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Antiferromagnet (AFM)/ferromagnet (FM) heterostructure is a popular system for studying the spin—orbit torque
(SOT) of AFMs. However, the interfacial exchange bias field induces that the magnetization in FM layer is noncollinear
to the external magnetic field, namely the magnetic moment drag effect, which further influences the characteristic of SOT
efficiency. In this work, we study the SOT efficiencies of IrMn/NiFe bilayers with strong interfacial exchange bias by using
spin-torque ferromagnetic resonance (ST-FMR) method. A full analysis on the AFM/FM systems with exchange bias is
performed, and the angular dependence of magnetization on external magnetic field is determined through the minimum
rule of free energy. The ST-FMR results can be well fitted by this model. We obtained the relative accurate SOT efficiency
EpL = 0.058 for the IrMn film. This work provides a useful method to analyze the angular dependence of ST-FMR results
and facilitates the accurate measurement of SOT efficiency for the AFM/FM heterostructures with strong exchange bias.

Keywords: antiferromagnets, spin—orbit torque, exchange bias, spin torque ferromagnetic resonance
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Antiferromagnets (AFMs) are a promising candidate to
enable new applications of spintronics in memory, computing,
and terahertz devices due to their numerous features: the ro-
bustness against external magnetic field, absence of stray field,
and ultrafast dynamics.!!=>! Recently, metallic AFMs were
used to produce a large charge-to-spin conversion efficiency
for the purpose of switching magnetization based on spin—
orbit torque (SOT). To date, many researches have reported
the large SOT efficiency in metallic AFMs, which generally
originate from the strong spin—orbit coupling effect.[®~11] Tn
addition, many fascinating characteristics were also observed,
for instance, anisotropic or anomalous SOT in the epitaxial

12,131 generation of out-of-plane spin polarization

[14-18

grown IrMn, |

| field-free magnetization switch-
19-22]

in noncollinear AFMs,
ing in AFM/FM structures due to the exchange bias.!
To better employ the metallic AFMs in magnetization switch-
ing, it is crucial to quantitatively characterize the SOT effi-
ciency. However, the interfacial exchange bias in an ferro-
magnet (FM)/AFM bilayer influences the analysis of SOT ef-
ficiency. This makes the measured SOT efficiencies of AFMs
be very diverging. A popular method is to insert the Cu layer
between AFM and FM to eliminate the exchange bias.[?3-%]
However, this introduces an additional interface and extends
the transmission path of spin current, which thus influences
the accurate measurement of SOT efficiency. Therefore, it is
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necessary to clarify exactly how the exchange bias affect the
delivery of SOT efficiencies of metallic AFMs.

Spin torque ferromagnetic resonance (ST-FMR)[?>-28]
and second harmonic Hall voltage!>3!l have been utilized
to measure the SOT efficiency. When performing these two
methods on a heavy metal (HM)/FM bilayer with in-plane
magnetized FM, it is essential to analysis the angular depen-
dence of static magnetization M on external magnetic field
H,y. Because the M) is parallel to the H¢y; on the condi-
tion that H,y, is larger than saturation field, the azimuth angle
of My is equal to that of Hy, i.e., @y = @p. Consequently,
one can easily obtain the SOT efficiency of HM, or untradi-
tional spin polarization, by analyzing the angular dependence
of My on ¢y. However, in an AFM/FM bilayer with strong
interfacial exchange bias, the static magnetization M) is non-
collinear to the external magnetic field Hey due to the mag-
netic moment drag effect, i.e., @y # @g. In order to accurately
obtain the SOT efficiency of AFM/FM bilayer, the key point
is to analyze the angular dependence of magnetization M on
external magnetic field Hy;.

In this work, we closely study the SOT efficiencies of
IrMn/NiFe bilayers by using ST-FMR method. Firstly, we pre-
pared a series of samples with different exchange bias field,
which influences the angular dependence of ST-FMR results
on H.y, and makes the fitted curves deviate from its goal.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Secondly, we performed a full analysis on the IrMn/NiFe bi-
layer with strong exchange bias, and the angular dependence
of magnetization My on @y is determined through the mini-
mum rule of free energy. The ST-FMR results can be thus ef-
fectively fitted. Lastly, we obtained the relative accurate SOT
efficiencies of IrMn films. This work provides a useful method
to analyze the SOT efficiency of AFM/FM bilayer with inter-
facial exchange bias field.

The sample structure is Si/SiOy//NiFe (¢)/IrMn
(8 nm)/MgO (2 nm)/Ta (2 nm), with t =4, 5, 6, 7, 8,
9 nm, where “//” means Si/SiO, substrate. All samples
were prepared by using a magnetron sputtering system with
a 1 x 107-Pa base pressure. A subsequent annealing was
performed at the temperature of 200 °C for 30 min in a
vacuum furnace, and a static magnetic field of 5000 Oe
(1 0Oe=79.5775 A-m~") was applied to the in-plane direc-
tion of samples to induce strong exchange bias and in-plane
anisotropy field. The samples were then patterned into rectan-
gular strips (100 pmx20 um) by the standard photolithogra-
phy technique and Ar ion etching. The Cr (5 nm)/Au (80 nm)
electrodes were deposited to constitute the ST-FMR devices.
The hysteresis loops were measured by using vibrating sample
magnetometer (VSM, Lake Shore 8604). All measurements
were performed at room temperature.

Figure 1(a) shows the in-plane hysteresis loops of NiFe
(4 nm)/IrMn (8 nm) bilayer, which shows the sample has a re-
markable exchange bias field Hgg ~ 135 Oe. In the direction
of hard axis, the saturation field H; is about 500 Oe. With the
increase of NiFe thickness, the exchange bias field decreases
from 135 Oe to 78 Oe, as shown in Fig. 1(b), which is consis-
tent with the previous work.[3%33]
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Fig. 1. (a) Normalized hysteresis loops of the sample NiFe (4 nm)/IrMn
(8 nm) bilayer, in which the direction of the applied magnetic field during the
annealing process is the same as the direction of the negative magnetic field
during the hysteresis loop measurements. (b) The thickness dependence of
exchange bias field of the samples.

Figure 2(a) shows the schematic diagram of ST-FMR
setup. A radio-frequency (RF) current is injected into a sam-
ple device by ground-signal-ground (GSG) electrodes, and the
current-induced SOT acts on the magnetization precession,
which results in an oscillated magnetoresistance. A dc volt-
age signal (Vpnix) is thus rectified through the mixing of oscil-
lated magnetoresistance and RF current, which is fed back to
the lock-in amplifier through a bias tee. A low-frequency sig-
nal is used to modulate the amplitude of RF signal and also

act as a reference signal input to lock-in amplifier. The mix-
ing voltage is measured by lock-in amplifier. The direction
of exchange bias field Hgg and RF current J; are parallel to
the x axis. The azimuth angle between external magnetic field
H.y: and x axis is defined as ¢y. Typical ST-FMR spectra
are shown in Fig. 2(b) for the NiFe (4 nm)/IrMn (8 nm) sam-
ple with ¢y = 40°, and they can be described by the equa-
tion Vinix = Vs« Fs + V, - F,, which consists of the symmet-
ric Lorentz component Fy(Hex() = AH?/[(Hext — H;)? + AH?]
and antisymmetric Lorentz components F, (Hext) = AH (Hext —
H;)/[(Hext — H;)? +AH?]. Here, AH is the resonance linewidth
and H; is the resonance field. Vi and V, are the coefficient of
the symmetric and antisymmetric components, respectively.
Figure 2(c) shows the dependence of H; on microwave fre-
quency with the ¢y = 40° and 220°. As the microwave fre-
quency increases, the H; gradually moves to the higher field,
which can be well fitted by Kittel equation and the effective
magnetization is thus obtained (see below for details). When
the microwave frequency is 6 GHz, the H; is approximately
equal to 500 Oe, which approaches to the saturation field
H;. In order to utilize the uniform precession mode based on
the Stoner—Wohlfarth theory, the H; should be larger than H;.
Therefore, we focus on the frequency above 6 GHz hereinafter.
In addition, the H; at positive field is lower than that at nega-
tive field with the same frequency, namely, the H; at ¢y = 40°
is less than that at ¢y = 220°. This indicates that the reso-
nance field is affected by the exchange bias field Hgg. To bet-
ter understand the influence of Hgg, rotational measurements
are performed by sweeping in-plane magnetic field along with
different directions (¢g), which also can exclude possible par-
asitic effects. Figures 2(d) and 2(e) show the angular depen-
dence of H; on @y at the microwave frequency fo =7 GHz
and 9 GHz, respectively. One can see that the resonance fields
reach a maximum at the ¢y = 180°, and they are approxi-
mately coincident with the angular dependence of cos ¢. The
detailed fitting equation will be discussed in the following.

In general, the coefficients of the symmetric and antisym-

metric terms can be expressed as 3436

hépLJe .
_MepLle 20, 1
SettoMotr COS @y sin2Q,, (1a)
AnMesr ( tarmIc hépLJe

Hy 2 2eloMotrv

X €OS QPyrsin2Q,,, (1b)

Va o< /14

where 7 is the reduced Planck constant, e is the electron
charge, oMy is the saturation magnetization of Py layer, tgm
and 7apm are the thicknesses of Py and IrMn films, respec-
tively. 4wM.y is the effective magnetization of Py layer, and
Hy is the effective magnetic field along the magnetization.
§DL(FL) denotes the damping-like (field-like) torque efficiency.
@y is the angle between magnetization and x axis. This angu-
lar dependence of Vj,) can exclude the contribution from the
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spin Seebeck effect (V; o< sin ¢ps) and the possible unconven-
tional spin current. By fitting the angular dependence of Vi and
Va, the average amplitude VSO and Va0 can be obtained. Hence,

the SOT efficiency Esor can be expressed as[?®)
VO epoMotrmtarm AT Mgt
SOT = 5 ————F——1/ 1+ . 2)
: A h Hyo

Note that the Esor &~ EpL. when the field-like torque is much
smaller than the torque of Oersted field. On the other hand,
if the field-like torque is comparable to the torque of Oersted
field, one can extract the Epp and &g through the thickness
dependence of Esor on fry, which is expressed as'?7]

hérL ) _ 3)

elloMotAFMIEM

B (1 +
éSOT éDL

Figures 3(a) and 3(c) show the angular dependence of V;
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and V, on ¢y at fy =7 GHz and 9 GHz, which are fitted by the
above equations (la) and (1b), respectively. Obviously, the fit-
ted curves cannot exactly match the data points, which will af-
fect the accuracy of measured SOT efficiency. This is because
the @y is not equal to the @y due to the magnetic moment drag
effect in this work. In a ferromagnetic film with in-plane mag-
netic isotropy, the static magnetization is collinear to the exter-
nal magnetic field, i.e., ¢py = @g. In this case, equations (1a)
and (1b) can be used to effectively fit the angular dependence
of Vy(a) on @y. However, for the case of AFM/FM bilayer with
strong interfacial exchange bias, the static magnetization M
under the FMR condition is noncollinear to the external mag-
netic field, i.e., @y # @y. Hence, the ¢y as a function of @y
needs to be obtained to accurately get the SOT efficiency of
IrMn film.
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Fig. 2. (a) Schematic diagram of ST-FMR setup. The photograph shows the structure of device, and the black dotted rectangle indicates the
sample under test. The length of white scale bar is 50 pm. A xyz coordinate system is located on the IrMn/NiFe bilayer, in which the xy axes
are parallel to the film plane and the microwave current and exchange bias field are fixed to x axis. The easy axis is also parallel to the x axis.
(b) ST-FMR spectra measured from —2 kOe to +2 kOe. (c) The frequency dependence of resonance field H; for the NiFe (4 nm)/IrMn (8 nm)
sample and the azimuth angle @y of external magnetic field are 40° and 220°, respectively. The black solid curves are the fitted results by
Kittel equation. (d)—(e) The angular dependence of resonance field H; on ¢y measured at fo =7 GHz and 9 GHz, respectively, which are fitted

by Eq. (8) as shown by the black solid curves.
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Fig. 3. The angular dependence of symmetric term Vg and antisymmetric term V, measured at fy = 7 GHz and 9 GHz, respectively. All data
are fitted by using Eq. (1): V) = V(ga) cos @y sin2¢,,, in which panels (a) and (c) correspond to the case of @y = @y, while panels (b) and (d)

s

correspond to the case of @y = @y + 0 that is given by Eq. (9).

Now, we turn to the physical model to interpret the exper-
imental results. In order to fit the angular dependence of H;
and Vj,) for an FM/AFM bilayer with exchange bias field, a
full analysis on this system needs to be performed. Figure 2(a)
shows an xyz coordinate system, in which the IrMn/NiFe bi-
layer lies on the xy plane and the microwave current J, and
exchange bias field Hgp are parallel to x axis. In this regime

the total free energy per unit area can be given by[33-3%]

E = —UoMotemHex cos (@ — Qur) + Kutpmsin® @y
+Earm/EM T ERA, 4

where K, is the anisotropy energy of the FM layer. The first
and second terms represent the Zeeman energy and anisotropy
energy in the FM layer, respectively. The third term is the ex-
change coupling energy at the AFM/FM interface, which is
written as Expv/pm = —HoMotem (Hes + Hy) cos @y. Here
the Hgg and H, are the interfacial exchange bias field
and the effective field of the domain-wall at the AFM
side of the interface, respectively.®®! The fourth term is
the contribution of the unstable antiferromagnetic grains
through the rotatable anisotropy, which is written as Erp =
— LoMotenHracos? (@ — @ar). 1% Here Hy, is the effective ro-
tatable anisotropy field in AFM.

Taking into consideration of the free energy as a function
of @y, the minimum of free energy satisfies two conditions:
OE/d@y =0 and d°E/d @y, > 0. Accordingly, we consider
the first condition, which is deduced and simplified into

. Hy . .
Hexesin (@ — Q) — > sin2¢,, — (Hgp + Hy) sin @y

+HRra sinZ((pH—(pM) =0, Q)

where the Hy = 2K, /(UoMp) is the uniaxial anisotropy field.
On the condition that the resonance field H, is greater than the
saturation field Hg, the static magnetization is noncollinear but
close to the external magnetic field. Therefore, the ¢, can be
expressed as the sum of @y and a term & with small quantity,
i.e., oy = @y + 6. Equation (5) can be thus expanded through
the Taylor series, and then it is reduced to a parabolic equation
with respect to & as follows:

(I;k Sinz‘PH) 8- (Hext +2HRrA
+ (Hgp + Hw) cos @y + Hy cos2¢ )0
H,
— (Zk sin2¢y + (Hep —l—Hw)sin(pH) =0. 6)

By solving this parabolic equation, one can get the §
and the relation between @y and g is thus obtained. We
now discuss several situations: (i) When the azimuth angle
@y of external magnetic field is 0 or &, the § is equal to
zero. When the @y is ©/2 or 3w/2, the § is correspond-
ingly equal to +(Hgp + Hy)/[Hx — (Hext +2HRrn)], respec-
tively. This indicates that the magnetization M\ prefers to tilt
to the exchange bias field when the anisotropy field is smaller
(ii) When the anisotropy field Hy is
approximately equal to zero, the § can be deduced to § =
— (Hgp + Hy) 8in @ / [Hext + 2Hra + (Hgp + Hy ) €08 Qg .
(iii) When the (Hy/2)sin2¢g # 0, we have two solutions
through the formula of roots of a quadratic equation. Based on

than resonance field.

the above discussion, we demonstrate the angular dependence
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of resonance field H; and the symmetric (antisymmetric) term
Vy(a) in the following.
According to the Kittel’s equation:

(22

2
v ) = Hyo (Hyo +47Megr) ,

the Hy can be derived to Hyy = \/ (271fo/7)* + (ATMeg /2) —
47tMegr/2, here fy is the microwave frequency, 7y is the gy-
romagnetic ratio. The Hyy is the effective magnetic field
along the magnetization. Moreover, the Hyy can be also
derived from the free energy, namely, Eq. (4), which can
be expressed as Hyy = Hexccos (@y — Qu) + Hyxcos2¢,, +
(Hgg + Hy) cos @y + Hyacos®(@y — @p).  Here the Hey is
equivalent to the resonance field H;. Taking the @y = @y + 0
and Taylor expansion into consideration, the Hyy can be thus

expanded as
Hyo = H;+ (Hgp + Hy) cos @y + Hy cos2¢y + Hyy,  (7)

here, the first- and second-order terms of & are ignored be-
cause it is much less than H;. Consequently, the resonance
field H; can be obtained as

27'L'f() 2 47I'Meff 2 47'L'Meff
H. = =) + _
Y 2 2

— (Hgp + Hy ) cos @ — Hxcos2¢y —Hyy.  (8)

This equation can be utilized to fit the angular dependence of
resonance field H; on @y, as shown in Figs. 2(d) and 2(e). Ob-
viously, the cos @y term dominates the angular dependence of
H, and the cos2¢@y term is almost zero. This suggests that
the anisotropy field Hy is so small that it can be ignored. The
Hgg + Hy, =~ 58 Oe and Hyy — Hy; =~ 1063 Oe are then obtained
from the fitted results. Note that this Hgg value is smaller
than that obtained from hysteresis loop, which is like caused
by the nonuniform resonance field shift*"! and the fabrication
process of device.[*1#?! By performing the rotational measure-
ments at different microwave frequency fy, we can get the
4mwM.g by employing the Kittel’s equation to fit the relation
between the obtained Hyy and fy. The 4wM.¢ and Hyg are use-
ful for calculating the SOT efficiency through Eq. (2). Due to
the neglect of Hy, the & can be determined by

— (Hgp + Hy) sin oy

S = ,
H;+2Hra + (Hgp + Hy) cos @y

and the @y is thus expressed as

(Hgp + Hy,) sin @y
Hyo+ Hgra

O = Py — &)

Substituting this expression into Egs. (1a) and (1b), they can
be utilized to fit the angular dependence of V) on ¢, as
shown in Figs. 3(b) and 3(d). The fitted curves match well

with the data points, which demonstrates that the above phys-
ical model and equation (9) are suitable for the AFM/FM sys-
tem with strong exchange bias. The average amplitude V. and
Vf are then obtained, which are taken into Eq. (2) to deduce
the SOT efficiencies of samples. From the fitting parameters
for the 7 GHz, the V0 /V is equal to 0.158 and 0.160, respec-
tively. We can thus obtain the difference of SOT efficiencies
after the correction is about 1.3%.

Figure 4(a) shows the SOT efficiencies of the NiFe
(4 nm)/IrMn (8 nm) bilayer at different microwave frequen-
cies. As the frequency increases from 7 GHz to 12 GHz, the
SOT efficiency Esor gradually increases and then saturates
above 9 GHz. The saturated Esor is about 0.07. In order
to extract the damping-like torque efficiency &py and field-
like torque efficiency &g, a linear fit between 1/Esor and
1/tem is performed by using Eq. (3), as shown in Fig. 4(b).
The fitted results show that the &pp = 0.058 £ 0.010 and
EpL = —0.00540.011 for the IrMn/NiFe bilayers. The gp has
a value less than its error value, which suggests that the field-
like torque is so small that it can be ignored in the IrMn/NiFe
samples, and the SOT is mainly attributed to the damping-like
torque from the bulk of IrMn films. This &pp value is con-
sistent with the previous works (épp = 0.028-0.083 for the

polycrystalline IrMn).[10:12:24]
0.12 30
(a) (b)
o SOT efficiency o 1/ésor
. 0.08 = 90} — Linear fitting
) 2 o o
w < ‘Q\oe—
0.04 - o
10
0
7 8 9 10 11 12 0.1 0.2
fo (GHz) 1/tem (nm~1)
0.04 0.04

(c) (d)
¢ Damping factor «
— Linear fitting 5

s 0.02
<

<-Damping factor o

® o0 <\>/<>\<>—<>\<>

0 4 8 00.1 0.2 0.3
tem (nm) 1/tem (nm~1)
Fig. 4. (a) The frequency dependence of SOT efficiency for the

NiFe(5 nm)/IrMn(8 nm) sample. (b) The relationship between the recip-
rocal of SOT efficiency and the reciprocal of the thickness of ferromagnetic
layer. The black solid line denotes the linear fitting result. (c) The damping
factor ¢ as a function of the thickness of ferromagnetic layer. (d) The rela-
tionship between the damping factor and the reciprocal of the thickness of
ferromagnetic layer, which can be fitted by a linear equation, as shown by
the black solid line.

To further obtain the spin Hall angle Osyy of IrMn film, the
interfacial spin transparency 7i, needs to be estimated. The
correlation between Epp and T, is Epp = T;,Osy. Normally,
the Ti, is less than unity because of the finite spin mixing con-

ductance at the interface, which can be determined by 43—

. 2GNtanh(tAFM/2lsd)
" G42GNcoth(tapm/Asa) |
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Here G is the interfacial spin mixing conductance and G =
0 /Asq is the spin conductance of IrMn film, where ¢ and
Asa are the electrical conductivity and spin diffusion length
of IrMn film, respectively. The G™ can be estimated from
the Gilbert damping o of IrMn/NiFe bilayers with various
NiFe thicknesses.
dence of damping factor.

Figure 4(c) shows the thickness depen-
With the increase of the thick-
ness of NiFe layer, the damping factor decreases gradu-
ally. The dependence of damping o on 1/tpy exhibits a
linear relation, as shown in Fig. 4(d), which can be fitted
by & = o + (Gliyh? /262 Mp) iy 14047 Here Gl is the ef-
fective spin mixing conductance, which can be expressed as
GZéf = G™"/(1+2G™/G). We then obtain the intrinsic damp-
ing ap = 8.4 x 1073 and effective spin mixing conductance
Gl =8.5%10'5 Q~"-m~2 for the I'Mn/NiFe bilayers. Utiliz-
ing the Ag = 0.7 nm in Ref. [23] and 6 = 1.6 x 10° Q~'.m~!
measured by four-terminal method, the interfacial spin trans-
parency 7Ti, can be obtained to be 0.87 and the spin Hall angle
Osy of IrMn film is thus determined to be 0.067. This work
provides a useful method to analyze the angular dependence
of ST-FMR results and facilitates the accurate measurement of
SOT efficiency for the AFM/FM heterostructures with strong
exchange bias.

In summary, we have performed a full analysis on the
AFM/FM systems with strong interfacial exchange bias, and
the angular relationship between ¢y and @y, has been obtained
through the minimum rule of free energy. Based on this model,
we have studied the SOT efficiencies of IrMn/NiFe bilayers by
using ST-FMR method, and the results can be well fitted. Fi-
nally, the relative accurate SOT efficiency pp. = 0.058 and in-
terfacial spin transparency T;, = 0.87 for the IrMn/NiFe bilay-
ers have been obtained. This work provides a useful method
to analyze the angular dependence of ST-FMR results on the
condition of magnetic moment drag effect, which is not only
applicable for the AFM/FM heterostructures with strong ex-
change bias, but also suitable for the FM film with strong mag-
netocrystalline anisotropy.
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