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The thermal spin-transfer torque (TSTT) in magnetic tunneling junctions (MTJs) was systematically studied
using electrical detection of ferromagnetic resonance (FMR). Evidence for the existence of TSTT in MTIJs is
observed. A temperature difference was applied across an MTJ acting as a TSTT on the free layer of the MTJ.
The FMR of the free layer was then excited by a microwave current and electrically detected as a dc voltage.
We found that the FMR line shape was changed by the TSTT, indicated by the ratio of dispersive and Lorentz
components of the FMR spectra (D/L). D/L increases by increasing the temperature difference. In addition,
we analyze the magnetization orientation dependence of TSTT and provide solid evidence that this dependence
differs from the magnetization orientation dependence of spin-transfer torque driven by a dc bias.
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I. INTRODUCTION

Spin-transfer torque (STT) is an effect applied onto the
magnetization of a ferromagnetic (FM) material by a spin
current. It is generated by the exchange interaction of the
net spin in the current and the magnetization localized in the
material when a spin-polarized current or a pure spin current
passes through it [1]. The first report of STT was published in
1978 by studying the effects on domain wall in ferromagnets
[2], and STT was studied in spin valves by Slonczewski [3] and
Berger [4] independently in 1996. After that, STT reattracted
people’s attention due to the improvement of nanostructure
technology in the early 1990s [5-8].

A magnetic tunneling junction (MTJ) is a sandwichlike
structure containing two FM layers with a tunneling layer in
between. It is an ideal device to study the physics of STT. When
a current passes through an MTJ, one of the FM layers will act
as a spin polarizer and the spin-polarized current will apply an
STT on the other FM layer. Besides the interest in fundamental
research, the study of STT in MTJs also has huge potential for
the industry since MTJs have been widely used in nonvolatile
random memories [9-15]. It has been proven that switching the
magnetization configuration via STT is efficient and beneficial
to the integration of circuits [6,16-21]. However, the threshold
current density for switching is still as high as 10’A/cm?. The
heat current, as the third flow after charge and spin flow during
electron transport, has been considered recently to reduce this
high current density for switching. A temperature gradient can
generate a spin current carrying spin momentum, which can,
in turn, interact with localized spin by applying STT on it.
This STT is generated by a temperature gradient, so it is called
thermal STT (TSTT).
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TSTT has been explored in many theoretical works [22-26].
In 2007, Hatami et al. predicted that a temperature gradient
would induce an STT, which could excite a magnetization [22].
Later, it was predicted that a temperature gradient of 0.2 K/nm
is as efficient as a charge current density of 10’ A/cm? for
typical permalloy structures [24], indicating the potential of
using TSTT for switching in ferromagnetic materials. In 2011,
Jia et al. predicted TSTT in MgO-based MTJs showing that
TSTT may theoretically be very large in a three monolayer
MgO-based MTJ. They found that TSTT is angular dependent
to the relative angle of the magnetization between two FM
layers in MTJs but very skewed [27], and this TSTT in
MgO strongly depends on the thickness and the roughness
of the tunneling barrier [28]. Later, Leutenantsmeyer et al.
showed the possibility of switching in MTJs via TSTT with
femtosecond lasers [29].

In contrast, there are a few studies regarding the observation
of TSTT in magnetic multilayer structures. The first experi-
mental evidence of TSTT was found by Yu et al. on Co/Cu/Co
spin valves via studying the moving of FMR resonance
position [30]. The evidence of TSTT in the same system was
also observed by Fitoussi et al. [31], via magnetoresistance
change due to out-of-equilibrium magnetization under TSTT.
Recently, Pushp et al. observed that the STT would affect
the switching field of an MTJ from antiparallel to parallel
configuration. They attributed the origin of the thermal torque
to the asymmetry of the resistance of an MTJ at positive and
negative dc voltage bias [32].

There are two main difficulties preventing the observation
of TSTT. One difficulty is that it is hard to generate a local
temperature difference across several nanometers. Basically,
two heating methods can be used to achieve a large enough
temperature difference, utilizing the Joule heating when a
current passes through the sample [30,33] or using an external
heating source [34]. The other difficulty is that the effects
of TSTT are usually very weak. Ferromagnetic resonance
(FMR) is a sensible technique to probe the magnetization of
ferromagnetic materials. Around resonance positions, small
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effects of TSTT on magnetization will be magnified signifi-
cantly because of this resonance nature. Thus, the properties of
TSTT can be studied by carefully analyzing the FMR spectra
such as the line shape, resonance position, and linewidth.
Furthermore, electrical detection was employed to enhance
the signal-to-noise ratio since it is an effective way to detect
the FMR based on spin-rectification effect [35-37], which
can detect a voltage signal as weak as nV by using lock-in
technique.

In this paper, we employed an external laser heating to
generate a temperature difference across MTJs and electrical
detection of FMR to enhance the signal-to-noise ratio. By mea-
suring and analyzing the FMR spectra at various temperature
differences and magnetization configurations, the TSTT was
systematically studied. The rest of the paper is organized as
follows: The basic theory about TSTT and electrical detection
of FMR are summarized in Sec. II, the experiment details are
described in Sec. III, and the results and analysis are shown in
Sec. IV followed by the conclusion in Sec. V.

II. THEORY

A. Thermal spin-transfer torque

In electron transport, following Onsager’s law, the inter-
action between charge (J¢), spin (Js), and heat (Jy) current
densities can be represented by a 3 x 3 matrix [25]:

JC 1 P ST V[l,c/e
Js|] =0l P 1 P'ST Vus/2e |, (1)
Jo ST P'ST «T/o) \-VT/T

where o is the electrical conductivity; P and P’ are spin
polarization of the conductivity and its energy derivative; S
is the Seebeck coefficient; 7 and VT are the temperature
and temperature gradient, respectively; « is the thermal
conductivity; e is the elementary charge; pc is the charge
electrochemical potential; and p g is the spin chemical poten-
tial.

The density of spin-transfer torque t, is defined as the
opposite of the divergence of spin current density:

Tqg = -V Js. (2)

74 is nonzero when there is a spin source or sink. Specifically,
in electron transport, if the direction of the spin carried by the
spin current is noncollinear with the direction of the magnetic
momentum of the material, the spin current will align to
the direction of the material’s magnetic momentum due to
exchange interaction. Conversely, STT will be applied on the
localized magnetic momentum.

From Eq. (1), one can see that Jg can be driven by not
only a gradient of electrochemical potential V¢ but also a
temperature gradient VT . To distinguish those two torques,
the STT driven by V¢ is called dc biased STT, since it is
always achieved by applying a dc bias voltage, and the STT
driven by VT is called TSTT.

Hatami er al. derived an expression for the TSTT in spin
valves showing that the STT generated by a voltage AV and
a temperature difference AT between the two ends of a spin
valve are additive and can be represented as [22]

T < (PAV + P'SAT). 3)
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In contrast to P, | P’| is not bounded, and P’S can be very large
[22], which means a small AT may generate a torque as large
as AV can. Although Hatami et al.’s expression comes from
a spin accumulation model where only the in-plane torque
was considered, the result that STT can be generated by AV
and AT is still useful in an MTJ. It is worth noting that,
in an MTJ, both the in-plane and out-of-plane torque should
be considered, and the out-of-plane STT follows a quadratic
dependence against AV without a linear term [38].

In summary, either Ve or VT can drive Jg. In a magnetic
system with spin source or sink, STT will be applied to
the magnetic momentum. The dc biased STT has been well
studied [38,39], and in this paper we will show that the angular
dependence of TSTT affected FMR line-shape change is very
different from the change made by dc biased STT.

B. FMR under thermal spin-transfer torque and rectification
voltage V,

Figure 1 shows a sketch of the TSTT in our MTJ. From
left to right, there is the free FM layer, tunneling battier, and
fixed FM layer. m and M are the magnetization of the free
and the fixed FM layer, respectively. 6 is the angle made by
m and M. Later, we will treat STT as two components, which
link to the symmetrical and asymmetrical line shapes. The
two components are determined by the cross product m x
(M x ri1) or M x 1, respectively. Thus the relative direction
between 1h and M influences the direction of the torques. Here
1 and M are the unit vectors of m and M, respectively. By
the coordinate system shown in Fig. 1, the film is located in the
y-z plane with the easy axis along the z direction. The positive
x axis is from the fixed FM layer to the free FM layer. Since
both M and ri1 are in the y-z plane, the cross product M x 1 is
along the x axis. The polarities of 6 were defined as the same
as the polarities of M x m, i.e., 9 > 0 when M x along
the positive x axis and § < 0 when M x ri along the negative
X axis.

When there is no external torque, both M and m are
aligned along the directions of their effective fields, which are
determined by the applied magnetic fields, the anisotropy, and
the demagnetization. FMR of the free layer can be excited by
a microwave (MW) when the frequency of the MW equals the

FIG. 1. Sketch of the thermal spin-transfer torque in an MTJ. M
and m are the magnetization of the fixed and free layer, respectively.
7, and 7, are the in-plane and out-of-plane torque generated by the
temperature gradient V7.
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resonance frequency determined by the effective fields. The
precession of m under magnetic field can be described quan-
titatively by the Landau-Lifshitz-Gilbert (LLG) equation as

dm . . dm

= ym x H+ am x o “4)
where y is the gyromagnetic ratio, « is the Gilbert damping
parameter, and H is the total applied magnetic field. The STT
has two components corresponding to two scattering mecha-
nisms [1]. One component is the in-plane torque, 7, which is
along the direction of th x (M x 1i), and the other component
is the out-of-plane torque, 7, , which is along the direction of
M x 1ir. Similarly as shown in Ref. [38], we can separate STT
into 7, and 7, | where o = b and o = ¢ denote STT generated
by dc bias and temperature difference, respectively. 7, and 73, |
can be added on the right side of Eq. (4) as

drn ) _ dm Ty (1,0) 1 x (M x 1i1)
— =—ymxH+omx — — -
dt dt M sin 0
1,0) M x 1
_ w0 .X , 5)
M; sin &

where M; is the saturation magnetization of the free FM layer.
In our experiment, we measured a dc voltage V, rectified by
the MW and the periodic resistance of the MTJ. V, can be
obtained by expending the time-dependent voltage on the
two electrodes of the MTJ and taking the time average over
a period (see the Appendix for detailed deduction):

19V , I3 9%V My 1
Vr = T —_— 1+ e
4912 R T aMm, 9001 H, AH
M,y (d d
x |D(H), [ 14 0 L _ & cotf - ém,
H\ dI |,_, dI |,
d d
—ry B L ot smy )| (6)
dl |,_y dI |,

Here Igr is the amplitude of the MW current; H, is

the resonance magnetic field; D(H) = % and
2 N . .
L(H) = (H_I_ﬁ)% are the dispersive (asymmetrical) and
Lorentz (symmetrical) resonance line shape, respectively; %
and d;% are the in-plane and out-of-plane “torkance”; and
I = 0 indicates there is no dc charge current;
A= 14+ Molo(n 4+ Mo
= — | —_—
H, T2
1 dt 1 dt
_ Ll R e o)
2M; do 2M, dé

is the linewidth of the resonance. Here « is the damping of the
material and My &~ N, M; where N, is the demagnetization
factor of the x direction. dm, is the disturbance applied on
m when there is a temperature difference across the sample.
dm, can be expressed as [31]

1 3‘1,',)3
Smy, = — Y AT 8
m Msﬂ;xﬁw ®)
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dm, . o eqe
d?,l_)e is the magnetic susceptibility tensor

of the free layer and 7,5 is the in-plane(8 =||) or
out-of-plane(8 = L) TSTT.

The ratio of the amplitudes of dispersive and Lorentz D/L
reflects the relation between FMR line shape and TSTT. At
zero dc bias, D/L is to a good approximation

where x5 =

MO aftﬂ
— to x — AT, 9
i X cotf x Z XxB 3T )

B=L.l|

1
D/L=— |1
/L=yt

N

where D and L are the amplitudes of dispersive and Lorentz
components, respectively. In dc biased STT, this ratio is

My (d dh)|; —
D/L = 1_’__0( T/ )|10_V/R’ (10)
H, (dzp)/dDjy=v/r

from which we can see that the FMR line shape is adjusted by
STT. Here V is the voltage bias and R is the resistance of the
MT]I. The ratio D /L is a key feature which we will study later.

III. EXPERIMENTS

A. Samples and adjustment of 6

The MTJ structures we measured were fabricated by
Everspin. The wafer was grown on a Si substrate covered
with 200-nm SiO,. The multilayer structures include
PtMn(20)/CoFe(2.27)/Ru(0.8)/CoFeB(2.2)/CoFe(0.525)/
MgO(1.2)/CoFeB(2.5) (the unit of the values in braces is
nm). The MTJs have been annealed postdeposition at 300 °C
for 1 h under an in-plane magnetic field to set the direction of
the pinned synthetic antiferromagnets.

Measurements in this paper were performed on two samples
marked as sample A and sample B with cross-sectional
areas of 6.2 x 107! and 1.1 x 10~'%m?, respectively. The
long axis of the MTJ was parallel to the pinning direction.
All measurements were performed at room temperate unless
otherwise mentioned.

Figure 2(a) shows the resistance loop of sample A measured
by sweeping the magnetic field at ¢ = 0° (gray) and ¢ =
60° (red), respectively. ¢ is the angle made by the external
magnetic field and the easy axis of the MTJ. The TMR ratios
for sample A and B are 52 and 70%, respectively.

The angle between m and M can be set by an external
magnetic field H, by changing the amplitude of H and the
angle ¢ made by H and the easy axis of the magnetization.
The angle 6 is near 0° when the resistance R is the lowest
at large positive H, for example, point A in Fig. 2(a). When
sweeping H from positive to negative, a switching will be
observed at H = —10.6 mT where m jumps to the opposite
direction and 6 is near 180°; thus the resistance at that time
is the highest, for example, at point B in Fig. 2(a). When H
increases negatively, M will rotate towards H, then 6 will
decrease from 6 = 180° resulting in the decrease of R. 6 is
linked with R by

R(0) = 3(Rp + Rap) + 3(Rp — Rap)cost,  (11)

which can be deduced starting from Julliere’s model [40]. Here
Rp and Rap are the resistance of parallel (P) and antiparallel
(AP) states, respectively. 6 at a certain H can be calculated as
long as R is known. For example, the resistance at point C is
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FIG. 2. (a) The resistance loops as a function of H of the MTJ at
¢ = 0° (gray) and ¢ = 60° (red). There are four points marked as A,
B, C, and D. (b) Normalized conductance G o, as a function of dc
biased voltage V. at AP and P states, corresponding to & = 180 and
0°, respectively. (c) and (d) are the sketches of the configuration of m
and M corresponding to point B and C, respectively. (e) and (f) are
the sketches of the configuration of m and M corresponding to point
D when 6 > 0 and 6 < 0, respectively.

7494 2, thus 6 at point C is 140.8° with Rp = 5136 Q and
Rap = 7792 Q.

Figure 2(b) shows the normalized conductance Gpom as a
function of biased dc voltage Vg, from which the asymmetry
of our conductance versus voltage can be clearly seen. The
asymmetry at the AP state is more significant than that of the
P state. Here, Gpom is defined as Gporm = G(Vge)/ G(Vge —
0) [32], where G(Vq4.) is the conductance of the MTJ and
G (V4. — 0) is the conductance when V. approaches zero.

Figure 2(c) shows the antiparallel configuration corre-
sponding to point B in Fig. 2(a), where the external magnetic
field H is along the direction of the easy axis. By increasing
H, M will start rotating to the direction of H; however, the
direction of rotation is random. An anticlockwise rotation will
result in a positive 8, and a clockwise rotation will result in a
negative 6 as shown in Fig. 2(d).

To set 8 with determined polarity, the relative positions of M
and m are controlled by setting H in different directions to the
easy axis. As shown in Fig. 2(e), when the projection of H on
the y axis is positive, M will prefer to rotate anticlockwise, thus
6 is positive by increasing H . In contrast, as shown in Fig. 2(f),
when the projection of H on the y axis is negative, M will
prefer to rotate clockwise, thus 6 is negative by increasing H.

The amplitude of 6 can be determined by using Eq. (11).
For example, the resistance of the MTJ at point D in Fig. 2(a)
is 6813 Q. If 6 is positive as shown in Fig. 2(d), the magnitude
of 6 can be calculated as 105.24°.

B. Building a temperature difference across an MT]J

We used a laser heating technique to heat our MTJ to
establish a temperature difference, which has already been
used to study the Seebeck effect on MTJs by Walter et al.
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[34]. In our measurements, we employed a diode laser with
a wavelength of 671 nm and output power range from 0O to
300 mW. The laser beam was focused on the top electrode (near
the free FM layer) of the MTJ with an area of 100 x 100 pm.
The laser spot has a diameter around 50 um. When there
is a temperature difference across the MTJ established by
laser heating, a Seebeck voltage Vg can be detected directly
on the two ends of the MTJ. To measure the Vg by lock-in
technique, the laser beam was modulated with a chopper with
the frequency of 20 Hz. The measurement shows that Vg is
linearly dependent on the laser power (not shown in this paper).
Since Vg is proportional to AT (Vs = SAT), AT is linked
with laser power and thus AT at certain laser power can be
determined by using § = 50 uV/K based on our previous
work [33].

C. Electrical detection of FMR

Figure 3(a) shows the sketch of electrical detection of FMR
under a TSTT. An MW was sent into the MTJ by a coaxial
cable and the rectification voltage across the two ends of the
MTJ was measured by sweeping the magnetic field around
resonance. A bias tee was used to separate the MW and dc
signal. A laser beam was employed to heat the top electrode
of the MTJ, and a temperature difference AT was established
across the MTJ, and the FMR measurements were performed
at various AT.

To exclude the effects made by temperature rise, the
temperature dependence of the electrically detected FMR was
systematically studied by attaching a Peltier device on the
electrode near the fixed FM layer (bottom side) of an MTJ,
as shown in Fig. 3(b). The MTJ will be heated by the Peltier
device, since the heating area is much larger than that in the
laser heating case; after equilibrium by waiting for enough
time, the temperature of the whole sample will be raised up.
The temperature was detected by a thermal couple attached on
the surface of the electrodes of the MTJ.

Figure 3(c) shows the measurement of dc biased STT, where
a dc bias was applied to the two ends of an MTJ and the FMR
was measured at various dc bias voltages.

MW

Bias Tee (a)

/@«\

et ©

(b) (©)

MW  Bias Tee MW  Bias Tee

Peltier device
dc bias

FIG. 3. The measurement setup of (a) laser heating, (b) external
heating by Peltier device, and (c) dc bias STT.
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IV. RESULTS AND ANALYSIS

A. The dc biased spin-transfer torque

We studied the dc biased STT first. As shown in Fig. 3(c),
a dc bias and simultaneously a MW with the frequency
of w/2mr =6.91 GHz were applied on sample A. V, was
measured while sweeping H from 82 to 140 mT by lock-in
technique with a 8.33-kHz sinusoidal signal modulating the
MW. 6 was set to 91 and —101° as shown in Figs. 4(a) and
4(e), respectively. The amplitudes of the MW Irg were 12.6
and 10.9 A at & = 91 and —101°, respectively.

Figures 4(b)-4(d) are the results at 6 = 91°. The gray
hollow circles in Fig. 4(b) are the raw FMR spectra measured
at zero (middle), positive (top), and negative (bottom) dc
bias. In all three cases, there are dominated negative Lorentz
components, and the sign of the dispersive components are
determined by the polarity of dc voltage bias Vy.. All of the
spectra were fit by the sum of Lorentz and dispersive and
plotted as black curves in Fig. 4(b).

The ratio D /L, as discussed above, was determined by the
ratio of the two components of the STT. To clearly show the
proportion of the two components, the amplitudes of dispersive
and Lorentz (D and L) were fit from Fig. 4(b) and both D and
L were normalized by dividing by L. The normalized Lorentz
and dispersive components L and Dpo, Were plotted in
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Fig. 4(c), from which one can see that all Lorentz components
are negative. At V4. = 248 mV, the dispersive component is
positive, and at Vg = —248 mV the dispersive component is
negative. D /L as a function of Vj is shown in Fig. 4(d), from
which we can see that D/L increases negatively at positive
bias and positively at negative bias.

Figures 4(f)—4(h) are the results at 6 = —101°. Similarly,
as shown in Fig. 4(f), under zero (middle), positive (top), and
negative (bottom) dc bias, there are dominant negative Lorentz
components, and the sign of the dispersive components are
determined by the polarity of dc voltage bias Vg. The
normalized Lorentz and dispersive components Loy, and
Dyorm Were plotted in Fig. 4(g), from which one can see
that all Lorentz components are negative. At Vg = 198 mV,
the dispersive component is positive, and at V4. = —198 mV
the dispersive component is negative. D/L as a function of
Vi 1s shown in Fig. 4(h), from which we can see that D/L
increases negatively at positive bias and positively at negative
bias.

The insets in Figs. 4(d) and 4(h) are the resonance position
woH, (left and black) and linewidth oA H (right and red) as
functions of Vg, at 6 = 91 and —101°, respectively. For both
cases, (oH, and poAH are nearly a constant at various V.
We will verify that the experimental results of uoAH agree
with the theoretical calculation now.
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FIG. 4. The coordinates and the magnetization configurations at (a) 90° and (e) —101°. (b)—(d) are results at 91° and (f)—(h) are results at
—101°. (b) and (f) are the FMR line-shape evolution with the dc bias in different polarities. The FMR spectrum with no dc bias is in the middle
while the FMR spectra with positive and negative dc bias are on the top and bottom, respectively. The gray circles are the measurement results,
and the black line is the fittings of the data with the combination of dispersive and Lorentz components. (c) and (g) are the Lorentz (gray) and
dispersive (dark cyan) components normalized by L. The cases without a dc bias are in the middle, and the cases with positive and negative dc
bias are on the top and bottom in each figure. D/L at various dc bias were plotted in (d) and (h), in which the black lines are linear fittings. The
insets of (d) and (h) are the resonance positions 1o H, (left, black) and the linewidth poA H (right, red) of the FMR at various dc bias.

064414-5



ZHAOHUI ZHANG et al.

PHYSICAL REVIEW B 94, 064414 (2016)

(b) (© )
~ e 1 —‘*_
N (a) 08
20 m I
%
Z 100 IV
H 7
- AT =0 mK A AT =0 mK
= 0 > £ =
 — ; D
/,i» - 04
M ! 3
Ipp=12.6 PA I E
10
AT =3 mK 0 AT =3 mK
! ! ! ! ! I 00k | !
w/2nt=6.91 GHz PPN
() (8) (h)
1
00
A~ S -
N (e) W £
X = | 100 v g0
t :Z . AT =0 mK £ AT =0 mK B
y = a -0.6 —
H | g =
/ 6=-1012_.~ £ 5 &
= g
el EN E
M { . Ll 1eE e \
Iep= 109 A 0W AT=3mK | N=I3mK | | 0 AT (mk) 3 | |
150 15 a5 0 15 0 1 2 3
Ho(H-H,) (mT) Ho(H-H) (mT) AT (mK)

FIG. 5. The coordinates and the magnetization configurations at (a) 90 ° and (e) —101°. (b)—(d) are results at 90°, and (f)—(h) are results
at —101°. The top and bottom spectra in (b) and (f) are the FMR line shapes at AT = 0 and 3 mK, respectively. The gray circles are the
measurement results and the black lines are fittings with a sum of dispersive and Lorentz components. (c) and (g) are the Lorentz (gray) and
dispersive (dark cyan) components normalized by the amplitude of L. The curves on the top and bottom correspond to AT = 0 and 3 mK,
respectively. D/L at various AT were plotted in (d) and (h). The solid gray dots are the values corresponding to AT = 0 and 3 mK. The insets
of (d) and (h) are the resonance positions poH, (left, black) and the linewidth poA H (right, red) of the FMR at various temperature differences.

By using the model proposed by Theodonis et al. [41],
we will have a rough estimation of (dtp/d0)|;, = 1.3 x
10 cos® eV/rad and (dtp1/dO)|;, = 0.023cosf eV/rad
when bias V = 0.1 V. Further, by using Eq. (7), with saturation
magnetization M,/Vol = 1100 emu/cm? [38], volume of the
free layer Vol = 1.4 x 1077 cm?, and assuming @ = 0.01, the
calculated oA H is 4.6 mT, where STT has little contribution.
This agrees well with experimental results of about ugAH =
4 mT. The slight change of ;t9oA H can be attributed mainly to
the change of effective damping « under various Vy. [38].

In summary, at & = 91 and —101°, when there is no dc bias,
the FMR spectra are always Lorentz dominated with a small
dispersive component. The sign of the dispersive component
is determined by the polarity of dc voltage bias Vg.. When a
positive dc bias is applied, D /L will increase negatively. When
anegative dc bias is applied, D/L will increase positively. We
will see later that the behavior of D /L under opposite 8 in the
dc biased STT is very different compared to the TSTT case.

B. Thermal spin-transfer torque
1. Key features of thermal spin-transfer torque

Now we are going to study the effects made by TSTT.
As shown in Fig. 3(a), a MW with the frequency of w/2nm =

6.91 GHz was sent into sample A, and the field H was swept
from 82 to 140 mT. A temperature difference was applied on
the MTJ by laser heating. The MW was modulated with a
sinusoidal signal with a frequency of 8.33 kHz and V, was
detected by lock-in technique. 8 was set to 91 and —101° as
shown in Figs. 5(a) and 5(e), respectively. Irp are 12.6 and
10.9 nA at & = 91 and —101°, respectively.

Figures 5(b)-5(d) are the results at 6 = 91°. The gray
hollow circles in Fig. 5(b) are the raw FMR spectra, and the
black lines are fittings with a sum of the dispersive and Lorentz
components. When AT = 0 mK, the FMR curve is Lorentz
dominated with a small negative dispersive component. When
AT = 3mkK, the dispersive component increases significantly.

By fitting the raw FMR spectra, D and L were separated,
and both components were normalized by dividing by L.
The normalized dispersive and Lorentz components D, and
Lyorm Were plotted against H in Fig. 5(c), from which we can
see that the Lorentz components are always negative. When
AT = 0 mK, there is a negative dispersive component, and
the dispersive component will become more negative when
AT = 3mK. Figure 5(d) shows D/L at various AT from 0 to
3 mK. By increasing AT, D/L increases positively.

Figure 5(f)-5(h) are the results at 6 = —101°. Similarly,
the raw spectra in Fig. 5(f) were fit by the sum of the
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dispersive and Lorentz components. When AT = 0mkK, the
FMR curve is Lorentz dominated with a small negative disper-
sive component. When AT = 3 mK, the dispersive component
changed to a positive shape. The normalized dispersive and
Lorentz components Dy and Ly were plotted against H in
Fig. 5(g), from which we can see that the Lorentz components
are always negative. When AT = 0mK, there is a small
negative dispersive component and the dispersive component
will become positive when AT = 3 mK. Figure 5(d) shows
D/L at various AT from 0 to 3 mK. By increasing AT, D/L
increases negatively.

The change of D/L by increasing AT is the most
interesting result here. The behavior of D/L under AT is
very different from that under Vy.. In the dc bias STT case
we discussed above, by increasing V. positively, D/L always
increases negatively at both positive and negative 6. However,
in the TSTT case, by increasing AT positively, D /L increases
positively at # > 0 and negatively at 6§ < 0. We will discuss
this 6 dependence of D /L under both dc biased STT and TSTT
with more details later.

The insets in Figs. 5(d) and 5(h) are the resonance position
woH, (left and black) and oA H (right and red) as functions
of AT at # =91 and —101°, respectively. For both cases,
noH, and uoAH are nearly a constant at various AT, which
are evidences that the temperature of the whole sample did not
arise significantly. ;1o A H can be calculated by the similar pro-
cedure we used in the dc biased STT case. Under a temperature
difference of 1 K, (dtp/d0)|;, = —4.4 x 10~ cos 6, while
(dtp1 /dB)|, does not change much due to the large portion
of zero-field out-of-plane torque, we still have calculated
noAH =~ 4.6 mT, which also well agrees with experimental
results of upAH = 4 mT.

2. Different angular dependence between dc bias and thermal
spin-transfer torque

In this subsection, we will study the angular dependence
of D/L under dc bias and thermal STT systematically. The
measurements discussed above were performed at a positive
angle 6 =91° and a negative angle 6 = —101°. Similar
measurements were performed at various 6 and in total ten
sets of measurements were performed at five positive angles
and five negative angles. All the FMR spectra were fitted by
the sum of Lorentz and dispersive components. Finally, D/L
as a function of AT or Vg at various 6 were obtained.

Figure 6(a) shows D/L as a function of AT at various 6.
The lines are linear fittings. It is clear that D/L has a linear
dependence on AT, and the trend of D/L with increasing
AT is positive and negative with positive and negative 0,
respectively.

Figure 6(c) shows the angular dependence of D/L at AT =
3 mK. The solid line in this figure is a guide to the eye. D/L
has a negative value when 6 < 0 and a positive value when
6 > 0. Our result is also consistent with the work in Ref. [32],
which indicates that TSTT is larger at 6 near 180° than at 6
near 0°.

Figure 6(b) shows D/L as a function of Vg, at the same 6
as we chose in Fig. 6(a).The solid lines are linear fittings. At
both positive and negative 6, D /L always increases negatively
by increasing V. positively, and always increases positively
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FIG. 6. (a) D/L as a function of (a) AT and (b) V. at various 6.
The solid dots correspond to positive 6 and the hollow dots correspond
to negative 6. Solid lines in (a) and (b) are linear fittings. (c) D/L as
a function of 0 at AT = 3 mK and (d) at I;c = 100 nA. Solid lines
in (c) and (d) are guides to the eye.

by increasing Vg, negatively. Figure 6(d) shows the angular
dependence of D/L ataconstant dc current /3. = 100 wA. The
solid line in this figure is a guide to the eye. For all the angles,
D/L is always positive and nearly a constant comparing to
Fig. 6(c).

The angular dependence of D/L under STT generated
by V4. was also observed in Ref. [38]. They performed the
measurement for angles between 45 and 90° and found that
the ratios of in-plane and out-of-plane “torkance” are nearly
constant between 45 and 90°. Since D/L is linked to the ratio
of two torkances by Eq. (10), and both torkances are siné
dependent, thus D/L is angular independent in the dc biased
STT case.

In contrast, in this paper the unique angular dependence
of D/L in TSTT has been observed. The origin of the
TSTT is the divergence of the spin current and the TSTT
measurements were performed in an open circuit so that
there is no charge current. This indicates that the temperature
difference generated a pure spin current. In Ref. [32], possible
reasons for the generation of this spin current were proposed.
They found that the magnitude of TSTT was related to the
symmetry of the conductance of the MTJ. A larger TSTT
exists in a larger asymmetry MTJ and, in our sample, this
asymmetry also exists as shown in Fig. 2(b).

Essentially, D/L under TSTT is linked to the thermal
torkance dt;/dT and dt,, /dT by Eq. (9). The temperature
difference and angular dependences of D/L are related to the
temperature difference and angular dependences of dt;|/dT
and dt,, /dT. However, those dependences of dt;/dT and
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FIG. 7. In the left column, the sketches show that the samples
were set into various temperatures or have a temperature difference
from the top to the bottom side. (a) The FMR spectra for three different
temperatures. (b) D/L of the FMR spectra at various temperatures.
The black line is a guide to the eye and the blue, yellow, and red solid
dots are D/L at the three temperatures corresponding to the three
temperatures in (a). (¢) The FMR spectra at different temperature
difference AT. (d) D/L at various AT. The black line is a guide to
the eye and the blue and solid red dots are the values of D/L at AT
of 0 and 3 mK corresponding to the cases in (c).

dt,) /dT are not so clear yet, and other possible mechanism(s)
might be considered.

We would like to point out that if AT induces a direct
change ondty, /dI ordzy/d I our experimental results would
have another explanation. However, based on the Seebeck
effect, AT drives a charge current on the order of nA which is
ignorable from the perspective of changing the torques on both
components compared to the microwave current (~10 £ A).

3. Exclusion of temperature rise

To exclude the effects made by temperature rise, the
temperature dependence of the electrically detected FMR was
systematically studied.

The FMR spectra were measured on sample B by heating
the sample with a Peltier device as shown in Fig. 3(b), where
the bottom side of the sample was well attached to a Peltier
device by thermally conductive adhesive. The temperature
of the Peltier device could be controlled by a dc current
and detected by a thermal couple. At each temperature, the
sample was allowed to be heated adequately by waiting for
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20 min. Figure 7(a) shows the FMR under three different
temperatures. 6 was 52° and a MW current with the amplitude
of Irxr = 86 A was applied. The line shape does not change
significantly by increasing temperature. Figure 7(b) shows that
D/L is almost independent of temperature 7.

For comparison, the laser heating spectra of sample A
performed at 6 = 91° were replotted in Fig. 7(c) and D/L
as a function of AT was plotted in Fig. 7(d). By comparing
Figs. 7(b) and 7(d), one can see that D/L is very sensitive to
AT compared to T. A AT as small as 3 mK makes a change
up to 0.47 in D/L, while a temperature increase up to 40 K
does not make a big change in D/L. This comparison gives
the conclusion that the effects on FMR line shapes by laser
heating are dominated by temperature difference.

Joule heating was also considered. In the laser heating case,
we are comparing the FMR line shape before and after laser
heating and the effects of Joule heating in those two cases
were the same since the magnitude of the microwave current
was fixed. Thus, Joule heating was not involved when we
studied the difference of FMR line shape before and after laser
heating.

V. CONCLUSION

In conclusion, our work presents evidence of the existence
of TSTT in MTJs. We established a temperature difference
AT across an MTJ by heating one side of the MTJ using a
laser beam. This AT generated a TSTT on the magnetization
of the free FM layer. The FMR line-shape change indicated
by the ratio of dispersive and Lorentz components of the
FMR spectra (D/L) was studied systematically. D/L is
enhanced with larger AT due to the enhancement of TSTT.
The increasing of D/L under AT is dependent on the polarity
of the angle of the magnetization between two FM layers. A
positive angle corresponds to a positive increase while a
negative angle corresponds to a negative increase. The angular
dependence of D/L under TSTT differs from the angular
dependence under STT driven by a dc bias, indicating that the
angular dependences of TSTT and dc biased STT are different.
Our work demonstrates that electrically detected FMR can
be used as a sensitive tool for the measurement of TSTT in
MT]Is, making our work of general interest to the spintronics
community.
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APPENDIX: THE DEDUCTION OF RECTIFICATION
VOLTAGE V, UNDER STT

In this Appendix, we will derive the FMR and rectification
voltage in MTJs under STT. Generally, the current sent into
the sample has two components and can be represented as

I1(t)=1+6I(t) =1 + Ixg cos wt. (A1)
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Here I is a dc component while Ixg cos wt is an ac component
which is a microwave of amplitude Irp. The magnetization of
the free layer m is processing around the Z direction; thus by ig-
noring the slight change in the z component we can write m as
(A2)

(m/ iot m/elwt m;)’

where m/, m’y, and m) are the three components of

magnetlzatlon in the orthogonal coordinate as shown in Fig. 1.
Normalizing the three components of m by dividing by m’
taking m, = M, where M; is the saturated magnetization of

the free layer, the unit vector of m can be represented as
h = (mce' mye', 1), (A3)

where m, =m; /m, and where my =m/m,. Similarly,
since the magnetization of the fixed layer is in the y-z plane,
the unit vector of the fixed layer’s magnetization M can be

represented as
M = (0, sin 6, cos ), (A4)

where 6 is the angle made by r and M. Precession of i
changes 6, the direction cosine of which can be written as
cosO(t) = 1 - M = Re(m, e ,m,e' ,1)(0, sin 6, cos fy)
= cos fy + sinGRe(m '), (AS)

where 6, is the intersection angle between M and the 2 axis
(assuming that M does not change with the microwave field).
By comparing with a Taylor expansion of cos 6(¢) at 6y,

cos0(t) = cos Gy — sinHyso,
we have
80 = —Re(m e'"). (A6)

The voltage we measured is a function of 7(¢) and 6. For a
small microwave current, we can expand the dynamic voltage
as [38]

Vv Vv 192V

V = V(.0 —51 — 80 + = 8I)?
(1o,60) + +80 +2812( )
92 92V
— 5180 86 A7
VL ts 892( v (AT)

where V(1y,6p) is a dc background. The rectification voltage
V. is the time average of the terms related to 6/ and §0 over
one period, since

(1) =
(86) =
(8% = 11% (cos® wt) = Iy /2,
(6180) = —Irp{cos wtRe(m, ')y = —IrrRe(m,)/2,
((80)%) = ((Re(m,e'™))?) = |m, .
V, becomes

To get the value of V., m, needs to be calculated.
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The LLG equation for a vector magnetization m is [42]

dm N H 1+ i dm ‘L'b||(1,9)
— = —ym X omx — —y———
dt v dt v M,
i x (M x i 1,0) M x 1
me(' xm)_yrbl( ) 'xm’ (A9)
sin & M, sin &

where 7,,(1,0) is in-plane STT and 7}, (/,0) is out-of-plane
STT. (In this equation, the positive current / is assumed to flow
from the free layer to the fixed layer.) There is a disturbance m
applied on by a temperature difference, AT, across the MT]J,
and  under AT can be written as th &~ (m.e'® + Sm, )X +
(m},ei"” + 8m,)y + (1 + 8m;)z, where Sm,, Sm,, and ém are
the three components of dm in the x, y, and z direction.
Therefore

M x 1 = sin % + 8m,, cos 0§ — Sm, sin 6z + O(e'").
(A10)
Since 15, is dominated along the x direction, we have
Ty X Tp X+ 151 -COtO - 8my - §, (A11)

where ém; < m; (i = x,y or z) and cotf - §m, < 1. Simi-
larly, we have

i x (M x fi))=sin 0§ — 8m, cos 6% + dm, sin6Z + O (™).
(A12)
To a good approximation
Ty & Ty — Tpy - COLO - Smy - X. (A13)
Therefore, Eq. (A9) turns out to be
dm & x H 4+ o m
— = —ym X mx —
dt 4 * dt
[tp(1,0) — 71 (1,0) cotOdm, ]
14 M, y
1,6 1,0)cot0ém,] ,
_y[m( )+ Tl;‘l; )cotfdm.] . (Al4)

The microwave field is h = (A, + hy§ + h,2)e"". Con-
sidering the demagnetization effect, the total magnetic field H
can be represented as

H = [he' — N)M;m,(1)|R + [hye' — N)M;m,(1)]§

+ (h.e'” + H), (A15)

where N and N? are the demagnetization factor in the x and
y direction, respectively. Then, each term in Eq. (A14) can be
written separately as

—ym x H~ y[(N)M, + H)m.§ — (N)M + H)m,&]e'",
m X dm ( X) lwl
o dr A1 10) mxy m e
d d‘L’b
1,60) = —81 —3460
w(1,0) = T) + T, + 20
drt : dr )
0 b iwt b iwt
= —1
Tb + dl RF€ d@ )e )
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where Igrp is the magnitude of the microwave current. Combining individual terms and ignoring constant terms gives
us

d d d

iom, = —m)y(NOM + H) —imyaw — ( ;}L Irr — %cot@ dmy Irp — d—T;my>, (A16)
d d d

iwm, =mxy(N)?Ms+H) —imyaw — — < dT;” F—l—%cot@ - 0my Irp — d—;bmy), (A17)

which leads to

iw (7/N)QMX +yH+ iaa)) - MLX% (mx) ML‘IRF( dr”” cotd - Smx) AL8)
—(yNM; + yH + iaw) iw— MLX% my %Ikp(dd— dr”” cot - dmy) '
Let A= —(yN°M; + yH +iaw), B = ()/N;)M_Y +yH+iaw) — A’/; d;’éﬂ and C = iw — ML‘;— then we have
m _ yke 1 c B\ ([~ — Gcotd - sm, (A19)
my MA ioC —AB\—A iw dTbL + dThH cotf - m,

(1) When there is no STT and no damping, we have

j NOM, +yH
" (y Ny M +y H) (’") - (0). (A20)
—(yNSMS + yH) iw nmy 0

In order to have a nonzero solution of m, and m,, the determinant of the equation coefficient matrix should be zero:

iw yNOM; +yH
(v Ny ) =0 (A21)
—(yNM, + yH) iw
This gives us the relation between resonant frequency w and resonant field H for FMR in this situation:
= (yN{M, +yH)(yNyM, + yH) ~ y*H,(H, + Mo) (A22)

with My = (N? + N2)M,/Vol ~ N?M,/Vol and H, = %(—Mg +/ M§ + 4w?/y?) the resonant position of applied magnetic
field when there is no STT and no damping [43].

(2) Assuming N? < N (for a flat disk in the y-z plane, N =47 and N = N? =0) and « < 1, the denominator in
Eq. (A19), iwC — AB can be written as

iwC — AB =2y*H,(H — H +iAH), (A23)

where

| d
H = (n24)
oM, db
and
AH = JT5 Mo/ B, | a(H, + Mj2) — —— 41 @ s (A25)
= r | @I, - —_— = .
0 0 M, d0  2M, dé

Then, from Eq. (A19), we can get

bi T+ My/H, d d d d
T o (5 ) (5 S )]

"= TOM, (H — H +iAH) dl~ dl a1l " dl

Therefore, the voltage V, can be expressed as

1 32V 12 82V M() 1 0 d‘L’bl d‘L’b
V=Sl R 08 ) D(H TL T g . sm,
2o ™" 9001\ T H AH [ (H) ,(dl ar o

d'L’h” d‘L’hl
— L(H) FTERRTE cot - 8m, ) |. (A27)
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When there is only TSTT without dc biased STT, the
amplitudes of dispersive and Lorentz components D and L are

2 %V Myl 1 (d d
D_£_|:1+_0:|—<ﬂ—icot9~5mx>

T AM, 96091 H |AH\ dI dl
(A28)
and
12, 3%V My 1 d
L=—-Re 27y o - 4t (A29)
AM, 3691 H, AH dI

Our measurements were performed under open circuits
conditions, i.e., no dc charge currents, therefore d;’”f is very
small considering the symmetry of 7, at small voltage bias

[38]. The ratio D/L can be written as

My
D/L~ |1+ 7 cotf - dmy.

(A30)
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As we discussed in the main text, dm, is a small disturbance
on m under a temperature difference AT across the sample
and can be expressed as [31]

dmx dft’ﬂ
d‘L’t’ﬁ dT

AT

Sm, =
B=L.l|

l 8‘[;,3
- Sb AT
M, 2 aT
p=LI

(A31)

where xqs is the magnetic susceptibility tensor of the free
layer. Finally, D/L can be written as

1 M 0T
D/L=— |1 . cotf - AT (A32
/ A ﬁ;”“ aT (A32)

For the dc biased case, from Eq. (A27), the ratio D/L is

p/L = |14+ ModBs/dDln=v/k
H, (dty)/d])1=v/r

where V is the voltage bias and R is the resistance of the MT]J.

(A33)
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