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Abstract

Similar to electrical currents flowing through magnetic multilayers, thermal gradients applied across
the barrier of a magnetic tunnel junction may induce pure spin-currents and generate ‘thermal’
spin-transfer torques large enough to induce magnetization dynamics in the free layer. In this study,
we describe a novel experimental approach to observe spin-transfer torques induced by thermal
gradients in magnetic multilayers by studying investigating in their ferromagnetic resonance
response by using microresonator cavities. Utilizing this approach allows for measuring micron/
nano-sized samples in order to detect magnetization dynamics in open-circuit conditions, i.e.
without the need of electrical contacts. We performed first experiments on magnetic tunnel junctions
patterned into 6 x 9 m? ellipses from Co,FeAl/MgO/CoFeB stacks. We conducted microresonator
ferromagnetic resonance (FMR) under focused laser illumination to induce thermal gradients in the
layer stack and compared them to measurements in which the sample was globally heated from the
backside of the substrate. Moreover, we carried out broadband FMR measurements under global
heating conditions on the same extended films the microstructures were later on prepared from. The
results clearly demonstrate the effect of thermal spin-torque on the FMR response and thus show
that the microresonator approach is well suited to investigate thermal spin-transfer driven processes
for small temperatures gradients, far from being sufficient for magnetic switching.

Keywords: thermal spin transfer torque, microresonator, ferromagnetic resonance,
magnetic tunnel junction

(Some figures may appear in colour only in the online journal)

1. Introduction The field of thermoelectrics dates back to the discovery

of the Seebeck effect in 1821. The Seebeck effect is a ther-
Spin caloritronics is a new research area which investigates moelectric phenomenon describing the fact that between two
the non-equilibrium generation of spin-currents by thermal points of a conductor that exhibit different temperatures an
gradients and their interaction with magnetic moments [1, 2].  electrical voltage develops, due to the temperature driven
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diffusion processes of the electrons. The ratio of voltage-to-
temperature difference is called Seebeck coefficent. In order
to make use of this voltage, two conductors with different
Seebeck coefficients have to be connected, leading to a device
called ‘thermocouple’. A thermocouple allows for measuring
temperature differences between two contact locations of dif-
ferent conducting materials via the generated thermo-voltage>.
More recently, it has been theoretically predicted and exper-
imentally demonstrated that a temperature gradient within a
ferromagnet can induce what is called spin-Seebeck effect [3].
As the exchange interaction generates two different electronic
spin-channels (‘spin-up’ and ‘spin-down’), both types of elec-
trons exhibit different Seebeck-coefficients and thus different
temperature-driven diffusion properties. A ferromagnet under
the influence of a thermal gradient develops a spin-accumula-
tion (imbalance of ‘spin-up’ and ‘spin-down’ electrons along
the gradient) that can be analogously described as ‘spin-
voltage’ that drives a spin-current along the gradient.

While the first experimental detection of a spin-current
generated by the spin-Seebeck effect was performed via the
inverse spin-Hall effect in a non-ferromagnetic metal adjacent
to a ferromagnet [3], effects in more complex layer stacks were
explored in follow-up studies. In this context we mention tun-
neling between two magnetic layers separated by an insulator
(magneto-Seebeck effect) [2], as well as spin-injection from a
ferromagnet to a semiconductor (spin-Seebeck tunneling) [4].

Exploring potential applications, Hatami et al theoretically
studied the spin-Seebeck effect in spin-valves and introduced
the concept of thermal spin-transfer torques (T-STT). They
predicted that the thermally induced spin-current creates an
spin-imbalance at the interface between non-magnetic and fer-
romagnetic layers [5], thus causing a transfer of spin angular
momentum across the non-magnetic spacer and exerting a
torque on the local magnetization of the ferromagnetic layer.
Experimentally, T-STT were studied within asymmetric Co/
Cu/Co nanowire spin-valves which exhibit switching field
changes under varying a.c. currents causing Joule heating
[6]. It was also theoretically predicted that temperature dif-
ferences of around 10K across an ultrathin barrier (1nm)
can create magnetization dynamics in Fe/MgO/Fe magnetic
tunnel junctions [7]. The authors reported that T-STT exhibit
asymmetric angular dependencies, unlike torques induced by
electrical bias. Thermal gradients (AT) of 6.5K and 56.5K
were predicted to even induce switching from the antiparallel
(AP) to the parallel state (P) and vice-versa, respectively. In
addition, it was pointed out that the crystalline quality of the
tunnel barrier is crucial, directly affecting the magnitude of
thermal torques [7]. The spin-Seebeck effect has been studied
on CoFeB/MgO/CoFeB magnetic tunnel junctions, using
different heating methods such as Joule heating, heating
with Peltier elements, as well as laser heating [8—14]. Most
results are supported by finite element simulations that predict
temperature gradients across the MgO barrier in the order of a
few mK. In order to increase the thermal gradients across the

3 Note that in case the voltage is tried to be picked up at the two ends of the
conductor itself by means of a measurement device, the overall voltage will
cancel to zero.

barrier, MgAl,O,4 layers were used as tunnel barriers in magn-
etic tunnel junctions, due to their lower thermal conductivity
as compared to MgO barriers [14]. It was reported that magn-
etic layers separated by a MgAl,O4 barrier exhibit a higher
tunneling magneto Seebeck (TMS) ratio. Recently, T-STT
have been studied on MgO-based magnetic tunnel junc-
tions by using electrically detected ferromagnetic resonance
(FMR) techniques [15]. The changes on the FMR line-shape
were determined by the ratio of dispersive (D) and absorptive
(L) components (D/L) of the spectra. This D/L ratio increases
under thermal gradients due to T-STT. It was also found that
the angular dependence of D/L exhibited different behavior
than the current driven STT.

In this study, we describe a different approach, which
focuses on observing and quantifying spin-transfer torques
induced by thermal gradients in magnetic multilayers without
electrical contacts, analyzing changes in their FMR response
under laser heating. To access the FMR response of micron-
size devices, micro-cavity resonators (also referred to as
microresonators) were fabricated around the MTJs.

1.1. Thermal spin-transfer torques

Similar to electrical currents flowing through magnetic mul-
tilayers that become spin-polarized and consequently transfer
angular momentum to the magnetic moments of subsequent
layers [27, 28], it has been predicted that thermal gradients
applied across the spacer of a spin-valve or a magnetic tunnel
junction may induce pure spin-currents and generate ‘thermal’
spin-transfer torques (T-STTs) large enough to induce magne-
tization dynamics [5, 7]. The relation of spin-current, charge
current and heat current was theoretically described by Bauer
et al using Onsager’s reciprocity rule [2, 29]. In fact, spin-cur-
rents can be driven not only by gradients of the electrochemical
potential (i.e. by bias voltages), but also by thermal gradients.
It was shown in [5] that the spin-torque resulting from spin-
currents due to the presence of a bias voltage AV, in addition
to thermal gradient AT across the sample stack, is given by
7 ~ (PAV + P'SAT). Here, P = (G" — G¥) /(G + G*) is
the polarization of the conductance, with |P| < 1, P’ is the
polarization of its energy derivative at the Fermi level and
S is the Seebeck coefficient. In this respect, the quantity P
describes the spin assymetry of the electrical conductivity and
P’ describes the spin assymetry of the Seebeck coefficient.
While P ist fundamentally limited in magnitude, P’S can be
very large and, consequently, spin-transfer processes due to
thermal gradients are of high interest. The spin-transfer torque
mechanism is schematically depicted in figure 1. Here m,
and my represent magnetic unit vectors of the reference and
the free layer, respectively. T| and T, are the in-plane and
perpendicular spin-transfer torques®, which can be generated
by the bias voltages or thermal gradients, respectively.

In general, magnetization dynamics can be described by
the Landau-Lifshitz—Gilbert equation, and can be detected
experimentally by measuring FMR [30].

®Note that here ‘in-plane’ and ‘perpendicular’ refer to the plane defined by
the magnetic moments of the free and the reference layers.
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Figure 1. Sketch of spin-transfer torque induced (a) by bias voltage and (b) by thermal gradient.

dg% = —ymy X Byy + amy X dﬂ% (1)
Here, v is the gyromagnetic ratio, « is the damping factor
and By is the effective magnetic field, which in general
may include demagnetization, applied and anisotropy fields.
The effect of spin-currents is described by two extra terms
[27, 37]:
% = —ymy X Byy + amy X dd%

+ Ty [my x (mg x m,)] +~T 1 (my x m,)

)
where T and T, are the magnitudes of the in-plane and
perpendicular spin-torque, respectively. The in-plane spin-
torque term is written as a double cross product between the
magnetization and direction of the polarization of the spin-
current (assumed to be parallel to the reference layer). It is
also called damping-like term, as it is mathematically simi-
larly written as the damping term in the Landau-Lifshitz
form. The fourth term is written as a simple cross product
between the two vectors; hence it is referred to as ‘perpend-
icular’ or ‘field-like’ spin-torque term. It was also shown that
the perpendicular component of the spin-torque effects the
output frequency of thermally-excited FMR signals in MgO-
based magnetic tunnel junctions, while the in-plane comp-
onent changes their linewidth [31].

2. Experimental details

2.1. Ferromagnetic resonance detection using
microresonators

FMR is commonly used to obtain information about magnetic
anisotropy, g-factor, and damping parameters of ferromagn-
etic materials [16-20]. In FMR experiments, the magnetic
layers are excited by microwave fields at fixed frequency,
while a d.c. magnetic field is swept through the resonance.
A microwave generator supplies the required power, while an
electromagnet is used to create a slowly varying homogenous
magnetic field in the sample volume, which can be safely

assumed to be static on the timescale of the magnetic reso-
nance precession frequency.

A  microwave bridge in combination with field-
modulation and lock-in technique is commonly used in order
to improve the detection sensitivity (figure 2) [21]. One part
of the microwave power is coupled into the excitation arm of
the spectrometer, where the power level can be adjusted by an
attenuator and finally is launched via the circulator into the
resonant cavity, which is almost perfectly matched to the input
line at its resonance frequency. The other (main) part of the
power is sent into the reference arm and biases the quadrature
mixer at the operation frequency (homodyne detector). The
phase shifter in the reference arm allows for adjustment of
the phase at the local oscillator (LO) input of the quadrature
mixer. It is thus possible to detect the absorption and disper-
sion FMR signals on the I and Q outputs respectively, as they
are phase—shifted by 90°.

At external magnetic fields off resonance, the power
reflected by the cavity remains negligible and only when the
resonance condition is met, a strong change of the magnetic
susceptibility of the sample leads to a change of the resona-
tor’s impedance, and consequently to an increased reflection
of microwave power. The reflected signal is conducted via the
circulator to the detection arm, where a low noise preamplifier
amplifies both signal and noise. As a result, the thermal noise
of the cavity dominates other possible sources of noise and
determines the noise level of the whole setup. The amplified
signal is fed to the radio-frequency (RF) input of the mixer
and down-converted at the same operation frequency’. This
homodyne down-conversion scheme is highly selective for the
weak signals on the noise background.

" The mixer multiplies the signals ugr () = f (t) cos [wrrt] (With
f(t) being a time dependence varying slowly on the time-scale set
by wgr) and uzo () = Aro cos [wrot] which—via the trigonomet-
ric relation cos A cos B = 1 [cos (A + B) + cos (A — B)] —yields
Uour (1) = upo (¢) - ugr (1) = AL%M {cos [(wgrr + wro) t] + cos [(wrr — wio) 1]}
After low-pass filtering, one ends up with a signal that is given by
_ A f@)
Uou (1) = =43

detection), one ends up with uy, (f) =

- cos [(wrr — wro) t]- In case that wgr &~ wro (homodyne
AL%M which is the signal to be
detected with the lock-in amplifier.
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Figure 2. Schematic of the FMR spectrometer. Following microwave parts are used in the microwave bridge: generator APSIN20G

(AnaPico), —6 dB and —10 dB directional couplers 1815 and 1822 (Krytar), attenuator AF885H-20 (ATM), phase shifter 6705-2 (API),
power meter U8487A-RF (Keysight), circulator—K70-1FFF—and isolators K70-1LFF (Aerotek), preamplifier BZT-06001800-151030-
172320 (B&Z Technologies), quadrature mixer [Q0318L (Marki Microwave). For signal detection a lock-in amplifier 7270 (Ametek) is

used.

To further increase the sensitivity, a phase-sensitive detec-
tion is used. The static magnetic field is modulated at the fre-
quency where the noise floor is determined by thermal noise,
usually about 100kHz. This frequency is significantly lower
than the FMR frequency. Hence, the frequency modulation
at 100kHz will pass the LO and RF input of the quadra-
ture mixer, without influence. The low-frequency magnetic
field modulation encodes spectral information on the micro-
wave signal. Lock-in detection at the I output of the quad-
rature mixer is only sensitive to signals that have the same
frequency and phase as the field modulation and extracts a
signal resembling the derivative of a Lorentzian absorp-
tion curve as shown in figure 3. The Q output of the mixer
delivers the derivative of the dispersion signal that will not
be registered in our measurements throughout this paper. The
equivalent noise bandwidth of such a detection scheme can
be further reduced by setting an appropriate lock-in integra-
tion constant.

The amplitude of the FMR signal measured in such a
spectrometer is determined not only by the change of the
sample magnetization but also by the resonator used for the
FMR detection [33]:

Usig N —F

3

here Ox”/OH is the derivative of the imaginary part of
the magnetic high frequency susceptibility, F is the filling

store
Wcav

Wint + Wext

loss loss
the resonator which describes the ratio of the energy stored
in the cavity at its resonance frequency Wi to the sum of
the energy losses per cycle inside the cavity (ng;s) and the

external losses due to reflection at the coupler (coupling hole

factor and Qp =27 is the loaded quality factor of

= AH,,
2 | AH;
S
ey o H,.
. 0,4 1 1,6
2
\(-U/O Hres
i
=
=
3 2A
L\
1 1 AHPP 1 L
0 1,0 2,0
H (kOe)

Figure 3. Derivative-like FMR absorption signal. The resonance
field, H,.,, depends on the g-factor, anisotropy as well as the
magnetization of the sample. AH,, is a measure of the magnetic
damping [22].

or antenna) and dissipation into the matched load of the gen-
erator (W), The filling factor is defined by,

loss

8 We note that with the definition for the quality factor of the unloaded cavity
Qo = 2w WS /Wit and the external quality factor Qex = 2w WS /WEL
one obtains the relation 1/Q; = 1/Q¢ + 1/Qex- The coupling param-
eter 8 = WL /Wit = Qy/Qex Which characterizes the energy loss in

the external circuit in relation to the one inside the cavity then yields

01 = Qo/ (1 + B). For the so-called critical coupling the internal cavity
losses are equal to the coupling losses, or in other words, half the micro-
wave power in the cavity reaches the electronics via the coupler, while the
other half is dissipated in the cavity walls. In this case 8 = 1 and therefore
Q1 = Qo/2. This critical coupling is often assumed so that the term Qp/2

appears in equation (3).
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Figure 4. Layout of a planar microresonator with simulated
electric field distribution at resonance frequency. The inset shows
the current and magnetic field distribution in the loop containing a
sample (black ellipse).

fsample h'szS ~ Vs

fcavity hIZfV‘ - VC

where ¢ is the microwave field, and V; and V, are sample and
cavity volume, respectively. The filling factor can be approxi-
mated by the ratio of the sample to the cavity volume if the
microwave field 4, is homogeneously distributed.

In conventional approaches to detect magnetic resonance,
samples are placed within cavities, whose minimal dimensions
are defined by the half wavelength of the operation frequency.
For the most popular X-band spectrometers (~10 GHz), the
cavities are thus centimeters large. This limits the measurable
sample volume to the order of typically mm?, while at that
size cavities can reach sensitivities of 10'° spins/GHz!? [21].
Detecting the FMR signal of nano-to micron-sized samples
in conventional cavities is therefore not possible, due to their
too small ferromagnetic volume. Planar microresonators were
introduced by Narkowicz et al for electron paramagnetic reso-
nance (EPR) experiments to achieve optimal sensitivity for
small objects [25]. While the quality factor of planar resona-
tors is two to three orders of magnitude lower than that of their
bulk counterparts, they allow one to adjust the active detection
volume to approach the actual sample size and thus increase
the filling factor considerably. As a planar microresonator is by
definition a 2D structure, the resonator extension into the third
dimension is negligible. Moreover, the sample is placed within
a loop, whose diameter can be tailored to match the order of
the sample’s size. Two stubs are attached to the inductive loop.
The capacitive radial stub in first approximation may be viewed
as element to tune the loop to the operation frequency, while
the rectangular stub matches the structure to the 50 €2 imped-
ance of the microstrip feedline (figure 4). In fact, either of the
stubs influences both, tuning and matching of the resonator. At
resonance, a standing wave establishes between the edges of the
stubs, as can be seen in the snapshot of the electrical rf-field dis-
tribution simulation shown in figure 4. Due to small dimensions
of the loop, the electric current density within the loop in the
vicinity of the sample at resonance gets very high which leads
to an efficient conversion of the excitation power into an out-of-
plane microwave magnetic rf-field within the sample volume.

F= ; “)

Figure 5. SEM image of MTJ integrated into 20 ;sm loop
microresonator.

Therefore, the FMR signal from micro- and nanosized ferro-
magnetic samples can be detected with ultrahigh sensitivity.

2.2. Material preparation and laser heating system

We investigated magnetic tunnel junctions (MTJs), which
were fabricated out of MgO/MgO(10)/TiN(30)/Co,FeAl(10)/
MgO(2)/CoFeB(3)/Ta(3)/Ru(3)/Cr(5)/Au(60) stacks, where
the layer thicknesses in nm is given in parenthesis. The TiN-
layer promotes an epitaxial growth of the Co,FeAl(10)-film,
while the Ta/Ru capping layer prevents the stack from oxida-
tion. We additionally deposited a 60 nm thick Au-film on top
to act as absorption layer for the laser light. It was recently
shown that using Co,FeAl as reference layer improves the
TMS effect in MTIJs [32]. After deposition, the samples were
annealed under the presence of an in-plane magnetic field
of 0.7 T at 325 °C for 1 h. Broadband FMR was used on the
extended films to characterize their dynamical properties. The
sample and microresonator fabrication consists of multiple
steps such as lithography, ion etching and lift-off processes.
The sample is finally patterned into a 6 x 9 um? elliptical
shape pillar using electron beam lithography (EBL), and
ion beam etching to etch down the sample to the substrate.
Microresonators are then fabricated around the sample using
UV lithography. An MT]J incorporated into a microresonator
is shown by an SEM image in figure 5. The metallization of
the microresonator was performed using e-beam evaporation.
Our experimental approach is to observe the FMR response
of the MTJ structures under application of thermal gradients
across their barriers. We thus established a microresonator
FMR setup, where a laser beam can be focused onto the
sample in order to heat the sample stack from the top. The
sketch of the experimental setup is shown in figure 6(a). A
Laser diode (Thorlab) at 638 nm wavelength and with tun-
able power up to 200 mW (calibrated value is 145 mW) is
focused to the sample. An electromagnet produces a stable
and homogenous DC field parallel to the film plane, while
the micro-coil generates an ac magnetic field perpendicular
to the film plane (figure 6(b)). We used the microwave bridge
detection as described above in order to measure the sample
in reflection geometry with higher signal-to-noise ratio (SNR)
by using field modulation and lock-in detection.
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Figure 6. (a) Sketch of the experimental setup to detect FMR signal under laser heating. (b) Sketch of the experimental approach to detect

FMR signals of the samples using microresonator.
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Figure 7. (a) Single VNA-FMR spectra taken at 14 GHz. (b) Field dependence of resonance frequency for CoFeB and Co,FeAl for in-
plane and out of-plane field orientations (solid lines are fits to the data). Linewidth dependence of resonance frequency for CoFeB and
Co,FeAl for (¢) in-plane and (d) out of-plane field orientation.

3. Results and discussion

3.1. Broadband ferromagnetic resonance on extended thin

film systems

Before performing experiments under laser irradiation, we
performed broadband vector network analyzer (VNA) FMR

measurements on extended films to identify the dynamic
properties of the two ferromagnetic layers within the stack.
The results are summarized in figure 7. Figure 7(a) shows
a single VNA-FMR spectrum taken at 14 GHz which is the
operating frequency of our microresonators. One can clearly
identify the two signals of the Co,FeAl and the CoFeB layers,
the latter being located at smaller resonance fields, due to the
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Figure 8. (a) FMR spectra of the extended sample measured at RT at 13.20 GHz. (b) FMR spectra of the extended film measured in the in-

plane direction at different temperatures.

fact that CoFeB exhibits a larger magnetization. The films
exhibit a significant cubic in-plane anisotropy which is not
the focus of this paper. We only note that all our experiments
(VNA-FMR as well as microresonator FMR) were carried out
with external field parallel to the easy in-plane direction, or in
the geometry for which the external field is perpendicular to
the layer planes. From the fitting of both resonance field with
a complex Lorentzian function, we extracted the resonance
field and the linewidth of both signals, whereby we used
microwave frequencies in the range 3-32 GHz. The obtained
resonance fields for the different frequencies are plotted in
figure 7(b) for the external magnetic field being applied in-
plane (squares), as well as out-of-plane (circles). The solid
lines are fits for the Co,FeAl (black/green) and CoFeB (red/
blue), data according to the resonance equations [36]. The
effective magnetization, 4mM.g, and the g-factor are consid-
ered as fitting parameters. The fitted g-value is found to be
around g = 2.086 =+ 0.002 for both layers, consistent with lit-
erature [34]. The saturation magnetization values, M;, deter-
mined from vibrating sample magnetometry (VSM), are very
close to the effective magnetization, determined by FMR,
i.e. the value of the perpendicular anisotropy contributing to
4mM.g is negligible. The values for 4nM.g are found to be
1.305 £ 0.01 T for Co,FeAl and 1.619 + 0.001 T for CoFeB.
From the VSM results, the M, values are 1.28 4= 0.01 MA/m
for CooFeAl and 1.62 4+ 0.01 MA/m for CoFeB. We note that
the VSM experiments were performed on individual extended
films of Co,FeAl (5) and CoFeB (5) and are not shown here.
From the VNA-FMR data, we also extracted the linewidth
as function of frequency for both the Co,FeAl and CoFeB
layers in the in-plane and out-of-plane direction as shown in
figures 7(c) and (d). The linewidths for Co,FeAl and CoFeB
show alinear dependence on frequency. The CoFeB data shows
more scattering, as the CoFeB signal is weaker than the signal
of the Co,FeAl. The Gilbert damping of Co,FeAl (CoFeB)
is determined to be o = 0.0078 4+ 0.0001 (0.007 4 0.001) for
the in-plane and a = 0.003 £ 0.001 (0.004 4 0.0034) along
the out-of-plane directions, with an inhomogeneous broad-
ening of ApgHy = 0.7 mT (1.9 mT) and poHy = 3.1 mT (28

mT), respectively. The reason for the slightly higher in-plane
damping for the Co,FeAl-layer might be attributed to an addi-
tional damping contribution, which is less effective for the
out-of-plane geometry. We rule out two-magnon scattering, as
such a contribution, because of the linear, Gilbert-like depend-
ence for the in-plane direction. As the CoFeB layer is on top
of the stack and therefore subject to increased roughness and
imperfection, we observe a larger inhomogeneous broadening.
Note that the low frequency increase of the Co,FeAl linewidth
might result from a slight misalignment of the external field
along the hard out-of-plane axis.

3.2. Temperature-dependent FMR on extended fims

To investigate the effect of global heating, FMR measure-
ments were performed on unpatterned multilayers between
300K and 400K. For this, the sample was mounted on a
ceramic heater with a Pt100-thermoelement for temper-
ature measurements. For the microwave excitation and FMR
detection, a semi-rigid cable with an SMP connector was
placed just a few hundred micrometers above the surface of
the film [38]. The whole sample holder is located inside a
quartz glass tube, which can be evacuated to avoid oxidation
during heating. The assembly was then mounted between the
pole caps of an electromagnet, which is equipped with addi-
tional modulation coils. For the FMR detection, the same
type of microwave bridge as for the microresonator setup
was used.

First, the FMR spectrum was measured at room temper-
ature as shown in figure 8(a) with a corresponding Lorentzian
fit (solid line). The FMR spectrum shows the signals corre-
sponding to the two ferromagnetic layers. Note that the
slightly smaller resonance field as compared to the VNA-FMR
spectrum in figure 7(a) results from the somewhat smaller fre-
quency (13.20 GHz). In figure 8(b), FMR spectra at different
temperatures are shown. It is clearly seen that the FMR signal
of Co,FeAl exhibits a shift with increasing temperature. As
seen in the inset graph, the CoFeB signal also shifts to higher
resonance fields by increasing the temperature.
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3.3. Ferromagnetic resonance in microresonator

Measurements in the presence of a thermal gradient were
performed on 6 x 9 um?> MTJs, integrated into microreso-
nator loops with an inner diameter of 20 ym. The MTJs were
exposed to laser radiation, with the power increasing from 0
to 145 mW. The spot size of the laser beam was around 5 pm,
thus smaller than the lateral size of the MTJ. In figure 9(a), an
FMR spectrum measured at 13.73 GHz (which corresponds to
the optimum sensitivity of the microresonator) is shown for
the case when the laser is off. A Lorentzian fit (solid red line)
is used to determine the resonance field and the linewidth.
Again, one can clearly identify the signals of the CoFeB and
the Co,FeAl layers.

In addition to laser-based experiments, we performed
global heating investigations on a structured sample. For this,
a current-driven heater element was mounted on the backside
metallization of the microresonator chip, while the temper-
ature was measured by a thermoelement whose voltage was
fed into a controller. We used the same structured sample as
for the global heating study; however, a different FMR magnet
had to be used, having a larger gap between the poles to be
able to fit the heater in. Contrary to the laser-based magnet,
setup where the in-plane angle of the external dc-field was
adjusted to match the easy axis of the sample, did not allow
for a similarly accurate adjustment in the setup used for global
heating. Consequently, we cannot fully rule out small angular
misalignments between the two setups (about 1-2°).

To estimate the induced global temperature rise, as well
as the small temperature gradient resulting from the laser
heating, we performed COMSOL simulations using its heat
transfer module. The heat diffusion problem is modeled by
starting with a 2D (vertical) rectangular shape in which we
consider the MTJ stack with the MgO-substrate below. Aside
the MTJ we consider an air layer on top of the MgO-substrate.
Upon rotation of this two-dimensional shape around the cen-
tral vertical axis of the MTJ, we obtain a 3D cylinder in which
the heat profile is simulated. The simulation parameters for
the materials were chosen similar to those in [14]. The inset
of figure 3(d) shows the result of the obtained temperature
profile, indicating that at the maximum laser power (of 145
mW) we achieve a temperature gradient of about 400 mK.
Moreover, the simulations allow toconvert the laser power
into a global temperature, which can be then compared to our
experiments using a global heating procedure as described
above. We note that this conversion becomes necessary, since
influences on the resonance field due to the thermal gradient
cannot be excluded due to a possible out-of-plane torque
which would directly act on the frequency of the precession,
thus influencing the resonance field.

Since the changes to magnetization dynamics induced by
thermal torques affect mostly the free layer, we focus in the
following on the signal CoFeB. At this point we want to men-
tion that due to the operation frequency of our resonators,
requiring resonance fields larger than the coercivity of both
layers, we can only investigate the system after exciting small-
angle precession close to the parallel state. The resonance
field and linewidth changes of the CoFeB-signal are shown as

a function of temperature in figures 9(b) and (c), respectively.
As seen in figure 9(b), the resonance field clearly increases
with temperature for the extended film (black squares) as well
as for the structured film under global heating (blue circles).
In contrast, the resonance field of the structured sample (red
circles) under laser heating exhibits only a slight increase (see
inset with magnified resonance field axis for clarity). One
observes a decrease of the resonance field due to the struc-
turing the sample into the elliptical shape. This results from
the extra in-plane anisotropy, generated due the asymmetric
shape. As the long axis of the ellipse was chosen to be aligned
parallel to the easy direction of the CoFeB, the easy-axis char-
acter is enhanced, leading to smaller resonance fields. The
small deviation between the resonance field of the structured
sample at 300K when globally heated or laser heated might
result from the above-mentioned misalignment errors which
are intrinsic to the use of two different setups. The linewidth
of the structured sample behaves qualitatively very different
as compared to global heating condition (see figure 9(c)). A
decrease in linewidth with temperature is observed for the
extended film as well as the structured sample when glob-
ally heated. On the contrary, the structured sample under laser
heating shows a clear increase of the linewidth.

To explain the observed behavior, at first we note that
a decreasing linewidth in thin film samples can be well
understood in the context of temperature-dependent Gilbert
damping, which is for many systems dominated by a conduc-
tivity-like contribution at low temperatures. This decreases
towards higher temperatures, where a resistivity-like contrib-
ution takes over, leading to an increase of Gilbert damping
[35]. We thus assume that (in our case) for room temperature
we are located in a regime of dominating conductivity-like
damping that decreases with temperature’. The fact that the
laser heating leads to an increase of the linewidth, as compared
to the global heating, indicates the presence of an extra torque
that leads to an overall increase of damping. Because the only
difference between the two heating procedures is the pres-
ence of a thermal gradient for the laser heating, we conclude
that the relative linewidth increase (compared to the global
heating) directly stems from a damping-like thermal torque.
The fact that the difference between the linewidth observed
for the two heating procedures increases with increasing
global temperature proves this statement.

Coming back to the behavior of the resonance field, one
would tend to argue in a similar manner, i.e. the increasing
deviation with increasing global temperature between the
resonance field measured for the global heating and laser
heating, can be interpreted as being the result of (in this case)
a field-like torque, which affects the precession frequency
and thus the resonance field when using a constant meas-
urement frequency as done in our microresonator approach.
However, this torque seems to be surprisingly large (about 6
mT field shift at the highest temperature). Keeping in mind

% Note that we use linewidth and damping as synonyms, since we have found
the Gilbert-damping to be dominant in our layers (see figures 7(c) and (d)),
which allows one to identify an increase in linewidth as increase in Gilbert
damping without the need to perform a full frequency dependent invest-
igation of the linewidth.
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Figure 9. (a) FMR spectra of a micron-sized MTJ, incorporated into a 20 pm loop of a microresonator operating at 13.73 GHz. (b) The
resonance field and (c) linewidth versus temperature are shown. (d) Temperature versus laser power obtained by COMSOL simulation, inset
graph in (d) is the temperature profile across the MTJ with the power of 145 mW.

that at our microwave powers (at maximum 100 pW) we
are well in the linear small-angle precession regime (preces-
sion angle at most 1°), this high value is likely to be affected
by other factors as well. As such, we identified the above-
mentioned potential misalignment between the external field
and the CoFeB layer anisotropy in the setup. From the in-
plane angular dependence of the resonance field measured
for the thin film (not shown here) and assuming a misalign-
ment of just 2°, one easily could explain resonance field
shifts of about 1 mT. Moreover, the COMSOL simulations
likely overestimate the global temperature of the MTJ. We
found that the inclusion of the Cu loop around the sample
in the simulations led to a significant reduction of the global
temperature due to an effective heat transport away from the
MT]J because of the Cu. We can, however, not exclude that
the actual structure of the microresonator (which has not
been considered in the simulation) leads to a further reduc-
tion in temperature. We note that such a further reduction
would not change the qualitative statement, that we observe
an increase of the linewidth in the laser heating experiment.
On the contrary, in case that the actual temperature would
be smaller, the increase in linewidth would be even more
pronounced.

4. Conclusion and outlook

In this study, we described a novel experimental approach
and setup to observe effects of thermal gradients within MTJs
by using FMR microresonators. This approach allows for the
detection of magnetization dynamics in ‘open-circuit’ condi-
tion, i.e. without the need of electrical contacts. Our experi-
ments on mesoscopic samples show a significant influence
of the laser irradiation on the linewidth and resonance field
of the CoFeB free layer, as compared to the case where the
whole sample is globally heated. This demonstrates that
the thermal gradient leads indeed to a thermal spin-torque
which acts on the free layer’s magnetization. We observe two
torque-contributions, damping-like torque as well as a field-
like. Furthermore, we find that—upon exciting one layer and
making it precess around the parallel state—the damping-like
torque act to restore the parallel alignment of the two ferro-
magnetic layers (‘extra’ damping), while the field-like torque
acts to increase the precession frequency. As we sweep the
external magnetic field at constant frequency, the latter effect
induces a reduction of the resonance field as compared to
global heating. In our experiments, the thermal torques are
well below required to induce switching. Nevertheless, we
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observe clean signatures which can be used to quantify the
magnitude of T-STT. Therefore, we consider this approach to
be useful for studies in the low thermal gradient regime, which
so far was proven to be the case in most investigated studies.
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