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Abstract

We investigated current driven spin orbit torques in
CugpAugy/NiggFe,o/T1 layered structures with in-plane magnetization. We
have demonstrated a reliable and convenient method to separate
dampinglike torque and fieldlike torque by using the second harmonic
technique. It 1s found that the dampinglike torque and fieldlike torque
depend on temperature very differently. Dampinglike torque increases
with temperature while fieldlike torque decreases with temperature,
which are different from results obtained previously in other material
system. We observed a nearly linear dependence between the spin Hall
angle and longitudinal resistivity, suggesting that skew scattering may
be the dominant mechanism of spin orbit torques.
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Introduction:

Bulk materials and/or interfaces with large spin orbit coupling
have attracted significant attention recently, since they can generate
substantial spin current or spin accumulation that can be used to
manipulate the magnetic moment [1-8]. When spin current is generated
by non magnetic (NM) layer via the spin Hall effect (SHE), the
accumulated spins can diffuse into the ferromagnetic (FM) layer and
interact with the magnetic moment of the FM layer via spin transfer
torque. Spin accumulation can also be generated electrically at the
NM/FM interface via the Rashba effect [5,9]. It has been theoretically
predicted that both the Rashba effect at the NM/FM interface and the
spin Hall effect in the bulk of the NM layer generate dampinglike torque
and fieldlike torque upon magnetization [10]. Some recent theories also
suggested that spin swapping can contribute to spin orbit torque (SOT)

[11].

The physics underlying SOT can be investigated when
dampinglike torque and fieldlike torque are separated. Recently, second
harmonic voltage measurements [12] were used to evaluate the effective
field induced by dampinglike torque and fieldlike torque [6,13-18]. This
technique has been widely used to characterize SOT in magnetic
heterostructures that possess out of plane magnetization and/or have a
significant perpendicular magnetic anisotropy. Therefore, a similar
electrical measurement technique is needed to characterize the systems
with in-plane magnetization [15,17,19,20].

The study of the temperature dependence of SOTs is important
because it can provide useful information about the physics and
mechanisms of SOTs. An accurate understanding of the physics of SOTs
is crucial to the efficient structural design of SOT devices. Qiu et al. [21]
reported that fieldlike torque decreased linearly with decreasing
temperature in Ta/CoFeB/MgO samples, whereas the dampinglike
torque mostly remained unaffected. The two different dependences
suggest that scattering events involving magnons and phonons play
different roles in the two torque components. However, most previous
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studies focused on Ta [21,22] or Pt based materials in which intrinsic
SHE dominates [23,24].

In this study, we used a technique to characterize SOTs in
materials with in-plane magnetization by modifying the technique
previously used on materials with perpendicular magnetization. Using
this technique, we studied the SOTs in CuAu/NiFe heterostructures as a
function of NM layer thickness and temperature. It was found that both
fieldlike torque and dampinglike torque increased monotonically with
the thickness of the non magnetic underlayer, as explained by a simple
drift diffusion model [25]. However, the dampinglike torque and the
fieldlike torque exhibited different temperature behaviors, suggesting
that SOT i1s driven by extrinsic scattering events in this system.

Harmonic Response Model:

It is now well known that an in-plane current flowing through a
NM/FM heterostructure with strong spin orbit coupling can generate two
different SOTs: dampinglike torque, ~mx(oxm), and fieldlike torque,

~mxo , where » 1s the normalized magnetization vector and s is the
accumulated spin direction. To calculate the magnetization direction
(6,.9,), we look for the minimum energy states by considering the

anisotropy energy and the Zeeman energy [17] (see Appendix). After an
alternative current, i=/Isin(ar), is injected, the Hall resistance, R(¢),

oscillates at the same frequency. The Hall voltage, V' (r)=R(¢)/sin(ax),

thus gives information about the current induced fields. It can also be
separated into two parts based on their frequency (see Appendix):

vV, = [RP sin 2¢, sin wt + (A(/)-ZRP cos2¢p, —A6-R, )sin2 a)t]l , (1)

where R,and R, are the coefficients of the anomalous Hall effect (AHE)
and the planer Hall effect (PHE), respectively; a¢,a¢ is the change in the

polar and azimuthal angles of magnetization under current induced fields,
6,.¢, are the polar and azimuthal angles of magnetization in sphere

m?
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coordinates. We define #=0 is the direction perpendicular to the film
plane and ¢ =0 is the direction parallel to current. The second order term

can be separated out as
Vzw=(—A¢-Rp cos2q)m+%A0-RAjl : (2)

If the external magnetic field applied in the film plane (6, =7/2) is strong
enough to keep the magnetic moment almost in-plane (6, =7/2), we can
obtain the following equation:

V,=R,sin2¢-1

- 3
v, = Hpycosp p C052¢+1HDLCOS¢_RA 7 (3)
H-H, °* 2 H -H

where H, and H, are the effective out of plane and in-plane anisotropy

field, respectively. Given the above relations, a larger external field
significantly decreases the second order voltage. To overcome this
problem, we choose some optimized fields that can both fulfill the
approximation requirement and obtain strong and measurable signals.
By scanning the angle of the external field in-plane, the effective fields
induced by fieldlike torque and dampinglike torque can be obtained.

Experimental details

CuypAugy/NiggFe,o/T1 layered structures were fabricated on Si0,/Si
substrates at room temperature using sputtering. Electrical transport
properties and magnetic properties of the samples were characterized
over a wide temperature ranging from 20 K to 300 K under different
magnetic fields. SOTs were measured by the second harmonic Hall
voltage method. An AC voltage of 5 volts with a frequency of 87.34 Hz
was applied using an SR830 Locked in Amplifier.
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Results and discussion

Shown in Fig. 1(a) is the schematic of the measurement setup for
CuAu (8)/ NiFe (1.5)/ Ti (1) (thickness in nanometers) samples. Fig. 1(b)

shows the first harmonic voltage, V', , as a function of the azimuthal
angle, ¢ , measured under a magnetic field, H=50 Oe, at different
temperatures (20 to 300 K). To obtain the coefficient of the planar Hall
effect, R, , we fitted the data toV, =R,sin2¢ -7. We note that R, is

independent of the field at higher fields and that the data follow sin2¢
dependence very well, indicating that the moment is always along with
the external field even at 50 Oe, i.e. anisotropy field |H,|<50 Oe . Close

analysis reveals that|H ,|~10 Oe. A slight shape deviation and a decrease
in R, with increasing temperature are observed at this field. The

dependence of Hall resistance on perpendicular external fields obtained
at different temperatures is shown in Fig. 1(c). The nearly linear
dependence of Hall effect on the magnetic field and the very small
coercive field ( < 50 Oe) indicate clearly that the magnetization is lying
in the film plane and the perpendicular magnetic anisotropy is very weak.
In this case, the Hall effect will saturate at the magnetic fields being
equal to the demagnetization fields at different temperatures. The
demagnetizing field varies from about 5 kOe to 7 kOe as the temperature
deceases from 300 K to 20 K, which is ascribed to the temperature
dependent saturation magnetization. To gain a deeper understanding of
the magnetic properties of the bilayers, we carefully studied the
magnetization as a function of temperature and field. Fig. 1(d) shows the
in-plane magnetization versus magnetic field curves (up to £1 T)
measured at various temperatures between 20 K and 300 K. A magnetic
field of 0.5 T is required to saturate the magnetization as M, decreases

linearly with temperature, rather than following Bloch’s T°* law due to
the two dimensional nature of the samples. The temperature dependence
of saturation magnetization M (T) 1is useful in understanding the

M

dependence of the spin Hall angle on temperature.



The second harmonic voltage, V,,, as a function of the azimuthal
angle, @, measured at 300 K is shown in Fig. 2(a), which is obtained by
rotating the sample in the XY plane with a fixed external field. V5,
exhibits a strong dependence on the field: as the applied field increases,
the amplitude of V,,weakens. For example, at a low field (50 Oe), a

shoulder like shape around @=907,270" is evident, whereas, at a
relatively high field (350 Oe), V,, becomes dependent on cos¢ in

addition to the reduced amplitude. By fitting Eq. (3) to the experimental
data, we can separate the second harmonic signal into the dampinglike
and fieldlike contributions, as shown in Fig. 2(b) (f). The black line is
the sum of both dampinglike and fieldlike terms that matches the
experimental data (the green dots) well. The red and blue lines represent
the dampinglike and fieldlike contributions, respectively. The
dampinglike contributions have cos¢ dependence and their amplitudes
are all about 0.2uV at five different fields. The fieldlike contribution
decreases with increasing external field, which is in agreement with the
prediction of Eq. (3).

The PHE measurements showed that magnetization is saturated in-

plane at any of the measured fields and that the PHE coefficient, R, is

independent of the external field. Hence, the fieldlike torque is inversely
proportional to the external field. Fig. 3(a) shows the fieldlike term in
relation to the external field obtained at different temperatures. It is
found that the external field is much smaller than the demagnetization
field, which is obtained from anomalous Hall effect (AHE)
measurements. It thus follows that, as suggested by Eq. (3), the
dampinglike torque is independent of the external field, as shown in Fig.
3(b). We note, however, that the result measured at 50 K is unexpected.
We take the average of the values obtained at five different external
fields to be the dampinglike torque. To measure the thermal contribution
to the SOTs, we extracted the dampinglike torque also at high fields,
which i1s shown in the inset of Fig. 3(b). From Eq. (3), we know the
dampinglike torque should vanish at high field. Hence, the intercept
corresponds to infinitely large field at which no dampinglike torque
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should contribute to the second harmonic voltage. Therefore, the
intercept should reflect the Anomalous Nernst Effect (ANE)
contribution. The linear relation between them and a near zero intercept
shown in Fig. 3(b) indicate clearly that the thermoelectric effect is very
small here.

We depict SOTs (fieldlike and dampinglike torque obtained
separated through fitting) as a function of temperature in Fig. 4(a).
Although both types of torque exhibit nearly linear dependence on
temperature, they follow opposite trends, i.e. the dampinglike torque
increases with increasing temperature, whereas the fieldlike torque
decreases with increasing temperature. Using the equation

T Mgy,

(94 =
DL,FL J h/Ze , (4)

c

we calculated the electrical efficiency [26] for 8 nm Cu Au alloy, as
shown in Fig. 4(b). As shown in the figure, «,, increases from 0.0068 at

20 K to 0.0097 at 300 K. This result is comparable with SHA in Au [27].

To gain a deeper understanding of the dependence of fieldlike and
dampinglike torque on temperature and to explore the origin of these
two types of torque further, we studied two additional samples with
different NM layer thicknesses. To avoid the difference in current
density caused by resistivity and thickness, we converted the current
density to 10°A/cm® . We found that the thicker the NM layer, the larger
the SOTs. According to drift diffusion theory [25], the spin current
induced from the bulk spin Hall effect (SHE) is

J,(ty)/]J, (=) =1-sech(t, /A, ) , where Iy is the thickness of the NM layer
and 4, is the spin diffusion length in the NM layer. Based on this

relation, the spin current increases with the thickness of the NM layer
and saturates only when this thickness reaches the order of the spin
diffusion length. Since the spin diffusion length is around several
hundreds of nanometers in copper and several tens of nanometers in Au
[27,28], the spin diffusion length in CuAu alloy may have the same
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order of thickness as the NM layer in our samples. A previous study
reported the spin diffusion length in CuAu to be about 5 nm [27]. This
means that the spin current increases but does not saturate within the
range of the sample thickness. In Fig. 5, we plot SOTs as a function of
temperature for samples with different NM layer thickness. The bulk
SHE remains the main source for dampinglike torque given the strong
thickness dependence. Qiu et al. [21] and Kim et al. [22] observed in
Ta/CoFeB/MgO stacks that the fieldlike torque decreased linearly with
decreasing temperature, while the dampinglike torque remained mostly
unaffected. These observations differ from our observations, likely
because in a metal with strong spin orbit coupling, such as Ta and Pt,
intrinsic SHE 1s the dominant source of SOTs, whereas in our CuAu
samples, extrinsic SHE is the dominant mechanism. With increasing
temperature and thereby increasing scattering events, intrinsic SHE 1is
not significantly affected and extrinsic SHE increases linearly. Thus, a
different dependence on temperature should be expected. The effective
field of the dampinglike torque linearly increased from ~80 120 Oe at 20
K to ~170 210 Oe at 300 K. In three samples with different NM layer
thicknesses, the dampinglike torque increased by about 90 Oe as the
temperature varied from 20 K to 300 K. Meanwhile, the fieldlike torque
decreased from ~80 100 Oe at 20 K to ~50 70 Oe at 300 K.

Theoretically, anomalous Hall resistivity in ferromagnetic
materials should scale quadratically or linearly with longitudinal

resistivity () [29]. The quadratic dependence is posited to come from

the extrinsic side jump or intrinsic mechanism, whereas the linear one
originated from skew scattering. The typically weak dependence of the
metallic resistivity on temperature is presented in Fig. 6(a). Less than 10%
variation in the resistivity, ranging from 26.5 pQ-cm at 20 K to 29.0
uQ-cm at 300 K, is evident. Temperature dependent phonon electron
scattering is thus not the main source of the change in longitudinal
resistivity. Instead, scattering caused by structural disorders in the
CuAu layer may play the dominant role. Fig. 6(b) shows the relation [6]
between ¢, and resistivity in our samples. Linear dependence may be
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the best description of this relation, suggesting that the skew scattering
may be the dominant source for the spin Hall effect in these samples.

The temperature dependence of the fieldlike torque also deserves
some discussion. In Refs. [21] and [22], it 1s found that in Ta, the
fieldlike torque increased with temperature. Within the scenario of
interfacial Rashba torque, this increase in fieldlike torque could be
attributed to an increase in bulk resistance upon increase in temperature,
thereby increasing the current flowing through the interface. This
enhancement can therefore be accompanied by an increase in fieldlike
torque. In contrast, our experiments show that in CuAu, the fieldlike
torque decreases when increasing temperature. Although it is difficult to
quantitatively interpret this result, we speculate that Rashba spin orbit
coupling is weak at the interface between Au and NiFe [30]. Therefore,
in the absence of Rashba spin orbit coupling, a possible origin of the
fieldlike torque can be the presence of spin swapping in CuAu, where
extrinsic spin orbit scattering dominates the transport. Increasing the
temperature would then lead to a decrease in fieldlike torque, as
suggested by a recent theory [31]. We emphasize that this explanation
remains speculative and requires further experiments to be confirmed.

In summary, we used a reliable and convenient method to separate
dampinglike torque and fieldlike torque by using experimental data of
the harmonic voltage of the transverse resistance. The second harmonic
voltage, v,, , contains two components, the fieldlike and dampinglike
terms. The dampinglike term has a cos@ dependence and the fieldlike
term has a 2cos’ p—cos¢ dependence, which allows us to separate these
two contributions by scanning the angle of the in-plane field. This
technique is suitable for in-plane magnetized systems while most
previous methods can be used only in systems with out of plane
magnetization. This method can also be used for out of plane systems
only if the external field is strong enough to overcome the perpendicular
anisotropy. Importantly, we found that dampinglike torque and fieldlike
torque depend on temperature very differently. With increasing
temperature, the dampinglike torque increases but the fieldlike torque
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decreases. The temperature behavior of dampinglike and fieldlike
torque may respectively arise from extrinsic skew scattering and spin
swapping in CuAu alloys. We also found larger SOTs (both dampinglike
torque and fieldlike torque) in samples with thick NM layers.
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Appendix

First, no current is flowing through the stack. In this case, there
exist only two energies: anisotropy energy and Zeeman energy. The total
magnetic energy of this system is thus

E=-K,, cos’@—K, sin’ psin® 6 — MTH (.4)

wherek ,1s the effective out of plane anisotropy constant, &, is the
effective in-plane anisotropy constant, 6 and ¢ are the polar and

azimuthal angles of the magnetization moment, » . The moment is
defined as

M =Mym=Mg(cosg,sind,,sing, sind, ,cosd,) (.4)

where M is the saturation magnetization and m is the unit vector of the

moment. The external field, # , is expressed with its polar and azimuthal
angle(6,,¢,) as

H =H (cos ¢, sin8,,sing, sinb,,cosd,) . (.4)
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oE

magnetization angle (6,9, ).

11

When a current is applied to the sample as shown in Fig. 1, the current

induced field, Az , which includes both the effective field caused by
spin orbit torque and the Oersted field, moves the moment with a

modulation angle (A6,A¢).

We define

H, =2K

out

/M, and H,=2K,/M_ as the out of plane and in-plane

effective anisotropy field, respectively. If we assume that |H,|0 |Hsing,| ,

oE

then 0=—=-K
0

@

By solving —(a—Ej 0,— J (aEJ 0 (subscript i denotes the i=(X,Y,Z)

component of the vector), we have the values of 81-‘; and 815 We

out m

26 "OH,

dg

which yield

sin’ @, sin2¢, — M H sin@, sin 6, sin

m

(¢ -

p,) will give ¢, =9, .

i

substitute these values respectively into Ag= zaTAH,. and A= 287

_cosB, (AH  cosg, +AH, sing, )+sin6, [C(—AHX sing, +AH, COS¢H)—AHZ:| (4)

(HK — H sin’ (/)H)cos29m +H cos(6, —Qm)—;CHA sin26, sin2¢,,

([(HK —H sin’ @, )cos 26, + H cos (6, —6’0)}(—AHX sin@, +AH, cos ¢, ))

Ap
{(HK — H  sin’ ¢, )cos2t90 +H cos (6, —90)—;CHA sin 26, sin2q0H}[—HA sin 6, cos 2, + Hsin 6, |

H ,sin2g, [cos2 6, (-AH sing, +AH, cos @, ) —;sin 290AHZ}

+

{(HK — H sin’ (pH)cos2t90 +H cos (6, —6’0)—;CHA sin 26, sinZ(pH}[—HA sin 6, cos 2¢,, + H sin 6, |

H  cos@, sin2g,

where C=

—H ,sin6, cos2¢, + Hsinb,

17

(4)
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We now consider the relationship between the Hall resistance and the
modulation angle. The Hall resistance typically contains contributions

from the planer Hall effect (PHE) and the anomalous Hall effect (AHE).
Previous reports express the Hall resistance as

R, =R, cos@+R,sin’ Osin2¢ , (.4)

where R,and R, are the coefficient of AHE and PHE, respectively. The

current induced field here is small compared with the external field. We
can thus assume that the modulation angle, a6,a¢, 1s very small. Thus,

we can expand Eq. (A.6) to

R, =R, (cos8,—ABsinb,)+R, (sin2 6, +A95in29m)(sin2(pm +2A¢cos2g,)  (.4)

[t turns out that measuring the in-plane external field (6, =7/2) is
sufficient if samples have large out of plane anisotropy (|H,|[! |AH,|) to
maintain an almost in-plane moment (6, =z/2). Thus, the Hall resistance

can be simplified to

R, =R,sin2¢, +(Ag-2R, cos2¢, A0 R, ) (.4)

Simultaneously, the modulation angle can be simplified to

AH
rp =2t 4
H,-H ( )
—AH , sing,, + AH, cos ¢
AQ = X H Y H 4
14 H-H, ( )

When an alternating current (i=/sinax) is applied, the current induced

field oscillates in the same frequency with the current. We can thus
replace a0,Ap withagsinwr,Apsinwr . Therefore, the Hall voltage can be
expressed as

Vv, :[RP sin2¢, sin ¥ +(A@- 2R, cos2¢, —A6- R, )sin’ at]l (.4)
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Here, we separate the Hall voltage into three parts determined by the
frequency. The useful parts are the first and second harmonic Hall
voltage, since the zero order part can be easily affected by the DC offset
of the sinusoidal current:

V,=V,+V, sinawt+V,, cos2wt (.4)
V,=R,sin2¢, -1
1 (.4
Vie="Vy= —A(p-Rpcos2(pm+EA9-RA 1
Using Eq. (A.9), Eq. (A.10) and ¢=9¢, =¢, , we will have
V,=R,sin2¢-1
ing— 4
y [ AHgsing=AHycosp b 1A, P, (.4)
H-H, ? 2H,-H

To determine fieldlike torque and anti damping torque quantitatively, we
need to use the Landau—Lifshitz—Gilbert equation:

dm — — = = — - —~ =
E=—;/m><[H+a(m><H)+HFL0'+HAD(mxa)] (.4)
Here, 7 is the gyromagnetic ratio, @ is the Gilbert damping coefficient,
H is the external field, and o is the normalized net spin direction among

the electrons absorbed by the FM layer. H, =H,,0 and H,, =H,, (mxo)
are effective fields induced by fieldlike torque and dampinglike torque,
respectively. Here, for in-plane scan, we have m = (cos ¢,sin,0) and

o =(0,1,0), which leads to#,, =(0,H,,,0) and H,, =(0,0,H,, cosp).

Substituting into Eq. (A.14), we have

—H,, cos¢p 1 H,, cosg
V;wz(ﬁ~Rpcos2¢+5£—_H-RA][ . (.4)
The second harmonic voltage now can be separated by cos¢ and

2cos’ p—cos@ dependence, which corresponds to dampinglike torque
and fieldlike torque.
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Figure 1. (a) Schematic of the measurement geometry. (b) The first
harmonic voltage, v, , as a function of the azimuthal angle, ¢, (planer
Hall effect) at different temperatures. (c) Anomalous Hall resistance as a
function of the external field measured at various temperatures. (d) The
magnetization curves of NiFe (1.5) as a function of temperature.
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Figure 2. (a) Second harmonic voltage,7,,, as a function of the azimuthal

angle, ¢ ,measured at 300 K. (b)-(f) Fitting by Eq. (2) from 50 Oe to 350
Oe. The red line is the cos¢ term, 1.e., the dampinglike torque. The blue

line is the 2cos’ p—cos¢ term, i.e., the fieldlike torque.
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Figure 3. External field dependence of the extracted (a) fieldlike term
(inset: 1/H dependence) and (b) dampinglike term at different
temperatures. (inset: 1/H. denpendence measured at 300 K from 250 Oe
to 5000 Oe.)
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Figure 5. Thickness dependence of the effective field induced by
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