reduce the FM exchange
interaction between the Fe2 sites near the Ni atom from 26 meV 444 to 17.9 meV. When the layer
is with Fe vacancy, the Fe vacancy remarkably influences the exchange interactions among other
magnetic sites. For example, the exchange integral between Fel and Fe2 near the vacancy is
increased to 13.1~20.8 meV, which are much larger than that of pristine Fe;GaTe, (8.8 meV). The
exchange interaction parameters are plotted in Figure S5. Thus, the Fe vacancies and Ni dopants
simultaneously result in the inhomogeneity in (Fep;»4Nijng);GaTe, and obviously affect the

magnetic exchanges.
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Figure 4. The calculated band structures of (Fe;.Ni,);GaTe,. (a)-(d) The energy bands of (Fe,,Ni,);GaTe,
(x =0, 1/24, 1/12, 3/24). The blue and red lines refer to the spin-up and spin-down energy bands, respectively.
(e) The structure of (Fey324Niy04)3GaTe,. Here the black dashed circle refers to the Fe vacancy. The different
exchange parameters J,~Js are shown in the figure, where J; = 26.9 meV, J, = 17.9 meV, J; = 13.1 meV, J, =
18.8 meV and Js = 20.8 meV. The positive values of J;~Js5 represent the FM exchanges.

L200 K
1265 Oe

100 K
1380 Oe

Figure 5. L-TEM results for (Feg7Nig3);GaTe, and (Fe(9sNigs):GaTe, flakes. (a)-(h) Labyrinth domain
structures and magnetic skyrmions in (Feg 97Nig ¢3)3GaTe, with different temperatures. (i)-(1) Labyrinth domain
structures and magnetic skyrmions in (Feg 9sNig os);GaTe, with different temperatures. The surface is within the
ab-plane with the magnetic field perpendicular to the surface. The images are taken at a = 15° and d = -3 mm,
where a is the angle between the sample surface and the x - y plane, d is the focus distance with the positive

value representing the over-focus and negative value denoting the under-focus.

To study more details about the drastic suppression of FM in (Fe,,Ni,);GaTe, when x <0.1,
we selected two representative specimens, x = 0.03 and x = 0.05, in which the saturation moments

are significantly reduced, to measure their magnetic domain structures by using L-TEM. As is
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presented in Figures 5a-5h, the measurements on a (Fe97Nigo3);GaTe, flake unveil clear
labyrinthine domain structures at different temperatures below 300 K with large patterns and wide
walls, indicating the presence of strong ferromagnetism. As the temperature increases, the width
of domain walls gradually becomes narrower. When a magnetic field perpendicular to the ab-plane
is applied during the measurements, the labyrinthine magnetic domains of (Fey97Nig3);GaTe,
gradually transform into skyrmion spin textures when the magnetic field is sufficiently large to
polarize the sample, i.e. above 1600 Oe, as seen in Figures 5i-51. Magnetic skyrmions of (Fe.
«N1,);GaTe; are observed under the magnetic fields of 1610 Oe, 1380 Oe, 1265 Oe, and 690 Oe at
100 K, 150 K, 200 K, and 250 K, respectively. At 100 K, (Feq¢7Nigg3);GaTe, and
(Feg.95Nig05)3GaTe, both have similar labyrinthine domain structures and skyrmions spin textures,
but a close inspection unveils that the domain walls are wider and the skyrmions are larger when
x =0.03, as shown in Figure S8, consistent with the results of magnetization measurements. The
width of domain walls can be defined as w =2|4/K]|'?, where 4 is exchange stiffness and K is
uniaxial anisotropy constant.*> The substituted Ni atoms destroy the magnetic Fe sites and decrease
both the saturation magnetization M, and total spin stiffness 4. Besides, due to that the magnetic
domain walls are pinned, they are hard to be moved and canceled to decrease the energy, hence
the number of magnetic domains is larger. Thus, the width of domain walls is decreased with Ni
substitution, and the magnetic domains will become denser as well. Meanwhile, the magnetic
domain structure of bulk crystal measured by using MOKE also shows the similar evolution as
observed in thin flakes, as seen in Figures S6 and S7 of SI.

To summarize, our characterizations and theoretical calculations on (Fe;_Ni,);GaTe, (x =0 -
1.0) crystals enable us to establish the roadmap for Ni substitution in Fe;GaTe,, which unveils
three steps for Ni atoms to form the Ni3 sites and occupy the different Fe sites. The substitutions
are accompanied by a nonlinear change of the Curie temperature and saturation magnetic moments.
In the first step, Ni atoms preferentially form the interlayer Ni3 sites, which result in a fast decrease
of the Curie temperature as well as the saturation magnetic moment. Subsequently, Ni atoms enter
onto the Fe2 sites and then replace the Fel sites, resulting in the magnetic hysteresis loop change
from square to circular shape and a moderate suppression of the ferromagnetism. The three-step
substitution mechanism is also supported by the theoretical calculations. Since impurity
substitution can also be useful method for the study of crucial issues in many quantum materials,

such as the significant enhancement rather than suppression of the 7¢ in Ni-substituted FesGeTe,
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which has three Fe sites,?% 37 the results reported herein would provide the proof-of-principle

elaboration of such study.
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Three-step Ni substitution for Fe in (Fel-xNix)3GaTe2, resulting in nonlinear decrease of both the Curie
temperature TC and saturation magnetic moments MS, which is tightly tied to the Ni occupancy order as
well as the different roles of Ni3, Fel and Fe2 sites in the spin Hamiltonian.
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