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Abstract

®

CrossMark

Separation of the anomalous Nernst and spin Seebeck voltages in bilayer devices is often
problematic when both layers are metallic, and the anomalous Nernst effect (ANE) becomes
non-negligible. Co,MnSi, a strong candidate for the spin generator in spin Seebeck devices,

is a predicted half-metal with 100% spin polarisation at the Fermi energy, however, typically
B2 or L2, order is needed to achieve this. We demonstrate the optimisation of thin film growth
of Co,MnSi on glass, where choice of deposition and annealing temperature can promote
various ordered states. The contribution from the ANE is then investigated to inform future
measurements of the spin Seebeck. A maximum ANE coefficient of 0.662 1V K~! is found for
an A2 disordered polycrystalline Co,MnSi film. This value is comparable to ordered Heusler
thin films deposited onto single crystal substrates but obtained at a far lower fabrication

temperature and material cost.

Keywords: Heusler alloy, anomalous Nernst effect, half-metal, thin films
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1. Introduction

Heusler alloys have provided a broad range of materials for
research over the past 100 years, with respect to magnetic
shape memory [1], magnetocaloric properties [2] and more
recently applications in spintronic devices, which utilise the
spin of the electrons (whether they be in insulators or metals)
[3, 4]. In addition to these characteristics, recent density
functional theory (DFT) calculations have shown that certain
alloys exhibit a strong anomalous Hall conductivity and there-
fore, by extension, should also show a high anomalous Nernst
response believed to be driven by the enhanced Berry curva-
ture [5,6].

Primarily divided into two taxa, half Heuslers (XYZ),
formed of elements with a 1:1:1 ratio, crystallise in a Clb
structure [7], whereas the full Heuslers (X,YZ) crystallise
in the L2, structure. The latter group shall be the focus of

Original content from this work may be used under the terms

Bv of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1361-6463/20/035005+8%$33.00

this work, more specifically the predicted half-metallic fer-
romagnet, Co,MnSi (CMS). The density of states (DOS) of
CMS predicts a bandgap of the minority spin state at the Fermi
level [8], for the fully ordered alloy (L2,), with non-zero den-
sity for the majority spin state at the Fermi energy, €r, which
would result in 100% spin polarisation (SP). For this reason,
there has been a steady increase in interest in the growth and
development of CMS thin films for spintronics applications.

Examples of such applications include the use of Co,MnSi
as a spin injector in thin film thermoelectrics [9] or in cur-
rent perpendicular-to-plane giant magnetoresistance junctions
(CPP-GMR) [10-13] for magnetic random access memory
(MRAM). The challenge, however, lies in the production of
suitably ordered Co,MnSi thin films, as the degree of atomic
order within the film is expected to dramatically alter the DOS
(and hence accessible spin polarization).

For Heuslers in particular, the introduction of dis-
order through the inclusion of anti-sites, site swapping or
off-stoichiometric atomic ratios leads to a destruction of the
bandgap and results in a loss of the predicted half-metallic
nature of CMS [14]. Nonetheless, in recent years, it has been

© 2019 IOP Publishing Ltd  Printed in the UK
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reported that in a B2 ordered state (Mn and Si site swapping
with respect to L2}); the half metallic property can still be
maintained [15]. Other disordered structures for the Co,MnSi
alloy include DO3 (Co and Mn site swapping with respect
to L2;) and A2 (Co, Mn and Si site swapping with respect
to L2;), both of which have been shown to destroy the half-
metallicity [14].

There is, however, limited experimental evidence of 100%
SP (whether bulk or surface), with only a handful of instances
of this value being reported [16]. It is, therefore, crucial to
investigate diligently the growth conditions which give rise to
not only L2, ordered but also A2 or B2 disordered phases. The
quality of such a Heusler film is typically investigated using
x-ray diffraction (XRD) and reflectivity, magnetometry and
resistivity measurements (all of which shall be covered in this
work). Once the type of ordering in each film is confirmed,
magnetothermal measurements can be used to probe the ther-
moelectric response, which for bare CMS films is a result of
the anomalous Nernst effect (ANE) (as defined in figure 1).

In this work, we demonstrate that a vast range of growth
and post-fabrication treatments can lead to Co,MnSi thin
films displaying order across the spectrum, from: A2 to B2
to L2,. Previously, a wide range of substrates have been used
to grow epitaxial, textured or randomly orientated polycrys-
talline Heusler thin films with varying degrees of success
[17-24]. However, in this study, amorphous glass (SiO;) has
been chosen to investigate the potential for widespread use of
CMS in thermoelectric generators, where it may be preferable
to develop coatings on glass [25].

2. Methods

2.1. Fabrication

The Co,MnSi thin film samples presented in this work were
deposited on 0.5 mm thick 22 x 22 mm glass substrates (boro-
silicate cover slips, Agar Scientific). Prior to fabrication, the
substrates were outgassed at 400 °C to pre-condition and
remove impurities from the surfaces of the amorphous SiO,
substrates. The Co,MnSi films were then deposited using a
pulsed Nd:YAG (A = 532nm) laser operating at a repetition
rate of 10 Hz from a single stoichiometric Co,MnSi (Pi-Kem,
purity = 99.9%) target with a laser fluence of 5.2 J cm~2. All
samples were deposited under UHV at a typical base pressure
2 x 1071 mbar and a target to substrate distance of 110mm.

2.2. Analysis

X-ray diffraction (XRD) patterns of the films were obtained
using a Bruker D2 Phaser with incident wavelength (Cu Ka)
A=1.54 A and divergent slit width = 1 mm. The measure-
ments were taken in 6/6 geometry with the diffracted beam
optics composed of 0.5mm Ni monochromator and 2.5”
Soller slit followed by a 1D LYNXEYE™ detector with the
detector opening set at 5.85°. XRD peaks were fitted with a

Pseudo-Voigt function to assess the crystallite size using the

Scherrer equation, with the bulk lattice parameter a; = 5.654
Aasa guideline [26].

Grazing incidence x-ray diffraction (GIXRD) and x-ray
reflectivity (XRR) were obtained using a Siemens D5000,
with incident wavelength Cu Ka, A\ = 1.54 A; the incident
beam was defined by a slit of width 0.05mm. The diffracted
beam optics for GIXRD composed of 2.5° Cu long Soller
slits with a LiF monochromator and a scintillation detector.
The diffracted beam optics for XRR were as follows; 0.1 mm
receiving slit, 0.6mm anti-scatter slit, 0.2mm detector slit,
graphite monochromator and scintillation detector. XRR data
were fitted using the opensource GenX program [27] and the
resulting scattering length density (SLD) profile from the
model was used to obtain the mass density, roughness and
thickness of the films.

Van der Pauw measurements were taken using a Keithley
6221/2182A current source and nanovoltmeter in conjunc-
tion with a Keithley 705 switch system. Magnetic hysteresis
loops were obtained using a vibrating sample magnetom-
eter (Cryogenic Ltd). Magneto-thermoelectric measurements
(ANE) were obtained using an in-house built system com-
prising: two Peltier cells, one acting as heat source and the other
as a monitor; type E thermocouples to monitor the temperature
difference between the top and bottom of the sample; and a
nanovoltmeter to monitor voltages generated by the ANE and
spin Seebeck effect. Calibration of the Peltier cells was carried
out using a known heater in various geometries, similar to the
method of Sola et al [28] with full details given in [29, 30].

3. Results

3.1. Deposition temperature (Tpep)

In this section, we present results on the optimization of the
substrate (deposition) temperature (stabilized to 1 °C) of the
Co,MnS:i films where the nomenclature is CT followed by the
deposition temperature (RT is room temperature). See table 1
for the composition and deposition conditions of each sample.

For structural analysis, out of plane XRD was obtained,
as shown in figure 2(a). At low deposition temperatures
(Tpep < 100 °C), amorphous films were produced, indicated
by the absence of any discernible Bragg reflections. These
films (due to their amorphous nature) would be expected to
have higher resistivity (p > 100 pf2cm) compared to single
crystal bulk (p ~ 21 pf2em) [31], as seen in figure 2(c). At
170 °C, [220] textured crystalline films formed with pri-
marily A2 order dominating most of the film volume. This
is indicated by the emergence of the (220) peak and absence
of (111),(200), (222) in XRD or GIXRD. Up to 200 °C all
films exhibited A2 order, with the addition of the (200) and
(400) reflections at Tp,, > 300 °C that suggest the onset of
B2-type order.

GIXRD was also used to investigate the structure, as shown
in figure 2(b) where the progression from amorphous to crys-
talline films was observed as Tp,, increased from 100 °C to
170 °C. Upon increasing the deposition temperature up to
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Figure 1. Schematic of the spin Seebeck, inverse spin Hall, anomalous Nernst and proximity induced ANEs, all of which contribute to the
observed voltage in a typical bilayer thin film thermoelectric hybrid device.

500 °C an increase in the long-range L2, order was observed as
indicated by the presence of the (11 1) superlattice reflection.
At substrate temperatures exceeding 500 °C, significant phase
separation of Co and MnSi compounds occurred, as indicated
by the emergence of the Co (11 1) reflection in GIXRD.

X-ray reflectivity (XRR) curves were taken for all samples,
from which the film thickness (shown in table 1), density and
roughness were determined. Figure 2(d) shows representa-
tive XRR curves and fits for CT170 and CT600. There is an
obvious damping of the Keissig fringes as Tp,, was increased,
indicating a significant increase in the mismatch between sur-
face and interface roughness at higher temperatures. This con-
clusion agrees well with the SLD profiles (figure 2(d) inset)
generated from the fit, where the interface width for CT600
was far greater than in CT170 with regards to magnetisation
(not shown here), these films exhibited decreasing coercive
fields as Tpep was increased, which is attributed to the onset of
long-range ordering.

To summarise, polycrystalline Co,MnSi thin films were
prepared by depositing at 170 °C < Tp,, < 600 °C. For
optimum L2, order, a deposition temperature of 500 °C is
necessary, however high deposition temperatures are not often
compatible with many thin film device fabrication methods.
As a result, an investigation into post-deposition annealing
was undertaken to determine whether B2 or L2, order could
be recovered at lower temperatures.

Table 1. Summary of the key parameters for the deposition
temperature, Tp,,, series. Thickness was determined from XRR,
order was determined from XRD and GIXRD.

Sample Tpep (°C) Thickness, ¢ (nm) Order
CTRT 23 74 +£2 A2
CT100 100 53+£2 A2
CT170 170 56 +2 A2
CT200 200 62+2 A2
CT300 300 56 +2 B2
CT400 400 51+2 B2
CT500 500 48 +2 L2,
CT600 600 41 £2 L2

3.2. Annealing temperature (Tanp)

For the post-deposition annealing study the substrates were
cooled from the outgassing temperature of 400 °C to the
deposition temperature, Tp., = 170 °C, which was chosen
due to the onset of crystalline order seen in figure 3(a). The
deposition time was varied in order to achieve a nominal
thickness of # > 90nm across the series, the samples were
subsequently annealed in sifu for 1h at a maximum pressure
of 4 x 108 mbar and temperatures ranging from 100 °C to
600 °C, as summarised in table 2. The nomenclature here is
CA followed by the annealing temperature.
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Figure 2. (a)-(d) Summary of the structural characterisation of the Tp,, series. (a) XRD, (b) GIXRD taken at w = 0.8°, (c) evolution of
room temperature resistivity (open circles) and lattice parameter (closed circles) with Tp,, and (d) XRR (and fits) and corresponding SLD
profiles for CT170 (closed circles and grey line) and CT600 (open circles and black line).

Figure 3 shows the evolution of A2, B2 and L2; order with
Tann, as indicated by XRD and GIXRD. After annealing, the
films all exhibited strong (220) texture out of plane. Low
intensity (440) peaks were also observed for many of the
films, substantiating the strong (220) out of plane texture. At
Tan, = 100 °C and 200 °C A2 ordered films were produced
stemming from the order seeded at Tp,, = 170 °C. Upon
increasing the annealing temperature to 300 °C, B2 order
was observed, as identified by the appearance of the (200)
reflection in GIXRD (figure 3(b)). Partial L2; ordering was
achieved when annealed at 450 °C, where the (11 1) reflection
was present. At 600 °C, L2, order was maintained within the
films, however with significant Co segregation identified by
the Co (111) reflection as a low angle shoulder of the CMS
(220) reflection [17].

The resistivity, p, and lattice parameter, a;, are also shown
in figure 3(c) where progression from highly strained resistive
state (far from bulk value) towards an ordered state (close to
bulk value) was seen as Tj4,, was increased and the crystal
structure moves from A2 to L2, order.

Vibrating sample magnetometry (VSM) was used to probe
the magnetic characteristics of these annealed films. It can
be seen from figure 3(d) that the coercive field increased as
Tann increased from 100 °C to 200 °C. The coercive field then
decreased from 200 °C, where a minimum value of H,. = 14
Oe was observed at 500 °C, which corresponds to highly
ordered films seen in the literature [17, 32].

3.3. ANE in Co,MnSi

For prospective thermoelectric devices that utilise the spin
Seebeck effect and especially those involving ferromagnetic
metals, the contribution from additional effects such as the
anomalous Nernst (from the Co,MnSi) or proximity induced
anomalous Nernst (thermoelectric voltage arising from mag-
netised Pt) effects is significant [33-35]. As such, it is worth
characterising the potential anomalous Nernst voltage that can
be generated in CMS thin films measured under similar geom-
etries. We, therefore, measured the magneto-thermoelectric
voltage generated by the T}, series of CMS films in the longi-
tudinal geometry (see figure 1) (where the magnetic field was
in plane and perpendicular to the temperature gradient, which
was out of plane). The ANE voltage can then be normalised to
the temperature difference (AT), contact separation (L,) and
length over which the temperature difference is established
(L),

VL,

Sar = ATL, *

ey

To compare to spin Seebeck measurements we measured
the ANE as a function of both temperature difference, A7,
and heat-flux, Jo (=Q/A) where Q is the heat in W and A is the
area of the sample in m?. For the heat-flux measurement, the
ANE can be calculated by,

(@)



J. Phys. D: Appl. Phys. 53 (2020) 035005

CDW Cox et al

fa = gl = iy A~ T T T — —~
a [} \o N\ \o b -‘_‘o‘ ‘_: o r‘ ‘O N‘ o‘ N‘
@ 8 8 ¥ 3|19 8§ gsg8 § ¢
- L SR I
H ——_e0C | EiE g 2
> e _500°C =1 . .
2 — 450°C g 1. 450 CJL AB2L2, Jl
[} 1 1 1 ) () . .
S S 400°C £ 4 ‘300c: B2 ]
ot ] ' 300°C : q- I —
L — ~100°C b
T T T T T T T 1 T
30 40 50 60 70 80 90 100 110 80 90
20(°)
C T T T T T T d
( )100_ -5.74 @
.
P lsm
— 80 T —— a
§ 0 '5'70€ [ B 11 [220]
2 -5.68 o —CA100
Y — CA200
40 - Bulk | 5.66 — CA300
-------------------------- > — CA400
20 _<_B_l'_l|!( ________________ - - 5.64 —gﬁggg
— CAB00
——————————+ 562 -1500 : . —
100 200 300 400 500 600 -0.02 0.00 0.02
T o (°C) B(T)

Ann

Figure 3. (a)—(d) Summary of the structural and magnetic characterisation of Ty, series. (a) XRD patterns, (b) GIXRD patterns taken at
w = 0.7°, (c) evolution of resistivity (open circles) and lattice parameter (closed circles) with 74,, and (d) magnetization as a function of

applied magnetic field (VSM).

Table 2. Summary of the key parameters for the annealing
temperature, 7a,,, series.

Sample Tann (°C) Thickness, ¢ (nm) Order
CA100 100 99 +2 A2
CA200 200 122 £2 A2
CA300 300 92 +2 B2
CA400 400 106 + 2 B2
CA450 450 122 +2 L2,
CA500 500 111 +£2 L2,
CA600 600 111 +2 L2,

The advantage of measuring the ANE with respect to Jp
is that it is insensitive to thermal interface offsets (due to
losses at voltage contacts and interfaces) and the contribution
of the substrate to the temperature gradient that plague thin
film measurements [28]. Therefore, to subtract this substrate
contribution, one uses the heat-flux method. In the steady state
limit, the heatflow across layers connected in series is equal,

AT
(/) (2 s (&)
where L, » and K » are the thicknesses and thermal conductivi-
ties of layers 1 and 2, respectively, and AT is the combined
temperature difference. For a single layer this becomes:

Jo =

ATLayer
Jo=1m /.y )

where ATy, is the temperature difference across layer 1.
Substituting equation (4) into (2)

Sip = wr—Ye—,
10 = Wi (5)
rearranging equation (5) gives
_ _ VL  _ Vae _
Sim = sir = AR = Sar ©)

Therefore, to scale Sjp to Sar one needs only to multiply
by the thermal conductivity, «, of the active layer.

Alternatively, one can determine the temperature differ-
ence across the thickness of the active layer using;

Jo Ly
K1

=A TLayer . (7)

This can then be used in equation (1) with corresponding film
thickness L. to calculate Sar. For the calculation of ATy,
in this work, the thermal conductivity of Co,MnSi was taken
from Bosu ef al [9] to be k = 11 W/m/K.

Examples of the raw voltage versus heat-flux for sample
CA200 are given in figure 4(a) alongside a confirmation of
the linearity of Jo/AT in figure 4(b). There is a clear mag-
netic hysteresis observed in the ANE voltage that can be
attributed to the ANE and not background Seebeck voltages.
As expected, the magnitude of the ANE voltage increases
linearly with AT (figure 4(c)). Figure 4(d) shows the plot
of VL/L, versus AT, Where the slope of the line gives
Sar = 0.662 uV K~! for CA200.
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Figure 4. Example ANE results of CA200 sample (a) Raw voltage (V) as a function of magnetic field B for different heat-flux (Jp)
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displayed as a guide for the eye.

Figure 5 shows a summary of the Sar values of the
remaining Ty, series. Interestingly, the magnitude of the
signal decreased for increasing order i.e. from A2-B2-L.2,. For
the B2 ordered CA300 film, the ANE fell to 0.461 ©V K1,
70% of the CA200 film. The L2, ordered CA500 film had a
significantly reduced ANE signal compared to both films of
0.114 vV K~'. This can be explained by the onset of phase
segregation which ultimately leads to a reduced fraction of
Co,MnSi. For CA600 no ANE signal was detectable above
the noise limits of the measurement.

The saturation magnetisation (Mg, of the films has been
plotted alongside the ANE data. It is clear that the A2 films
exhibited a lower Mg, than the B2 and L2, films, whilst their
ANE signal was higher. The increase in Mgy for CA600 is due
to Co segregation and the influence of Co domains.

4. Discussion

Highly (220) orientated A2 ordered Co,MnSi films were
grown on amorphous glass substrates at 170 °C with B2
order dominating between 300 °C and 500 °C and L2, order
emerging at 600 °C. For growth temperatures higher than
400 °C, however, phase segregation occurred in line with
previous research [12]. Post-deposition annealing was inves-
tigated at temperatures up to 600 °C, on films deposited at
170 °C. At T4,,, = 300 °C, B2 order was found and L2 order

was achieved at the lower temperature of 450 °C instead of a
deposition temperature of 600 °C, owing to the initial crystal-
lisation at 170 °C. Further increasing the annealing temper-
ature to 600 °C, led to phase segregation as seen in the Tp,,
study.

Studying the anomalous Nernst properties of the T, series,
the optimal ANE signal of 0.6623 1V K~! was obtained for
Taun = 200 °C. This value is larger than the ternary Heusler
Co,TiSn, CTS, (0.15 1V K1) but not as large as the quater-
nary Co,TigVo4Sn, CTVS, (1.8 xV K1), where doping of
the CTS lattice with V leads to a shift of the Fermi-level which
induces an enhanced anomalous Hall Effect (AHE) [36].

An interesting point to note is that ordinarily the ANE is
assumed to be related to the magnetisation of the film, how-
ever, from figure 5, the trend of the magnetisation (which peaks
at CA450) does not follow that of the ANE (peaks at CA200)
suggesting a secondary contribution other than magnetisation.
Firstly, we consider that our measurement assumes a constant
thermal conductivity x = 11Wm~! K~ across all samples.
Based on the Wiedemann-Franz law, k = LT/p, where L is
the Lorenz number, 7 is the temperature and p is the resistivity,
we can normalise our ANE coefficient, Sar, by p to factor in
any changes in x across the T, series. Given the similar trend
seen in the resistivity in figure 3 and the ANE in figure 5, our
assumption of a constant « across the series holds and so the
secondary contribution must arise from another source.
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In recent studies, this contribution is thought to originate
from the band structure of the material, upon which, order
and doping have been suggested as a mechanism for manip-
ulation of nodal lines, thought to be one contribution to the
enhanced AHE (and therefore ANE) [37]. In this study, whilst
the band structure of L2; ordered CMS may not display these
exotic phenomena, the influence of disorder and possible
off-stoichiometry may explain the enhanced ANE in A2 dis-
ordered films over L2 ordered films.

Other materials investigated for the ANE include chiral
antiferromagnet, MnsSn alloys [38], and perpendicularly
magnetised FePt [39], FePd, MnGa alloys and Co/Ni bilayers
[40]. Of these, FePt is the only material to exhibit a larger
ANE than the Co,MnSi reported here.

This being said, the magnitude of the ANE in Co,MnSi
is an order of magnitude lower than that which is found in
Co,MnGa (CMG) where the ANE was observed to be approx-
imately 6 1V K~! for single crystals [6] and 2 xV K™! [41]
for thin films. This significantly larger signal is believed to
originate from the enhanced Berry curvature around the Fermi
energy, . Nevertheless, given the differences in experimental
design (in-plane AT for CMG, CTS and CTVS and out-of-
plane for CMS) the values obtained here are in agreement
with previous values of the Co-based full Heuslers.

Due to the tunability of the Heusler alloys through doping
and stoichiometry engineering, several materials [42, 43] are
now being investigated with the motivation being to tune the
DOS, enhancing the anomalous Hall effect which in turn is
believed to produce a significantly increased ANE voltage.

5. Conclusion

To summarise, we have experimentally investigated the
impact of deposition temperature and annealing temperature
on the crystal structure and magneto-thermoelectric effects
in Co,MnSi thin films on glass. We found that a minimum
Tpep of 170 °C was necessary to seed crystalline order in the
films, with control over the development of A2, B2 or L2,
order through the choice of higher Tp,, or Ty,,. The corre-
sponding ANE voltage peaked for Ty,, = 200 °C where A2
atomic order is observed which is contrary to the model for

ANE and suggesting that the effort to fabricate perfect L2,
ordering is not needed for the ANE.

Overall, we have demonstrated that ordered thin films of
Co,MnSi on glass produce an equivalent or larger signal than the
majority of materials grown on single crystal substrates, opening
up the field of polycrystalline thin films for thermoelectrics.
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