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We report on current-induced ferromagnetic resonance techniques to charac-
terise spin-Hall effect at high temperatures. A microwave current was injected
into a patterned CoFeB /Pt bi-layer grown on a glass substrate, simultaneously
exerting spin-transfer torques through the spin-Hall effect and also causing Joule
heating enabling the control of the device temperature. We measured the device
temperature by using the device itself as a local temperature sensor. A clear
reduction of CoFeB magnetisation was observed as the device temperature was
increased allowing us to estimate the Curie temperature of our CoFeB film to
be 920 K. The spin-Hall angle of Pt was quantified as (1.72 + 0.03) x 102 at
300 K and was slightly increased to (1.75 + 0.02) x 10~% at 410 K. This simple
method can be widely used for quantifying the spin-Hall angle of a large variety

of materials at high temperatures.

I. INTRODUCTION

Spin currents®, a flow of spin angular momentum without any charge transfer, have been
attracting a great deal of interests as a building block of current and future spintronic de-
vices. To find efficient ways of electrically generating and detecting spin currents is a central
aim, thereby enabling manipulation of magnetic states at a small electric power consump-
tion. This is directly relevant to spintronic memory device developments, or magnetic RAM
(MRAM) technologies, where optimisation of conventional spin-transfer torques? has reached
a certain level of maturity owing to intensive efforts during the last few decades®. The spin-
Hall effect (SHE) which arises from the spin-orbit interaction in solid states materials has
emerged as a future alternative towards this line of research. Liu et al. demonstrated that
SHE in heavy metals such as Ta can switch a sub-micron meter magnetic memory cell* with
an electric current amplitude similar to what is required for a conventional spin-transfer
torque switching. Stimulated by this work and other earlier reports on spin-orbit torques®?,
scientists have been investigating SHE!? on different materials system aiming the optimiza-
tion of the effect. A figure of merit for SHE is the spin-Hall angle (fsy) that is essentially
the ratio between diagonal and off-diagonal components in the conductivity tensor. Some
heavy metals show a large fgy greater than 0.01%'%13 primarily because of the high atom-

istic spin-orbit coupling strength. In addition, a small amount of heavy element doping in



Cu was found to be very effective in increasing fgy via the extrinsic SHE mechanism®*. The
effective fsy in topological insulators have also been studied, with some cases showing fsy
much greater than the unity!®16.

Characterising the influence of spintronic effects such as the SHE at high temperature will
be increasingly important at the device application regime. For instance, current-induced
magnetisation switching in a single MRAM cell requires a large current that causes a local
and temporal temperature rise. This can potentially lead to device performance being af-
fected during the switching. It is therefore useful to have a tool to characterise SHE at a high
temperature regime. Measurement techniques of SHE include spin-pumping”, spin-transfer
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ferromagnetic resonance (ST-FMR)!?, spin-absorption in lateral spin-valves
spin orientation?’. Some of these techniques have been exploited to study temperature de-
pendence of g%, However, the temperature range of these previous reports only covers
below room temperature (RT) and SHE at higher temperatures has been largely overlooked.
This could be due to the fact that spintronic research groups across the world mostly possess
cryogenic systems for low-temperature studies, whereas, for high temperatures, there have
been little efforts in integrating a heating function as well as introducing an accurate tem-
perature sensor near a lithographically patterned device. Incorporating all of these within an
area between magnet poles (typically a few cm wide for electromagnets) is also non-trivial.

In this paper, we report on a simple method of characterising SHE at high temperatures.
It is based on the combination of ST-FMR techniques and the use of devices as a local
temperature sensor. Based on this approach, microwave currents through a device generate
effective spin torques for driving FMR allowing to quantify their magnetic properties and
Osy. At the same time, we use the same device to extract the actual temperature while
injecting microwaves at different excitation powers. This is possible by measuring the device
resistance for each microwave power and by comparing it with the temperature dependence
of the device resistance we perform separately. This paper shows the proof of principle of
this proposed method by using a standard bi-layer of CoFeB/Pt for characterising SHE at
high temperatures. We are able to discuss a reduction of magnetisation with increasing
temperature, from which the Curie temperature of the CoFeB film has been deduced. sy
of Pt at high temperatures have been also quantified and we compare our results with other

studies that present the temperature dependence of Pt’s sy below RT.



II. EXPERIMENTAL PROCEDURES

We used a ultra-high vacuum sputtering system with a base pressure of 1 x 10~7 Pa for
the films growth. CoFeB and Pt layers (both 3 nm in thickness) were deposited onto a glass
substrate. We particularly used glass as our substrate because the thermal conductivity of
glass is 1 W/m-K?*, much lower than that of Si (148 W/m-K)?*. In doing so, we were able
to heat our devices more efficiently by the microwaves injection. The grown thin-films have
been patterned into micro-bar shapes having width of 32 ym. An on-chip waveguide made
of Cu has been fabricated on top of each bar so that the bar became a shorted connection
between the waveguide’s signal and ground lines where the gap is 50 ym. Figure 1(a) depicts
our measurement set-up and circuitary used in this study. We applied an external magnetic
field along different in-plane directions and performed a series of FMR measurements by
changing microwave power and frequency. All the FMR measurements presented in this

paper have been carried out at a base temperature of 300 K.

III. RESULTS AND DISCUSSIONS

In Fig. 1(b), we show FMR voltage signals measured at difference microwave frequency

(f). To extract device/materials parameters of spin transport and spin dynamics, we used

the following fitting functions derived from a macrospin precession model?®.

AHQ All—_[(]¥ext - Hres)
pr— 1
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Here Heyi, Hyes, AH, Intw, ¢ and hy(.y are the external dc magnetic field, the FMR field,
the linewidth, the microwave current amplitude, angle defined from the bar orientation and
the effective microwave fields along the y (z) direction, respectively; the exact expression of

26,27

parameters a and [ can be found in elsewhere=®“". Microwave currents in our devices in-

812 exerts a damping-like

duced spin currents flowing into the CoFeB layer. This mechanism
torque on CoFeB moments and produces an effective magnetic field along the z orientation.
Simultaneously the same microwave currents also induced an effective field along the y ori-

entation due to classical Ampere’s law. As shown in the above equations, these two effective
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fields (and therefore torques) result in voltages with different lineshapes, allowing us to iden-
tify the two torque origins independently. We first show in Fig. 1(c) H,es versus frequency
plots measured at power of 32 mW. The Kittel formula f = (7/27)[Hyes(Hyes+4mM;)]/?
was used to fit the experimental deta where v and M, are the gyromagnetic ratio and the
saturation magnetisation respectively; we approximate that the demagnetisation field in the
CoFeB layer is 4w M. A good agreement between the experimental data and Kittel function
suggests that measured voltages in our experiments are predominantly from FMR in the
CoFeB layer. One systematic change we can observe in the power dependence is that Hes
shifts to higher values when the microwave power is increased. This, by using the Kittel
function, means that high power excitation in our experiments leads to a reduction of M
due to a temperature rise in the device. We will quantitatively discuss this Mg reduction
later.

Another important element in Eq. 1 is the angle dependence of Vg, i.e. Vs and Vi, both
showing sin2¢cos¢. This symmetry is excellently demonstrated by our measured voltages
shown in Fig. 2(a). These confirm that the predominant contribution of voltage generation
in our experiments is from the damping- and field-like torques discussed above, excluding any
other possible contributions due to microwave injection. Our CoFeB layer should most likely
be amorphous, only having the shape (magnetic dipole) anisotropy from the bar dimensions.
We can confirm this by showing the cos 2¢-angle dependence of the H,q in Fig. 2(b).

We next introduce our bolometric analysis. When a microwave is injected in our device, a
resistive loss takes place and results in local heating. Due to the fact that sample resistance
is a function of temperature, it is possible to monitor the actual device temperature via
resistance. We measured our sample resistance for different microwave powers as shown
in Fig. 3(a). A clear resistance increase has been measured originating in temperature
rise induced by the microwaves. We scaled this temperature rise with the temperature
dependence of the film resistance measured separately (Fig. 3(b)) to estimate the device
temperature at a given microwave power. Figure 3(c) shows the device temperature as a
function of the microwave power, which demonstrates that the temperature rise and the
microwave power have a linear relationship, as expected from ) = CAT where (), C' and
AT are heat, specific heat capacity and temperature difference, respectively. Note here that
() induced by Joule heating is proportional to microwave power in our device.

With the temperature scaled by microwave power, it is now possible to discuss magnetic



and spin transport parameters at high temperatures. Figure 4(a) shows M as a function of
the device temperature. We employed a phenomenological equation of My(T) = M(0)[1 —
(T/Tc)*] where M(0), Tc and « are the saturation magnetisation at 7' = 0 K, the Curie
temperature and an exponent constant, respectively?®. A best fit using this equation gives M
of 1.59 T and T¢ of 920 (£57) K, both of which show fairly good agreements with previously

reported values of CoFeB thin-films?®.

To comfirm the M, reduction by the temperature
rise, we quantify the size of this anisotropy field H, by the amplitude of oscillation H, as
shown in Fig. 4(b) and confirm that it does not vary with temperature. The fluctuation
of H, is around 2 mT which is much smaller than the M reduction of about 70 mT over
the measured range. We also employed this technique to study fsy of our Pt layer at high
temperatures. In ST-FMR experiments on FM/NM bi-layer structures, fsi can be extracted

by using the following expression'2.

Vsym)(elLOMStd) 1
Visy h 7\/1+4 (ArM/H,e,)

Here, e, po, t(d) and h are the elementary charge, the permeability in vacuum, the

thickness of the CoFeB(Pt) layer and the reduced Planck constant, respectively. Related
and crucial to this analysis is the power dependence of both Vi, and Vs, shown in Fig. 5(a).
From these, a linear relationship between Vi, (Vasy) and the microwave power is revealed,
which is predicted by Eq. (2) and (3) - note that the spin-orbit fields are proportional to I,
hence e.g. Viym o< Th, o< I 2 &« P. We calculated gy for each power, and the temperature
dependence of fsy is plotted in Fig. 5(b). Within the measured temperature region, sy
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was found to be around 1.7 x 102 which is consistent with reported values
in Pt. Another observation in sy is a slight upturn for higher temperature, i.e. about 2
% change from RT up to the highest temperature measured. This trend is very similar to
Osy that Isasa et al. measured in their Pt layer within lateral spin-valve devices below RT.
Their sy measured in Pt increased from 0.009 at 10 K to 0.01 at 300 K which are compared
to SHE originated from the intrinsic and extrinsic mechanisms. Isasa et at. concluded that
the observed monotonic increase of sy with temperature is mainly due to the intrinsic SHE
mechanism in Pt, consistent of fsy with others work reported earlier. The temperature

dependence of fsy in our study supports the conclusion of Isasa et al. in that a monotonic

increase of fgy is sustained even at higher than RT. It should be however noted that the rate



of increase per temperature is small and that the overall change is comparable to the size
of our error bars. From this we anticipate that there must be a non-negligible contribution
from the extrinsic skew scattering mechanism in which sy is temperature-independent.
Nevertheless, the magnetic and spin transport parameters discussed here demonstrate that
the bolometric FMR technique can be indeed a simple yet powerful tool to study magnetism

and spin transport physics at high temperatures within standardised ST-FMR techniques.

IV. SUMMARY

In summary, we report on the new current-induced FMR technique to characterise high-
temperature spin-Hall angles as well as other magnetic parameters in thin-film bi-layer
devices. Using a ST-FMR device based on a CoFeB /Pt thin-film grown on a glass substrate,
we have shown that it is possible to control the device temperature by changing the power of
microwaves that are originally used to drive FMR. The device temperature was calculated
through the resistance as a calibration parameter. We observed clear shifts of FMR peak
positions for high power measurements, which is explained as a reduction of saturation
magnetisation due to the temperature increase. From this, we were able to estimate the
Curie temperature of our CoFeB film being 920 (£57) K. The temperature dependence of
Osy in Pt has been characterised by using the FMR voltages. We found that there is a
slight increase of fsy with temperature. This temperature dependence is consistent with
the intrinsic mechanism of SHE, supporting the conclusion drawn by Isasa et al but also
suggesting the presence of the temperature-independent skew scattering component. This
simple method is widely accessible to anyone working in spin-Hall-induced ST-FMR studies
in magnetic bi-layers and hence very useful to characterise spin-orbit transport physics in

not only other heavy metals but also any emerging materials.
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Phu et al.: Figure 1
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FIG. 1: (a) Schematic of the measurement set-up using this study with circuit configuration. (b)
Measured voltages across the sample while sweeping the external magnetic field. We repeated this
measurement by injecting a microwave current at a different frequency from 8 to 12 GHz. (c¢) A

plot of FMR resonant fields (Hyes) vs microwave frequency (f) with input-microwave power of 32

mW.

11



20F
(a)
| @
10 .. o‘ ‘6'..
o~ : . & o_*
> |:0%5a 8%,
3 08 %&%¢ e . o
S E o
‘.. 9, g o’
SN <009’ 9 O
V .i' .t' “. ‘.
_ 1 O Sym .v. '$
Vasy
20k I
0 T 21

¢ (rad)

27

FIG. 2: (a) Angular dependence of symmetric (Viym) and anti-symmetric (Viym) Lorentzian line-

shape components. Both of them show sin2¢cos¢ symmetry which agrees well with Eq. (2) and

(3). (b) Angle dependence of the resonance field with input-microwave irradiation with the power

of 20 mW, which is corresponding 345 K (frequency is 10 GHz). From fitting using (A cos? ¢ + B),

anisotropic magnetic field H,, and resonance field H.qs is corresponding A and B, respectively.
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Phu et al.: Figure 3
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FIG. 3: (a) Device resistance measurements when injecting microwave at different powers. The
resistance was normalised at the resistance with zero microwave power (Rp). (b) Resistance mea-
surements of the CoFeB/Pt film at different temperatures. The resistance is normalised by the one

at T' = 300 K (R300x). (c) Scaling of temperature and microwave power by using the two sets of

resistance measurements shown in Fig. 3(a) and (b).
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FIG. 4: (a) Saturation magnetisation (M) change due to an increase of device temperature. (b)

Temperature dependence of the anisotropy field H, (Blue) and saturation magnetisation Mg (Red).
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FIG. 5: (a) Viym and V,sy growth by increasing microwave power. Note that the two voltage
amplitudes are proportional to microwave power as expected in Eq. (2) and (3). (b) Spin-Hall
angle (fsp) extracted by using Eq.4 and experimental data for different temperatures. The error

bars for the calculated fg represent the error involved in determining fitting function of Vg, and
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