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Very large magnetoresistance discovered in single crystals of the ferromagnetic Fe-intercalated
transition metal dichalcogenide, Fep 2sTaS2 was attributed to the deviation of the Fe concentration
from commensurate values (xz = 1/4 or 1/3), which caused magnetic moment misalignments. Here
we report a study of Fe,TaSs crystals with 0.23 < z < 0.35, demonstrating that crystallographic
defects lead to spin disorder, which correlates with magneto-transport properties such as switch-
ing magnetic field Hg, magnetoresistance MR, and even zero-field resistivity po and temperature
coefficient A in p(T) = po + AT?: The ordering temperature T and Weiss temperature Ay are
maximized at the superstructure composition z = 1/4, while Hs, MR, po, and A are minimum.
Conversely, at a composition intermediate between the superstructure compositions x = 1/4 and
1/3, the corresponding magneto-transport properties reach local maxima.

PACS numbers: 75.30.Gw, 75.47.De, 75.47.-m

I. INTRODUCTION

Magnetoresistance (MR) is the change in resistivity
with applied magnetic field. The ordinary magnetore-
sistance in bulk metals is generally a few percent.!
In contrast to bulk metals, Baibich et al.? discov-
ered giant magnetoresistance (GMR) in two dimen-
sional Fe/Cr magnetic superlattices, where MR can
be as large as 60%. Since then, intense interest has
arisen due to potential industrial applications, and GMR
was observed in more magnetic/non-magnetic/magnetic
heterostructures.> 11 The GMR? in these heterostruc-
tures was qualitatively explained by a two-current
model,'>'3 where spin-up and spin-down electrons had
different resistivities due to their opposite alignment with
the magnetization of a magnetic layer. This resulted in
a spin-up current and spin-down current, which, in turn,
generated either a high or a low resistivity state, due to
the relative alignment of the magnetization in the differ-
ent magnetic layers.

The antiparallel magnetization between magnetic lay-
ers in magnetic/non-magnetic/magnetic heterostructures
was attributed to the RKKY interactions.'® These an-
tiparallel alignments mediated by the RKKY interaction
were supported by the thickness dependence of the inter-
plane coupling strength.'® The concept of antiparallel
alignment was later generalized to the misalignments of
spins.!#15 Although GMR was predominantly observed
in two dimensional systems due to the increased inter-
facial scattering where the misalignment occurred, the
same physics could take place in some 3D systems where
ferromagnetic clusters were immersed in a non-magnetic
matrix.!>!” The GMR in both 2D and 3D systems in-
dicates that the misalignment of magnetic moments is
crucial to produce a large magnetoresistance.'%15:17

Meanwhile, materials that have large MR are still rare
and in demand. To search for new materials that have
large MR, beyond 2D heterostructures, ferromagnetic

materials that can easily have misalignments of the mag-
netic moments are preferred. In the ongoing research, in-
tercalated transition metal dichalcogenides may be ideal
candidates because of the potential for tuning their mag-
netic properties through different types or amounts of
intercalants,'® 29 and their inherent potential for large
magnetic anisotropy. Fe-intercalated TaSs has a ferro-
magnetic ground state for z = 0.23 to 0.4 in Fe,TaSs
with the magnetic easy axis along c¢ axis, which is per-
pendicular to the TaSs planes.!®!® When x is equal to
1/4 or 1/3, the intercalated Fe ions form commensurate
2a X 2a or v/3a x /3a superlattices respectively.'®19

Recently, large MR was discovered in Feg 25TaSs,!
when a minute (Ax = 0.03) Fe concentration depar-
ture from the Fe;,4TaSy superstructure resulted in an
increase of MR close to two orders of magnitude.?? It
was suggested that the large MR in the Fej 2gTaSs sin-
gle crystals was due to the magnetic disorder scattering.
Here we report magnetization and MR of ferromagnetic
Fe,TaS, single crystals with various Fe concentrations.
Our results suggest that the MR in Fe,TaS, indeed re-
sults from the magnetic disorder scattering, which is due
to the misalignment of the magnetic moments. In turn,
the misalignment is attributed to crystallographic defects
such as vacancies due to the deviation from the commen-
surate Fe concentrations (1/4 or 1/3), or the antiphase
boundaries,?3?4 or both. Surprisingly, even larger mag-
netoresistance is now unveiled in x = 0.297 single crys-
tals: even though the T'= 2 K magneto-transport proper-
ties fall in line with the trend as a function of Fe content
x, just a small temperature increase to T' = 2.3 K re-
sults in a remarkable increase in MR to  140%. This
observation is consistent with the disorder-enhanced MR
scenario, and underlines the complexity of the magneto-
transport properties in Fe,TaSs, and their correlations
with the crystallography. This identifies a plausible path-
way to enhanced controllable MR, in magnetic systems
just off from crystallographic order, or with otherwise
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FIG. 1: ZFC (solid circles) and FC (open circles)
temperature-dependent magnetic susceptibility M/H of
Feg.348TaS2, with H = 0.01 T (H || ¢), with the low tem-
perature range shown in the inset.

enhanced disordered magneti scattering.

II. METHODS

Fe,TaSy single crystals were prepared using iodine
vapor transport in a sealed quartz tube, as described
elsewhere.?? The typical size of the resulting single crys-
tals was 2x2x0.1 mm3. The Fe concentration was deter-
mined from Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES) measurements conducted
by Galbraith Laboratories, Inc.. The determined Fe con-
centration has an error less than 2% of the reported x
values. Temperature- and field-dependent magnetization
data were collected in a Quantum Design (QD) Magnetic
Property Measurement System (MPMS) and a Vibrat-
ing Sample Magnetometer in a 14 T Physical Properties
Measurement System (PPMS). Temperature and mag-
netic field-dependent DC resistivity measurements were
also performed in a QD PPMS using standard four-probe
methods with the current 4 ||ab.

III. RESULTS

The magnetic susceptibility M/H for Fe,TaS, single
crystals with « between 0.23 and 0.35 has been measured
anisotropically, with an applied field H = 0.01 T. Within
this concentration region, Fe,TaS, had been reported to
order ferromagnetically. This is indeed confirmed by the
temperature-dependent magnetic susceptibility, as exem-
plified by the zero field-cooled (ZFC) (full symbols) and
field-cooled (FC) (open symbols) data shown in Fig. 1
for x = 0.348. At high temperatures, Curie-Weiss behav-
ior is signaled by the linear inverse susceptibility H/(M
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FIG. 2: The inverse magnetic susceptibility H/M (symbols)
of Fe, TaSy, = = 0.231, 0.246, 0.249, 0.25 (from ref.[20]), 0.264,
0.280, and 0.348, together with an example of the Curie-Weiss
fit at high temperatures (solid line), with a vertical arrow
marking the Weiss temperature Gy .

- My) (Fig. 2), after a temperature independent mag-
netization contribution xo = My/H has been accounted
for. The effective moment p.ys values, which are derived
from the linear fits of the inverse susceptibility at high
temperatures, are between 3.95 and 5.88 up/Fe. The
magnetic susceptibility significantly increases upon cool-
ing through the ferromagnetic order at T¢ (Fig. 1). The
Tc values are determined from both the magnetization
derivative dM/dT (open symbols, left axis, inset of Fig.
3a), and from the resistivity data shown below. All T¢,
ters, and xo for all Fe,TaSy compounds in this study
are listed in Table 1.

The H = 0 temperature-dependent resistivity data
p(T)/p(300K) are shown in Fig. 3a, with the inset il-
lustrating how T¢ is determined, from the minimum or
maximum in the derivatives of the magnetic suscepti-
bility (left axis) and resistivity data (right axis). The
weakly linear decrease in p(T')/p(300K) above T¢ is in-
dicative of poor metal behavior, while a drop below T¢
is consistent with the loss of spin disorder scattering
at the FM ordering.?? Furthermore, power law behav-
ior p(T) = po + AT? is evident for x > 0.231 at low
temperatures. Fig. 3b-d exemplifies the linear p vs. T2
behavior for compositions around the commensurate x =
0.25 value, while pointing to a minimum in the quadratic
temperature coefficient A exactly at x = 0.25. Not sur-
prisingly, the residual resistivity value py is also mini-
mized for the ordered superstructure, and the py and A
values across the series are listed in Table 1.

The temperature-dependent data paint a picture of
non-monotonous dependence on x of the magneto-
transport properties in Fe, TaSs, with a singularity at the
superstructure composition x = 0.25: maximum Weiss
fw and Curie T¢ temperatures, minimum py and A in
p(T) = po + AT?. Even more remarkable behavior is
unveiled by the field-dependent magnetization and resis-
tivity measurements with field applied along the mag-
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FIG. 3: (a) Temperature-dependent resistivity of Fe,TaSs
single crystals (z = 0.231, 0.246, 0.249, 0.264, 0.280, and
0.348) with H = 0 and ¢ || ab. The symbols mark the Curie
temperature Tc as determined from dM/dT and dp/dT as
illustrated in the inset for = 0.348 (open symbols, left axis
and full symbols, right axis, respectively). Data for = 0.28
is from ref.[20]. (b) p(T) wvs. T? for x = 0.249, 0.250, and
0.264, with solid lines representing fits to p(T) = po + AT>.
The insets show the low temperature range for clarity.

netic easy axis (H || ¢). When = > 0.231, the mag-
netization isotherms M (H) (Fig. 4) reveal sharp mag-
netization switching, similar to that reported for the
Feg.05TaS22? and Feg 0sTaSe.2! For x = 0.231 (Fig. 4a),
no sharp switching behavior was observed down to 2 K,

and M (H) shows a typical hysteresis loop with a coercive
field H, < 5.5T for T > 2 K. The H, or H. values are
listed in Table I. Even though the M(H) isotherms do be-
come more square for compositions 0.231 < x < 0.25 (Fig.
4b,c), their magnetization reaches only M ~ 3up/Fe at
the maximum field for our measurements, smaller than
the saturated moment M[9T] ~ 4 pp/Fe for all other
compositions. The less than ps,; magnetization for the
x < 0.25 is likely a result of larger field scale for satura-
tion in this composition, consistent with the finite M (H)
slope at teh maximum applied field.

A more complete picture of the magnetic properties of
Fe,TaS, can be drawn in conjunction with magnetore-
sistance MR measurements, with MR given by:

MR = B¢ _ pH) — p(0)

Po p(0)

The MR measurements, with magnetic field H applied
along the ¢ axis, were performed at selected tempera-
tures for all compounds (Fig. 5 and Fig. 6). Below T¢,
as the magnetic field H increases from 0 to 9 T, MR of
all single crystals with « > 0.231 increases to a maximum
value at Hg, and then drops in a very narrow field inter-
val AH, followed by a nearly linear decrease up to the
maximum measured field H = 9 T. When the magnetic
field direction is reversed, the same change in MR is ob-
served, resulting in a bow-tie shape of MR. For = = 0.231,
the bow-tie MR is more rounded than in the larger com-
positions. This is qualitatively consistent with rounded
M(H) loops. The MR of = 0.264 crystal at 2 K ap-
pears to have a smaller value than the one at 4 K. This
is due to H; of this crystal being close or higher than
the maximum applied field H = 9 T, and therefore no
switching is observed at T' = 2K within our field range.
An even more remarkable and non-monotonous change of
MR with temperature occurs for the two compositions (z
= 0.297 and 0.308) closest to the = 0.33 superstructure
composition (Fig. 6). A minute change in temperature
from T = 2 K to 2.3 K results in tripling the MR for z
= 0.297 (Fig. 6a), for a maximum of nearly 140% at T
= 2.3 K, with a similar increase, albeit smaller, for x =
0.308 (Fig. 6b).

The H, values determined from the MR data are con-
sistent with those from M (H) measurements, while the
absolute MR values vary greatly with x, even when
M(H) data show little composition dependence. For
0.246 < x < 0.348, the M (H) shows nearly flat plateaus
between -H and Hg, with small departures from pgq; >~
415 /Fe only close to the switching field (Fig. 4b-f). How-
ever, the MR varies over nearly two orders of magni-
tude within this composition range, with a minimum
MR[2K] ~ 1% for x = 0.25 (ref. [20]) and a maximum
MR][2.3K] ~ 140% for = = 0.297 (Fig. 6). While the min-
imum at the x = 0.25 superstructure composition can be
readily understood within the picture of an ordered Fe
sublattice, the maximum at x = 0.297 is less readily ap-
parent, but a likely explanation is offered in the following
Discussion section.
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FIG. 4: H || ¢ magnetization isotherms M (H) for Fe,TaS; for = (a) 0.231 , (b) 0.246, (c) 0.249, (d) 0.264, (e) 0.280, 0.297,
0.308, and (f) 0.348. The data for z = 0.25 and = = 0.280 are reproduced from references [20] and [19], respectively. Arrows
in (b) indicate the field sweep direction.
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Qualitatively, when T" < T¢, crystals that have sharp
switching behavior share similar field-dependence in MR
measurements, with bow-tie shape and non-monotonous
change in MR values with x. When T' > T, the bow-
tie shape disappears, and MR of all samples decreases
monotonically with increasing magnetic field (Fig.5).

IV. DISCUSSIONS

A summary of the magneto-transport properties of
Fe,TaS, is shown in Fig. 7. The striking non-monotonous
change in the Curie temperature T (hexagons) and the
Weiss temperature Oy, (circles) (top panel) results in a
maximum at the superstructure composition z = 0.25.
All other properties of Fe,TaSs, such as the residual re-
sistivity po (left triangles) and the resistivity coefficient
A (right triangles) in the H = 0 p(T) = po + AT? (Fig.
7a), the switching field Hy (pentagons), and MR at low
temperatures (diamonds) (Fig. 7b), all display minima
at the same superstructure composition, while their re-
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FIG. 7: (a) Tc (hexagons, left axis), Ow (circles, left axis),
po (left triangle, right axis), and A (right triangle, right axis)
in p(T) = po + AT? as a function of z in Fe,TaSs. (b) Hs
(pentagon, left axis), AM/M, (squares, right axis), and MR
(diamond, right axis). An example of a Fe,TaS, single crystal
is shown in the inset in (a). Open symbols indicate the ab-
sence of sharp switching behavior in the z = 0.231 compound.

spective values are maximized at intermediate compo-
sitions between the two known superstructures at x =
1/4 and 1/3. In particular, very large MR (~ 140%) is
observed in Fegog7TaSy (Fig. 6a). Very large MR in
Fep.0sTaSs was previously attributed to magnetic disor-
der scattering,2"?2 described below, but a scenario that
accounts for why this large MR occurs at these particu-
lar compositions can only be offered based on the current
comprehensive composition study.

Because Fe, TaS, has the magnetic easy axis along the
¢ axis, together with significant anisotropic magnetiza-
tion and sharp switching behavior,2"?2 an Ising model
can be used to describe its magnetic properties. When
all magnetic moments are parallel to the c¢ axis and the
external magnetic field, there is little or no magnetic
disorder scattering. Once an opposite magnetic field is
applied, some magnetic moments are flipped and form
antiparallel pairs with neighboring magnetic moments.
The pairs function as carrier scatterers and produce in-
creased resistivity. When the magnetic field is larger than
a critical value Hj, all magnetic moments are flipped and
aligned with the external field, and consequently the MR
decreases with the lack of scattering off of antiparallel
spin pairs.

Because the resistivity depends on the fraction of these
antiparallel pairs, the formation of additional pairs before
reaching H results in a relatively larger resistivity. The
amount of antiparallel pairs can be estimated from the



magnetization measurements, because the formation of
antiparallel pairs reduces the magnetic moment from its
saturation value pg,¢. Therefore, the relative decrease of
the magnetic moment:

AM  M[9T] — M[—H, + 0]
M, MI9T]

before the sharp switching (illustrated in Fig. 4e) can
be used as a measure of the number of antiparallel spin
pairs. The AM /M, dependence on x is captured in Fig.
b (squares). The Hy and MR values correlate with
AM /Mg, all being minimum at x = 0.25. More remark-
able is that the maximum in all these values appears at
some intermediate composition between the two super-
structures at x = 1/4 and 1/3.

The AM/Mj, correlation with MR was also observed
in 2D and 3D ferromagnetic systems, such as NigiFejg
layers separated by non-magnetic Cu layer,'* and fer-
romagnetically inhomogeneous Cu-Co alloys,'>'7 and
was attributed to the misalignment of the spins.'®15:17
There are also substantive differences between Fe,TaSo
and other magnetic systems mentioned previously,'4:1%:17
most significantly that the magnetic moments in Fe,TaS,
flip along the ¢ axis at H, instead of tilting off the c
axis.?122

The large MR at intermediate ferromagnetic composi-
tions in Fe, TaS; and the non-monotonous change in MR
with & prompt the need for understanding the magneto-
transport mechanism in these systems. By contrasting
the small (< 1%) MR in the commensurate (ordered) z
= 0.25 compound?? with the very large MR (140%) in z
= 0.297 single crystals, the disorder in the magnetic Fe
sublattice is readily apparent.

For z = 1/4 and « = 1/3, Fe ions form a 2a X 2a and
V/3a x v/3a superstructure respectively, and all magnetic
moments have the same coupling strength with their
neighbors. However, when the Fe concentration deviates
from these specific superstructure values, some vacancies
are created and the magnetic moments near these va-
cancies have smaller coupling strength with their neigh-
bors. As a consequence, the magnetic moments near the
vacancies will be more easily flipped when the opposite
magnetic field is applied, and antiparallel pairs are cre-
ated. This argument is supported by the observation that
AM /M, has a minimum value when z is close to the com-
mensurate concentration z = 0.25 and increases when z
deviates from this superstructure composition (Fig. 7a).
It also explains the maximum MR of x = 0.297 crystals,
a composition very close to the average of 0.25 and 0.33,
where this disorder is likely maximized.

The domain wall is a place where antiparallel spin
pairs can occur. This contribution to the MR was es-
timated to be negligible due to the observation of large
MR in a relatively small number of domain walls in exfo-
liated Feg 23 TaS2 crystals.?! Meanwhile, a magneto-optic
study?® on Feg 25 TaS, showed that the magnetic domains
in this crystal were of micrometer size, which was consid-

ered to be too large to significantly contribute to MR. Al-
though the domain wall had a negligible contribution to
MR in Fe, TaS, crystals, it is still worth pointing out that
further magneto-optic studies on these Fe,TaSs crystals
can reveal more details on the correlations between iron
concentration and domain wall evolution.

Another source of the antiparallel spin pairs is the
existence of phase boundaries between two commensu-
rate superlattices (2a x 2a or v/3a x v/3a), and the an-
tiphase boundaries, where the atomic configuration is
different from a perfect arrangement within each com-
mensurate superlattice. Both types of boundaries can
coexist for the same average Fe concentration within
one crystal.232% It was also suggested that the bound-
aries could cause pinning effects that affected the mag-
netic properties in Fe,TaS, compounds, such as H, or
H..23?* When a Fe,TaS, crystal has more boundaries,
which means smaller domain size, the pinning effect is
stronger. This yields a larger H; value even though the
Fe concentration is fixed. This explains the different H,
values reported for the same Fe concentrations.?32° The
fact that, in the current study, H, and other magneto-
transport properties (pg, A, AM /M, and MR) are corre-
lated, suggests that the single crystals have homogeneous
compositions, and therefore little or no phase boundaries.

Of note is the qualitative change in the shape of the
MR curves at T > 2 K for the x = 0.297 and 0.308
samples: while at T = 2 K, the MR drop at H is abrupt
for all compositions = > 0.231, this remains sharp for
compositions away from x = 1/3 (Fig. 5), and becomes
broader with just a small temperature increase (T' = 2.3
K) for x = 0.297 and 0.308 (Fig. 6). Several scenarios
can account for this change and the largest MR up to
140% in the studied compositions.

The first possibility is that the MR for the exact su-
perstructure compositions z = and 1/3 is minimized with
the lack of disorder. Departures from the ordered super-
structures at intermediate compositions between « = 1/4
and 1/3 result in an increase in the magneto-transport
properties, including MR, AM/M; and H,. This sce-
nario does not account for the peak in the Curie temper-
ature T at = 1/4, but a monotonous decrease of T
with z even through = = 1/3. However, this latter super-
structure composition has remained ellusive throughout
this study. It is also possible that the exact z = 1/3
composition may have been inaccurately attributed to
systems with x very close to this superstructure compo-
sition, given that the electron difraction images (based
on which the superstructure was determined) could not
detect deffects or small departures from the exact x =
1/3 composition.

A second scenario could come from a change of
anisotropy for x 2 0.3. If the Ising model no longer holds,
and the moments could cant away from the c¢ axis, this
too could lead to enhanced disorder scattering and large
MR, while the MR drop at Hy would become broader.
This would then allow for a weakening of the ferromag-
netic coupling, with a possible antiferromagnetic com-



ponent within the ab plane. While a more remote pos-
sibility, this may explain the continuous decrease in T¢
with increasing x. Angular-dependent magnetization and
magnetoresistance measurements may help validate one
of these scenarios, and in turn, provide a potential path
to controllably large MR, values.

Although most of our compounds show sharp switch-
ing behavior in both M(H) (Fig. 4) and p(H) (Fig. 5),
this behavior is absent in the x = 0.231 crystals while
the magnetization and field-dependent resistivity are the
same as those reported in the ferromagnetically inhomo-
geneous alloy Coy6Cugy.!” This implies that the magnetic
moment in Feg 231 TaSs may be more Heisenberg-like in-
stead of a simple Ising.

V. CONCLUSIONS

In this study, we report the magneto-transport proper-
ties of ferromagnetic Fe,TaSs compounds with = 0.23
to 0.35 (Fig. 7). Our results suggest that strong axial

anisotropy, combined with crystallographic defects (in-
cluding vacancies and possible antiphase boundaries), in-
duces the misalignment of magnetic moments. In turn,
this misalignment is the cause of large MR in Fe,TaS,
single crystals up to 140% at compositions intermediate
between the two superstructures at z = 1/4 and 1/3.
We provide an explanation for the large MR in Fe, TaSs,
which may be further applied to other highly anisotropic
ferromagnets in the search for new materials with large
MR.
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TABLE I: Summary of magnetic and electrical transport properties of Fe,TaS> crystals.

T 0.231 0.246 0.249 0.250° 0.264 0.280°  0.297 0.308  0.348
Te (K) 42.7 80.4 137.6 160 89.9 68.8 38 38 38
Ow (K) 56.8 101.3 149.1 162 105.1 64.6 66.9 60.3 62.0
Xo (emu/molp.) 0.0025  0.0005 0.0005  -0.0005 -0.0002 0.008 0 0 0.002
prers (uB) 5.88 4.24 3.95 5.03 4.74 4.67 4.85 4.88 4.46
psat = M[2K, 9T] (up)  2.59 3.1 3.15 4 3.82 4 412 4.21 3.76
H,[2K] (T) 5.1° 7.25 5.92 3.9 9 6.2 3.35 2.59 2.38
AM/M,[2K] - 0.146 0.099 0.003 0.3056 0.388  0.345 0.144  0.005
p[300K] (mQcm) 1.17 1.08 6.14 0.05 2.50 0.76 0.54 0.54 0.92
po (mQcm) 0.915 0.816 2.940 0.0175 1.242 0.200  0.115 0.065  0.0804
A (uQem-K?)© - 0.0452 0.171 0.0028 0.288 0.18 0.084 0.061  0.0848
MR/[2K] (%) 15 8 3 0.5 357 60 1407 357 4

a: From reference [20]. b:
e: Ain p(T) = po+ AT?. f: MR at T = 2.3 K.

From reference [19]. c:

Coercive field H.. d: MR at T' = 4 K.



