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Large size epitaxial thin films of ferromagnetic Co,MnGe full Heusler alloy are grown over MgO(100)

substrate by using pulsed laser deposition technique under optimized growth conditions. Metallic
behavior is confirmed from the longitudinal resistivity-temperature data, while a minimum in the

resistivity at ~25 K is attributed to the disorder-induced weak localization effect.
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Importantly,

a dominating intrinsic anomalous Hall conductivity value of ~21 S cm™ against an overall anomalous

Hall conductivity value of ~36 S cm™ at the room temperature has been estimated for the epitaxial

DOI: 10.1039/d3ra06132a

rsc.li/rsc-advances

1. Introduction

Search for novel materials with potential for advanced techno-
logical applications has always been driving the research efforts
by material scientists and engineers. Heusler alloys are one of
the important breakthrough materials which were discovered
for the first time in year 1903," since when the number of
possible compositions having physical properties spanning
multiple fields of the material science has enormously grown.
Every time, new observations in one or more of their types, for
example, the half-metallicity,” nontrivial topological states,®
superconductivity,* have been regenerating the interest in these
systems. Co-based ferromagnetic full Heusler alloys are quite
interesting systems due to their remarkable characteristics,
including the high Curie temperature (7.), and tunable elec-
tronic and magnetic properties.>” They possess unique half-
metallic property wherein bands of one type spin exhibit
metallic nature while the bands of the other are semiconducting
or insulating.”® Among the possible Co-based ferromagnetic
full Heusler alloys, the ternary Co,MnGe has been shown, both
theoretically and experimentally, to exhibit half-metallicity>**°
along with high Curie temperature, T, ~ 905 K (ref. 11) and large
saturation magnetization, Mg ~ 5ug f.u.”1.2 Such properties
deem it to be fit for use in spintronic devices, for example,
magnetic electrodes in magnetic tunnel junctions™ and
magnetic memory devices.'®**** The possibility of Co,MnGe as
being a Weyl semimetal is strengthened from a recent
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Co,MnGe film. The dominating intrinsic mechanism is also evident from the near temperature-
independent behavior of the overall anomalous Hall conductivity.

theoretical study on a clean Co,MnGe system'® and another
experimental study using angle-resolved photoemission spec-
troscopy (ARPES) on Co,MnGe single crystal,” where two topo-
logical cones near the Fermi level could be located. The
presence of Berry curvature in the topological non-trivial band
structure of a material system is expected to give rise to several
unique transport phenomena, including the large anomalous
Hall effect (AHE) and chiral anomaly effect.**”*°

In the Hall measurements, AHE manifests itself as an addi-
tional contribution in the developed transverse voltage.
Fundamentally, the interaction between a spontaneous
magnetization (M) and spin-orbit coupling (SOC) in the system
is the origin for AHE,**** where extrinsic and intrinsic mecha-
nisms are involved. The extrinsic contribution to AHE arises
from asymmetric scattering events, such as skew scattering and
side jumps, from defects/disorders. On the other hand, the
intrinsic mechanism elucidates the role of SOC in the electronic
band structure of the ferromagnetic metal. The Karplus and
Luttinger theory (KL theory) in terms of Berry phase?**?*>* ig
popularly used to analyze the intrinsic behavior of the AHE. To
distinguish between the intrinsic and extrinsic mechanisms
contributing to the AHE, experimentally measured anomalous
Hall resistivity is analyzed by certain scaling relation with the
longitudinal resistivity.'**>*®* While many studies in the litera-
ture have explored AHE in Co-based Heusler alloys,*>*” there
exists only one such study on the Co,MnGe system, where
Obaida et al.*® reported AHE in polycrystalline Co,MnGe thin
film grown by sputtering. It was inferred from those results that
AHE is predominantly influenced by extrinsic scattering,
specifically, the skew scattering in the sample. More such
studies on the other forms, viz., the epitaxial films and single
crystals of Co,MnGe are highly desirable.
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In the present study, we report intrinsically dominated AHE
in epitaxial Co,MnGe thin films grown on MgO(100) substrate
by pulsed laser deposition (PLD) technique under optimized
growth conditions. While the epitaxial growth of the Co,MnGe
thin films were previously reported using molecular beam
epitaxy (MBE)" and sputtering techniques,*** however, the
same by using PLD technique on MgO substrate are lacking.
Structural properties were investigated by X-ray diffraction and
¢-scan measurements to establish the epitaxial nature of the
films. The dominating intrinsic AHE in the films is established
by fitting the experimental results from magnetotransport
measurements with appropriate scaling relations. Thus ob-
tained value of the anomalous Hall conductivity (AHC) is found
to be of the same order as the theoretically predicted value.*
Since, intrinsic AHE is one of the characteristics of Weyl semi-
metals,**** hence, the dominating intrinsic AHE in epitaxial
Co,MnGe thin film indicates the presence of a non-negligible
Berry curvature in its electronic structure. Further experi-
ments, such as ARPES on the epitaxially grown films of the
Co,MnGe, will be required to affirm the same. Nevertheless, our
results from transport measurements provide further linkages
for the Co,MnGe Heusler alloy to be categorized as a Weyl
semimetal.

2. Experimental details

Co,MnGe thin films were grown on (100)-oriented MgO single
crystal substrates using the PLD technique. Base pressure of
~10~7 mbar was maintained in the deposition chamber inside
which, a bulk target (Co: 50%, Mn: 25%, Ge: 25%) was contin-
uously hit by pulsed laser light from an excimer KrF laser
(Coherent Inc.) at 248 nm wavelength and variable repetition
rate and energy. The laser beam was incident on the target at
a 45° incident angle to avoid any plume disorientation. To
ensure film homogeneity, the target surface was continuously
rotated and toggled at a fixed distance (~4 cm) below the
substrate. Vacuum environment of ~10~® mbar was maintained
during the deposition process. A range of the growth tempera-
tures, the laser fluences and the laser repetition rates were
implemented for the initial optimization process. The opti-
mized growth conditions for epitaxial thin films were with the
growth temperature of 773 K, laser fluence of 2.6 ] cm~> and
pulse repetition rate of 7 Hz. An in situ post-annealing was
conducted at the same temperature for 1 hour to further
enhance the crystallinity and chemical ordering.

An X-ray diffractometer (PANalytical X'Pert) having Cu-Ko
radiation source (A = 1.5406 A) was used for analyzing crystal
structure and crystalline quality of the Co,MnGe films. ¢-scan
measurements helped to confirm the epitaxial quality of the films
while thickness, density, and surface roughness for the film were
determined from X-ray reflectivity (XRR) data. Elemental compo-
sition of the Co,MnGe film was determined by using electron
probe microanalysis (EPMA) as described in the ESI Section S2.+
An atomic force microscope (AFM by Asylum Research) was used
to investigate the films' surface morphology at room temperature.
Magnetization measurements were performed using a magnetic
property measurement system (MPMS by Quantum Design, USA).
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Transport measurements for longitudinal resistivity, magnetore-
sistance, and AHE were carried out by using a physical property
measurement system (PPMS by Quantum Design, USA).

3. Results and discussion

3.1. Structural analysis

The XRD pattern at room temperature is shown in Fig. 1(a). For
a comparison, the data for the bare substrate is also presented.
The presence of (200) and (400) reflections at 26 = 31.34° and
65.3°, respectively, indicates formation of an epitaxial Co,MnGe
film with a B2-type structure oriented along (100) direction of
the substrate. The absence of any extra peaks is strong evidence
of the phase purity of the thin film sample. From these results,
we determine the value of the lattice constant to be aco mnge =
5.71 A, which is in good agreement with the literature.** We
estimate mean size of the highly oriented crystallites in the
plane of the film to be ~15 nm from the Scherrer's formula, D =
[0.92/8 cos ], where £ is the full width at half-maximum of the
diffraction peak, 4 is the X-ray wavelength in nm, and @ is the
diffraction angle in degrees. Results from ¢-scan measurements
carried out along the (220) plane (26 = 45.3° and y = 45°) of the
Co,MnGe film and along the (220) plane (26 = 62.3° and x =
45°) of the MgO substrate, are shown in Fig. 1(b). Four well-
defined peaks, periodically separated from one another with
an angular difference of 90°, clearly demonstrate an underlying
fourfold crystalline symmetry. To substantiate the epitaxial
growth of the Co,MnGe film on the MgO(100) substrate, we also
recorded ¢-scans along the (111) planes (26 = 27.3° and x =
54.7°) in which no reflections were observed. From all the
above, it can be concluded that (100)-oriented Co,MnGe
epitaxial thin film with B2-type crystalline ordering was grown
by PLD.

As inferred from the X-ray analysis in the above paragraph,
schematic unit cell structure is shown in Fig. 1(c) in which, the
crystallographic orientations of Co,MnGe on the MgO substrate
are also indicated. In the figure, the picture on the left repre-
sents unit cell of the B2-ordered Co,MnGe crystal, where anti-
site disorder is present at Mn and Ge positions, while the
image on the right is the top-view showing the Co,MnGe unit
cell, positioned diagonally on the MgO substrate. The XRR data
for the thin film is presented in Fig. 1(d), where the solid red
curve is the best fit obtained by following recursive Parratt
formalism.*” From the fitting, we obtain the film thickness of 45
+ 1.5 nm and roughness of 3 + 0.3 nm. The relatively high
roughness here can be attributed to the large grain size, as
evidenced from the AFM image of the film. The same is pre-
sented as inset in Fig. 1(d), from which we estimate an average
grain size of ~180 nm. From the AFM image, the root mean
square roughness is estimated to be ~3.2 nm, a value consistent
with the result obtained from the XRR analysis.

3.2. Magnetization, electrical resistivity, and
magnetoresistance

A soft ferromagnetic behavior with coercivity value of 140 Oe at
300 K is evident from the M-H curves recorded at different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Crystal structure and surface morphology of PLD grown (100)-oriented epitaxial Co,MnGe thin film on MgO(100) substrate. (a) Out-of-
plane XRD patterns and (b) ¢-scan data (along (220) planes) of the Co,MnGe film (top) and the MgO substrate (bottom). (c) Schematic of the B2-
ordered crystal structure (left) and top view of Co,MnGe unit cell over MgO lattice (right). (d) X-ray reflectivity data (blue circles) and fit (red line)
for the 45 nm thick Co,MnGe film. Inset: AFM image (2 x 2 umz) with a scale bar of 400 nm.

sample temperatures as shown in Fig. 2(a). We estimate the
value of the saturation magnetization to be Mg ~ 2.7up fu."tat
300 K and M, ~ 3.4up f.u.”" at 50 K. These values are smaller
than those reported in the literature for L21-phase Co,-
MnGe.***® Indeed, the smaller value of the saturation moment
in the present case is consistent with the reduced chemical
ordering in the B2-phase Co,MnGe.***® Fig. 2(b) shows the
variation of Mg with sample temperature. A slight increment in
M, with the decreasing temperature can be attributed to the
pinning of magnetic moments at low temperatures.

Fig. 2(c) illustrates the behavior of the longitudinal resistivity
(pxx) vs. sample temperature (2-300 K) in the absence of any
external magnetic field. The experimentally measured
resistivity-temperature curve shows metallic nature of the
epitaxial Co,MnGe film. A minimum in the resistivity in the
vicinity of 25 K is followed by an upturn as the temperature
decreases further. Such type of low-temperature anomaly in the
resistivity can be attributed to the disorder-enhanced coherent
backscattering of conduction electrons due to weak localiza-
tion.?®*® The residual resistivity near the lowest temperature of 2
K, due to scattering from the impurities and structural imper-
fections, is pxxo ~ 160 pQ cm. From this result, we obtain
residual resistivity ratio [RRR = p,,(300 K)/px(2 K)] of about 1.2,
a value close to the previously reported ones for epitaxial thin
films of different Co-based full Heusler alloys.**?%

Owing to the spin polarization of conduction electrons at the
Fermi energy for one spin channel in half-metallic Heusler
alloys, the spin flipping related single magnon scattering is

© 2023 The Author(s). Published by the Royal Society of Chemistry

prohibited at low temperatures. The possible scattering mech-
anisms to affect the temperature-dependent resistivity of
a ferromagnet are (a) electron—electron scattering (7>-depen-
dence), (b) electron-phonon scattering (7-dependence), and (c)
double magnon scattering (7”>-dependence at low tempera-

tures and 77/

-dependence at higher temperatures).** In addi-
tion, scattering from disorders is accounted for by a T“/*
dependent term. A careful observation of the experimental data
in Fig. 2(c) necessitates fitting in two temperature regions,
identified as region-I and region-II that are separated by
a demarcation dashed line drawn at temperature of ~80 K. The
continuous curves in Fig. 2(c) are fittings to the data obtained as
follows.

The best theoretical fit to the resistivity data in region-I (2-80
K) is obtained by using a relation, p,, = pyxo — AT"* + BT + CT”
2 Here pxx,0 Tepresents the residual resistivity, while the coef-
ficients A, B, and C represent the strengths of the weak locali-
zation, electron-electron, and double magnon scattering
processes, respectively. Similarly, the best fit to the data in
region-II (80-300 K) is obtained by using a relation, py, = pxx,0 *
DT+ ET? + FT"”?, where the coefficients D, E and F represent the
electron-phonon scattering, electron-magnon scattering and
double magnon scattering strengths, respectively. At higher
temperatures (region-II), it is imperative to add electron-
magnon scattering term to obtain the best fit to the data.
Therefore, unlike the case at low-temperatures (region-I), the
single magnon scattering becomes viable at high temperatures
(region-IT) in half-metallic Heusler alloys.*> Moreover, we find

RSC Adv, 2023, 13, 30101-30107 | 30103
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Fig.2 Magnetic and electrical properties of the epitaxial Co,MnGe film on MgO(100) substrate. (a) In-plane magnetic hysteresis (M-H) loops at
various sample temperatures, plotted after subtracting the diamagnetic contribution of the MgO substrate. The zoomed-in-view in the inset is
for determining the coercivity. (b) Variation of saturation magnetization (M) with the sample temperature. (c) Temperature-dependent (2—-300 K)
longitudinal resistivity and model fitting of the data in two distinct regions: low-T region of 2—80 K (region-I1) and high-T region of 80-300 K
(region-l1). (d) Magnetoresistance data taken at different temperatures by varying the magnetic field perpendicular to the applied current. Inset:

Schematic of the sample and measurement geometry.

that below a certain temperature in region-I, the A-term of p,,
due to weak localization dominates over others before the
electron-electron scattering catches up with the increasing
temperature. This leads to dip-like shape in region-I of the
resistivity-temperature curve. On the other hand, in region-II,
the D-term of p,, due to electron-phonon scattering is domi-
nant over the other processes. Double magnon scattering
contributes to the 7°>-dependence at low temperatures (region-
I) and T""*dependence at higher temperatures (region-IT).*
Therefore, half-metallic nature of the Co,MnGe epitaxial film is
evidenced from the resistivity-temperature data in the entire
range of 2-300 K.

Results for the magnetoresistance (MR) of the Co,MnGe
epitaxial film are obtained by sweeping out-of-plane magnetic
field from H = —90 kOe to +90 kOe. The same recorded at
different sample temperatures are presented in Fig. 2(d). The
linear four-probe geometry used for these measurements is also
shown schematically in the inset of the figure. The MR in
[R(H) — R(0)]

R(0)
R(0) is the resistance of the film at H = 0 kOe. It can be seen
from the figure that the MR value is quite small and negative at
all the investigated temperatures, from the lowest of 5 K to the

percentage is defined as MR (%) = x 100, where

30104 | RSC Adv, 2023, 13, 30101-30107

highest of the room temperature. The above seems a usual
behavior of the MR in different ferromagnetic Heusler
alloys.™*

3.3. Anomalous Hall effect

Dominating intrinsic AHE in epitaxial Co,MnGe thin films is
established here from detailed magnetotransport measure-
ments performed over a temperature range of 5-300 K. The
results for experimentally measured Hall resistivity p,, are pre-
sented in Fig. 3(a) for different sample temperatures in the
entire range. For these measurements, a rectangular piece of
the sample having dimensions of 5 mm x 3 mm was utilized on
which electrical contacts were made in the Hall geometry, as
shown schematically in the inset of Fig. 3(a). Contributions
from voltage probe misalignment are avoided by averaging for
[pxy(+H) B pxy(_Hﬂ
2
magnetic field was swept from H = —90 kOe to +90 kOe and
measurements were repeated at different temperatures. A
minimal dc charge current of 100 pA was used in these experi-
ments. As can be seen from Fig. 3(a), the Hall resistivity initially
increases sharply up to a field of ~10 kOe, before the slope of
the curves changes drastically. Therefore, two regions in the

opposite fields in the form, p,,(H) = . The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 AHE in epitaxial Co,MnGe thin film. (a) Magnetic field-dependent Hall resistivity, p,, at various sample temperatures as indicated. The solid
line represents linear fit to the data at high field values and extrapolated to zero field to infer the anomalous Hall resistivity, pﬁyHE. Inset:
experimental geometry adopted for these measurements. (b) Ordinary Hall coefficient as a function of the sample temperature. Inset: calculated
values of the carrier concentration. (c) Field-dependent Hall conductivity at various temperatures. Inset represents the linear fitting of the data at

high fields and extrapolated to zero field to infer the anomalous Hall conductivity, a5y,
oy’ Solid lines are fits obtained using the TYJ model as discussed in the text. (f) Temperature-dependence of afy

dependence of scaling coefficient, Sy.

Hall resistivity curves can be clearly distinguished. Such
a behaviour of total p,, in a ferromagnetic system can be
expressed in terms of an ordinary Hall resistivity, %~ and
anomalous Hall resistivity, pg;'", via the following relation®4®

Pry = PorE + pAE = RyH + 4 RsM 1)
Here, R, and R, are the ordinary and anomalous Hall coeffi-
cients, respectively, for the applied magnetic field H and
spontaneous magnetization M in the material. The pg ' pitches
in at the high-field region, above 10 kOe, where the overall p,,
shows a very weak linear field-dependence, up to 90 kOe. The
values of pryHE and R, can be obtained from a linear fit to the p,,
vs. H curves in the high-field region (>10 kOe) using eqn (1), for
which, one representative fit is shown in Fig. 3(a) for the sample
temperature of 300 K. The y-axis intercept and the slope of the
linear fit correspond to pp'" and R,, respectively, while the
anomalous Hall coefficient Rg is calculated from the relation
Py = 4ATRsM (see ESI Section S17).

Fig. 3(b) displays the values of R, at all temperatures ob-
tained by the fitting procedure as discussed above. Positive
values of R, indicate that holes are majority charge carriers in
the whole temperature range. Using the relation, n = 1/Re,
where e is electronic charge, we have also calculated the hole
concentration 7 in the film at different temperatures as shown
in the inset of Fig. 3(b). The mean value of the hole concen-
tration in the film at all temperatures is n ~ 10** to 10** ecm 2,

© 2023 The Author(s). Published by the Royal Society of Chemistry

ANE (d) Variation of pﬁ\yHE with pXXZ, and (e) variation of aXA;'E with

"€ Inset: temperature-

which is sufficiently large to provide metal-like behaviour in the
electrical resistivity, as discussed earlier.

Magnetic field-dependent Hall conductivity, o,,(H) can be
obtained by using the relation*®

_ Py(H)
pxxz (H = O) + pxyz(Hy

7. (H) (2)
and the corresponding results are presented in Fig. 3(c) for all the
sample temperatures in the experiments. The inset in the figure
is drawn to explicitly show the value of the AHC, o%,'" at a given
sample temperature obtained by fitting the data at high field
values with a linear curve and extrapolating it to the zero-field
axis. At the room temperature, we determine a‘;yHE ~36Scm,
a value in the same order as that reported from theoretical
calculations for an ideal Co,MnGe model system."®

The temperature dependent anomalous Hall resistivity is
now analysed here. We first plot the p%;'® as a function of the
squared longitudinal resistivity, p,.~ at the varying sample
temperatures, as shown in Fig. 3(d). To extract the contributions
from the intrinsic and extrinsic mechanisms in the AHE,
a scaling relation as proposed by Tian et al.*® and popularly
known as the TYJ model is used, according to which,

p?yHE(T) = apxxpo t 6pxx2(T) (3)

Here, parameter « represents the extrinsic contribution
depending on the residual longitudinal resistivity, while the
parameter $ represents intrinsic anomalous Hall conductivity,

RSC Adv, 2023, 13, 30101-30107 | 30105
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o™, It may be recalled from the discussion before that the
intrinsic AHE is due to Berry curvature associated with the
electronic band structure, while the extrinsic contribution ari-
ses from skew scattering and side jumps from disorders/
impurities.>® The continuous curve in Fig. 3(d) is fit obtained by
using eqn (3) in conjunction with the values of pyy o and py,” as
obtained before, providing values of « ~ 0.003 and § = g™ ~
21 S ecm™*. The TYJ model has also been used in the literature

2
. . o T
directly in terms of AHC**"* as o '*(T)) = axx—() + 8, where
Oxx,0
1 .
Oxx0 = , 0x(T)= ——, and the intercept value
Pxx,0 pxx(T)

6 directly providing the numerical value of the intrinsic
anomalous Hall conductivity. The corresponding result and
linear fit are shown in Fig. 3(e) and the same value of o ™" ~
21 S em ! is obtained from it in the limit of o, — 0. By
comparing thus obtained values of o " and overall o2, (300
K), we conclude that intrinsically dominated AHE occurs in
epitaxial Co,MnGe thin film in the current study. Furthermore,
by following the procedure in eqn (2) and the results in Fig. 3(c)
for each individual sample temperature, the values of o7, " at all
temperatures are plotted in Fig. 3(f). From such a representa-
tion**** and the observation of nearly temperature independent
ay'", we get further evidence of intrinsically dominating AHC.
We note that almost same temperature-dependent behavior is
shown by the saturation magnetization Ms in Fig. 2(b) and the
anomalous Hall conductivity o%,"" in Fig. 3(f). Therefore, o7, is

approximately proportional to Mg, indicating constant behav-
R u O.AHE

0 = 2 with respect
M;

XX

to the temperature. Here, u, is the vacuum permeability. The
same can be evidenced from our results as shown in the inset of
Fig. 3(f), thereby, confirming the dominating intrinsic contri-
bution to AHC.”***

iour of the scaling coefficient, Sy =

4. Conclusions

To summarize, we have synthesized epitaxial thin films of
ferromagnetic Co,MnGe Heusler alloy on MgO(100) substrate
by using PLD under optimized growth conditions. Structural
and morphological investigations have revealed uniformly
oriented large-size grains in B2-phase. An in-plane saturation
magnetization value of ~3.4up f.u.”* at 50 K, and ~2.7ug f.u. ™"
at 300 K was measured for the above metallic thin film whose
longitudinal electrical resistivity is minimum around tempera-
ture of ~25 K due to the presence of a weak localization effect.
An expanded scaling mechanism has been performed to analyze
the experimentally measured anomalous Hall resistivity, which
confirms a dominating intrinsic origin of AHE in the epitaxial
Co,MnGe thin film.
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