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Observation of Anomalous Spin Torque Generated by a Ferromagnet
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The spin-transfer-torque effect is predicted and subsequently demonstrated in a giant magnetoresistive
(GMR) structure with current-perpendicular-to-plane geometry. In this work, we report that an unconven-
tional out-of-plane magnetic field is created and exerts torque on a free magnet while in-plane current flows
through the GMR sample. This strong effective magnetic field completely dominates the dampinglike
torque which is expected to arise due to the anomalous Hall effect of a ferromagnet (analogous to the spin
Hall effect in heavy metal). This anomalous magnetic field shows a very unusual angular dependence,
which indicates broken-mirror symmetry in the lateral dimension. This anomalous torque may open an

additional functionality for memory application.
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I. INTRODUCTION

Over the years, the central research of spintronics has
been focused on generating spin current [1-5] and an
effective field [6-9] to control the magnetization dynamics
by spin toques [10-16]. Spin-orbit interaction-induced
torques (SOTs) have drawn considerable interest in recent
years [6—17]. In most cases, dampinglike torque is created
when a ferromagnet absorbs spin current generated by the
spin Hall effect (SHE), and fieldlike torque (FLT) is created
by a Rashba-Dresselhous interaction or an Oersted field.
Up to now, the study of SOT is limited to systems
consisting of nonmagnet (NM) and ferromagnet (FM)
where the NM has a large spin-orbit coupling (such as
Pt, W, etc.) [5-13,18-25]. In this work, we show that
nonmagnets are not the only the source to produce SOTs,
but a ferromagnet can also generate a significant amount of
torque on another ferromagnet owing to its spin-orbit
interaction.

The FM has its own spin-orbit coupling which is
responsible for various effects such as anisotropic mag-
netoresistance (AMR), the anomalous Hall effect (AHE),
and the planar Hall effect (PHE) [23]. The AHE in a FM is
analogous to the SHE in a heavy metal (HM) [Fig. 1(a)].
Previous studies show that the spin Hall angle of a FM
[26-28] is comparable to Pt. Hence, a FM can be
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considered as a good source for SOTs. To study the
spin-orbit torque generated by a FM, a FM(free)/Cu/
FM(fixed) heterostructure is required, where the fixed layer
will be a source of spin current or an effective field which
will exert torque on a free FM which is separated by a
Cu spacer from the fixed layer [inset in Fig. 1(b)]. Based
on this fact, we carry out a spin-torque ferromagnetic
resonance (STFMR) [13,18-24] measurement on a giant
magnetoresistive (GMR) stack with current-in-plane (CIP)
geometry [Fig. 1(c)]. We surprisingly observe a kind of
torque which is completely different from conventional
spin-orbit torque by a FM (owing to its AHE) which
we expected earlier. This unconventional spin torque
depends on the mutual orientation of the fixed-layer
magnetization direction (M) and the direction of in-plane
current flow (J) and manifests itself as an effective
magnetic field perpendicular to both M and J. This is also
markedly different from the spin torques observed in
current-perpendicular-to-plane devices, where the spin
torque depends only on the angle between the directions
of free- and fixed-layer magnetizations [10]. This anoma-
lous magnetic field may open up a possibility to switch
high-density perpendicular magnetic bits for memory
application [29-31].

II. SAMPLE PREPARATION

A GMR film is grown on a thermally oxidized SiO,
wafer by sputtering in argon ambient with a base pressure
better than 4 x 10~ Torr with the following metals:
Ta(5) /Ru(5) /InMn(7)/CoFe(2)/Cu(5)/CoFe(2)/Cu(5)
(numbers in brackets are in nanometers). Magnetization of
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the bottom ferromagnet Co,yFes is pinned by annealing
the sample at 300°C for 2 h in an external in-plane
magnetic field of 0.6 T. The top CoyyFe;, is a free layer
which is protected by 5 nm of Cu cap. The stack is
patterned to a rectangular shape (375 ym x 25 ym) by
optical lithography and argon ion milling.

ITII. CHARACTERIZATION TECHNIQUE

Figure 1(b) shows the dc-electrical characterization of a
GMR stack with CIP geometry in which current is passed
in the plane of the sample while the field is swept along the
direction of the fixed layer [inset in Fig. 1(b)]. It clearly
shows two distinct values of resistance, confirming the
dominant in-plane GMR effect over other effects (such as
AMR, PHE, etc.) [Fig. 1(b)]. The low- and high-resistance
states correspond to the parallel and antiparallel alignments
of the fixed- (M) and free-layer magnetization (m),
respectively. The STFMR technique is used to measure
spin torques in this device. In-plane radio frequency (rf)
current is passed and voltage is measured as shown in
Fig. 1(c), while the frequency is swept in the presence of a
constant external magnetic field. For a FM-HM structure,
generally the magnetic field is swept to measure STFMR
[13,18-24], but a frequency sweep [32-35] is favorable
in the case of a GMR and magnetic tunnel junctions
structure, since the fixed layer can also move at a higher
magnetic field, leading to an erroneous result. On the
application of a rf current, the free-layer magnetization
undergoes precession due to the Oersted magnetic field and
spin torques which result in an oscillation of resistance due
to the GMR effect. A homodyne mixture of rf current and
oscillatory resistance produces a large dc voltage at the
resonance of the free layer [Fig. 1(d)] [13,23,32]. Since we
have a dominant GMR effect, we expect the maximum dc
voltage signal when the angle between the free and fixed

layers is 90°, and the signal should vanish when the free and
pinned layers are parallel or antiparallel (see Appendixes A
and B).

The dc voltage measured by the STFMR technique
[Figs. 1(d), 2, and 3] can be fitted to a sum of symmetric
Lorentzian (V) and antisymmetric Lorentzian (V)
functions:

_ A2 o A= fo)A
T ar T A ar

where f, is the resonance frequency, C; and C, are the
peak amplitudes of voltages corresponding to Vg and V4,
respectively, and A represents the linewidth (FWHM).
fo as a function of the applied magnetic field can be fitted
to following Kittel’s formula as shown in the inset in
Flg 1(d) fO = (}//2”>\/(HP + Hext)[(HP =+ Hext + HJ.)]’
where Hp is an in-plane anisotropy field (approximately
50 Oe), H, is an out-of-plane anisotropy field (approx-
imately 1.35 x 10* Oe), H.,, is an external applied mag-
netic field, and y is the gyromagnetic ratio (2.05 x
10° A/msec). The antisymmetric component (V) of dc
voltage arises from an in-plane field Oersted magnetic field.
The symmetric Lorentzian (V) component can arise from
two different ways: (i) an in-plane polarized spin current
(generated by the AHE of the fixed layer and injected to
the free magnet) and (ii)) an out-of-plane magnetic field
(generated by the in-plane current). The coordinate frame
used for the analysis is shown in Fig. 1(c). Let us consider
that the sample is in the X-Y plane, the rf current flows
along the X axis, and the dc voltage is also measured
along the X axis [Fig. 1(c)]. The equilibrium magnetization
direction of the free layer (m) and the pinned layer (M) is in
the X-Y plane and makes angles of ,, and 6,, with respect
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to the X axis. In the following sections, we show the
experimental evidence which indicates that the in-plane
current-induced out-of-plane field (H¢¢r) has a dominant
role in spin torque in this GMR device where H.; =
Proseudo(M x J) (J is the current density, and feudo is a
constant).

IV. EXPERIMENTAL RESULTS

Figures 2(a)-2(g) show a detailed study of STFMR for
different configurations. Figures 2(a) and 2(b) show the
results when an external field of 450 Oe is applied along
the +X and —X directions, respectively, while the fixed-
layer magnetization is along the —Y direction (6, = —90°).
The black curve denotes experimental data after subtracting
the background voltage. The dc voltage with both free- and
pinned-layer magnetizations along the X axis is taken as
background [see Fig. 6(h) in Appendix C]. The fitted
red curve is the sum of a symmetric Lorentzian (V: blue
curve) and an antisymmetric Lorentzian (V 4, green curve).
Both cases in Figs. 2(a) and 2(b) show that the sign of V4
is the same, whereas Vg changes sign when the external
field is reversed. The relative sign change between the Vg
and V, components is rather surprising, and this point
can be appreciated by comparing results of a standard
STFMR experiment [26,30,31] on a NM-FM sample [see
Figs. 6(c)-6(d) in Appendix C].

In the STFMR experiment, the generated dc voltage is
proportional to the product of dR/d@,, (derivative of sample
resistance) and “efficiency of excitation”” The efficiency
of excitation is defined by the component of excitation
perpendicular to the equilibrium magnetization of the free
layer [10]. Thus, the efficiency of spin current generated by
the SHE (or AHE) and an Oersted magnetic field is cos 8,,.
Efficiency zero implies no torque on free-layer magnetiza-
tion. If the current generates an out-of-plane magnetic field
along the Z axis, its efficiency is one, as it is always
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perpendicular to the equilibrium magnetization which
is in the X-Y plane. Refer to Appendix A for a detailed
discussion.

V. ORIGIN OF DIFFERENT TORQUES

In the case of a GMR sample, the resistance is pro-
portional to cos(@y, — 0,,), where (0,; — 6,,) is the angle
between the free and fixed layers. If the pinned layer is
along the —Y direction, i.e., 0,; = —90°, the derivative
of sample resistance is proportional to —cos@,,. Thus, in
this configuration (6,; = —90°), dc voltage produced by
an Oersted magnetic field or the SHE has cos®,, angular
dependence, whereas dc voltage produced by an out-
of-plane magnetic field has cos@,, angular dependence.
It means that, upon external magnetic-field reversal
(ie..0,, —» 180°+0,,), the dc voltage produced by an
Oersted field or a spin current (generated by the SHE or
AHE) remains the same, whereas dc voltage produced by
an out-of-plane magnetic field changes sign. Furthermore,
it can be shown that the dc voltage spectrum arising
from an Oersted magnetic field has an anti-Lorentzian
shape, whereas the dc voltage spectrum arising from the
SHE or AHE or an out-of-plane magnetic field has a
Lorentzian shape. This is related to the susceptibility of the
X component of magnetization to oscillating magnetic
fields along the Y or Z directions and an oscillating spin
current polarized along the Y direction (see Appendix A for
details). This implies that, from the data shown in Figs. 2(a)
and 2(b), the antisymmetric Lorentzian component of the
dc voltage of a GMR sample can be ascribed to the Oersted
magnetic field, as it remains the same upon external
magnetic-field reversal. It is also intuitive that most of
the current flows below the free layer, creating a large
Oersted field (22 nm of different metals are below the free
layer, whereas a 5S-nm Cu film is on top of the free layer; see
Appendix B). On the other hand, the symmetric component
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can be ascribed to the out-of-plane magnetic field, as it
changes sign upon external magnetic-field reversal and it
has a Lorentzian shape. Hence, it is evident that the out-of-
plane field has completely dominated the spin-current-
induced torque owing to the AHE of the FM. The existence
of such an anomalous magnetic field in a GMR sample is a
unique observation.

Such an out-of-plane magnetic field can be obtained by
the following combinations: (i) m x M, (ii) m x J, and
(iii) M x J. The first two combinations imply that the
magnetic field is along the Z axis but changes sign if m
inverts; i.e., the efficiency of the excitation changes sign.
This implies that the dc voltage arising from these terms
does not invert when m inverts and therefore cannot
explain the symmetric Lorentzian term in Figs. 2(a)
and 2(b). The combination (M x J) creates a magnetic
field along the Z axis independent of the orientation of m,
and, thus, the symmetric Lorentzian component observed
in the dc voltage of the GMR sample can be ascribed to a
current-induced out-of-plane magnetic field of the form
Hegr = Bpsendo(M x J). The magnetic field (Heg) and
magnetization (M) are axial (pseudo) vectors, whereas
the current density (J) is a polar vector. As the cross
product (M x J) is a polar vector, the constant f..q, must
be a pseudoscalar so that the right-hand side of the above
expression is a pseudovector. More discussion about the
necessity of a pseudoscalar to explain the experimental data
on the GMR sample is provided in Appendix D.

VI. ANALYSIS

We now analyze the data shown in Figs. 2(c) and 2(d).
Figures 2(a) and 2(c) show that Vg remains the same but V ,
changes sign. Going from the configuration shown in
Figs. 2(a)-2(c), derivative of sample resistance (dR/d#,,)
and the effective out-of-plane magnetic field (hence the
efficiency of excitation), both change sign as the fixed-layer
magnetization is inverted. So Vg remains the same as it
originates from the out-of-plane field. On the other hand,
the Oersted magnetic field created by the current (and
associated efficiency of excitation) remains unchanged as it
does not depend on M. So V4 changes sign due to the sign
change of dR/d6,, [compare Figs. 2(a) and 2(c)]. This also
further supports that V4 originates from an Oersted field.
The same conclusion can be made by comparing Figs. 2(b)
and 2(d). Starting from the configuration shown in Fig. 2(a),

we can reach the configuration shown in Fig. 2(d) by rotating
the X-Y axes 180° about the Z axis. As the voltage-
measuring terminals are not rotated, the entire dc voltage
signals in Figs. 2(a) and 2(d) have opposite signs, which is
consistent with symmetry arguments (see Appendix D for
the detailed symmetry analysis). Furthermore, we perform a
detailed analysis of the angular dependence of dc voltage
after fitting it with Vg and V4 as shown in Figs. 2(f) and 2(g).
It is clearly seen that the angular dependence of Vg and V4
shows close to cos 6,, and cos’d,, dependence, respectively,
which is quite consistent with the above discussion (see
Appendixes A—C for a detailed discussion).

VII. SPECIAL CASE STUDIES

From the expression of anomalous field H. s =
Proseudo(M x J), it follows that, if the current flows along
the pinned-layer magnetization, there should not be any
out-of-plane magnetic field, and hence Vg in the dc voltage
should vanish. We test this experimentally, and results are
shown in Fig. 3(a), which shows that Vg is very small
compared to V,. We can also have another interesting
configuration where the dc voltage contains only the Vg
term but no V4. Such a configuration is shown in Fig. 3(b),
where the pinned layer makes a 45° angle with the X axis
and free-layer magnetization is along the Y axis. In this
case, the Oersted magnetic field is parallel to the equilib-
rium magnetization direction of the free layer. Hence, it
does not excite FMR, whereas the anomalous magnetic
field along the Z axis is nonzero and excites FMR. From
Fig. 3(b), we can see that V4 is very small compared to V.
These results strongly support the existence of an anoma-
lous in-plane current-driven out-of-plane magnetic field in
the GMR sample. A third special case is where both V4 and
V¢ should vanish, in principle, when fixed-layer magneti-
zation is parallel to the current flow (X axis) and free-layer
magnetization points perpendicular to this (Y axis) as
shown in Fig. 3(c). In this case, though the GMR detection
is active, as both the Oersted magnetic field and anomalous
magnetic field fail to excite FMR, no dc voltage is
expected. An experimentally measured dc voltage signal
is also fairly small compared to Fig. 2. A small but nonzero
signal is observed due to the tilting of the fixed layer when
an external field is perpendicular to it. While 450 Oe is
applied perpendicular to the pinned layer, it can tilt
approximately 16° considering its exchange bias to be

(@) (b) © (@ FIG. 3. Special case studies.
" oo Y ng B | @O =180%0, =45 () 0y =
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1.6 kOe, which can explain the appearance of such a small
signal in Fig. 3(c) (see Appendixes B and C for more
details). In a control experiment where the fixed layer and
free layer are parallel (6,, = 45°, 6,, = 45°), we do not
observe any STFMR signal [Fig. 3(d)]. This shows that
our detection method is based on resistance variation due
to the current in-plane GMR effect [Fig. 1(b)]. All these
measurements support the form of anomalous field we
propose.

VIII. DISCUSSION

Recently, it was predicted that, in a GMR kind of
structure, a fixed layer can produce torque on a free layer
owing to the anomalous Hall effect and AMR of the FM
[28]. But, this AMR effect is not expected to produce spin
torque with an in-plane fixed layer. In a GMR kind of
structure, the fixed layer and free layer are not decoupled
from each other, as far as in-plane current flow is present.
Scattering and reflection of spins take place at the inter-
face through the Cu spacer due to the zigzag motion of
carriers which causes the in-plane GMR effect. So we
cannot think of a simple picture of a GMR stack where
current flows in parallel channels through the fixed layer,
free layer, and Cu spacer unlike HM-FM bilayers. If the
fixed FM behaves similar to other heavy metals (Pt, Ta, W,
etc.), we would expect an injection of spin current from a
fixed FM to a free FM through the spin transport via the
Cu spacer. In that situation, we would not see a sign
reversal of the symmetric component while reversing the
external magnetic field as observed here (Fig. 2). It is
possible that the current in-plane GMR effect (interfacial
spin scattering and zigzag motion of electrons between
fixed and free layers through the Cu spacer) in combina-
tion with spin-orbit coupling could produce such an in-
plane current-induced out-of-plane effective magnetic
field which exerts torque on the free layer. Even for that,
we have to break the mirror symmetry of the lateral
dimension. Previously, this kind of out-of-plane magnetic
field was reported in a wedge-shaped Ta/CoFeB/TaOy
heterostructure [15]. It is possible that after performing
magnetic annealing different layers become crystalline
and chirality or strain may be induced in the device,
which breaks the mirror symmetry of the GMR device
[36]. We furthermore cannot rule out the possibility of
noncollinearity of magnetic domains inside the device,
which can also create such an anomalous field. Our
proposed expression of such an out-of-plane effective
field can explain the experimentally observed data, but
further theoretical study is required to understand the
microscopic origin of this anomalous field in a GMR
structure. We estimate that an approximately 125-Oe
effective out-of-plane magnetic field is created when
average 10'> A/m? current density flows in a FM(free =
2 nm)/Cu(5 nm)/FM (fixed = 2 nm) heterostructure
(see Appendix C for the calculation).

IX. CONCLUSION

In summary, we report a unique observation of an in-
plane current-induced out-of-plane magnetic field in a
GMR structure. Our experiment suggests the possibility
of crystalline chirality or strain, which may occur during
the fabrication steps, generating such anomalous spin
torques. It would be interesting to engineer crystal struc-
tures controllably which can allow forms of spin torques
which are generally prohibited in conventional structures.
Another advantage is that this spin-orbit torque by a
ferromagnet can be tuned by the magnetization of a fixed
layer. The generation of such an out-of-plane field will be
of interest for switching applications of perpendicular
magnetic bits.
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Note added.—Recently, the authors came to know the
reports of spin-orbit torque by the anomalous Hall effect in
a spin-valve structure in Refs. [37,38]. In these papers, the
bottom FM is not pinned, and also the anomalous mag-
netic-field term is not observed.

APPENDIX A: DERIVATION OF THE
EXPRESSION FOR THE dc VOLTAGE

The reference frame used is shown below (Fig. 4).

The green rectangle denotes the GMR stack cut into
rectangular shape. The rf current flows along the X axis.
The equilibrium free-layer and pinned-layer magnetization
directions (72 and 7, ) are assumed to be in the X-Y plane.
The X’ axis is taken to be along /2. When the current is
passed along the X direction, it creates an Oersted magnetic
field along the y axis, & = ho.$. The anomalous magnetic
field is given by Apey = B(Mpn X J) = —pImyiy 2,
where f is a constant and m;, y denotes the ¥ component

pin,

FIG. 4. Estimation of STFMR voltage.
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of /My, Assuming a small oscillation of m, we get the
following equations:

omy, = y11hy + x12h. = x11hoe €08 0,, = PImyin 112,
(A1)

= om, = —sin0,,6m,,
= (_ sin gm Cos em)ﬂlhOe + sin emﬂmpin,yXIZ‘])v
(A2)

and 6m, = cos6,,6m,,

= (Coszam)(l 1 hOe — COs Hmﬂmpin,y)(12‘,)s (A3)
where y denotes the magnetic susceptibility tensor.

The sample resistance depends on the relative orientation
of /m and m,;, and undergoes an oscillation if /71 oscillates,

pin
as follows:
AR P
R =Rp +7(1 — - i)
AR
= OR = 2 (mpin.x5mx + mpin,y5my)' (A4)

The homodyne mixture of the oscillating current and
resistance produces a dc voltage given by

1
Vi = ElrfRe(éR)

-1
= TlrfAR[mpin‘xRe(émx) + mpyi, \Re(dm,)].  (AS)

From the above equations, we see that the Oersted
magnetic-field term is multiplied by Re(y;;), which has
a dispersion shape, whereas the anomalous magnetic-field
term is multiplied by Re(y;,), which shows a peak at
resonance.

Let us now see how the dc voltage changes when we
reverse /i and/or 7y, If we reverse 71, keeping 7, the
same (i.e., 8,, — 0,, + x), the Oersted magnetic-field term

remains the same as it involves factors of sin@,, x cos@,,
and cos’,,, whereas the anomalous magnetic-field-driven
term inverts as it involves factors of sin §,, and cos 8,,. If we
reverse M, keeping i the same, we see from Eq. (A5) that
V4e gets a minus sign. However, the anomalous magnetic-
field term itself changes sign if we invert 7i,. Thus, the
Oersted magnetic-field term changes sign, whereas the
anomalous magnetic-field term remains the same in this
case. Combining the above two scenarios, if we reverse
both 71 and 7, both the terms change sign; i.e., the dc
voltage inverts. These conclusions are in agreement with the
experimental data shown in Figs. 3(a)-3(d).

If the free and pinned layers are parallel (i.e., mpy, x =
cos @, and my, y = sin6,,), the dc voltage is 0 as can be
seen from Eqs. (A2), (A3), and (AS).

We now take a particular case where the pinned layer is
along the y axis. From Eqgs. (A3) and (A5), the dc voltage is
given by

—1
Vdc = TlrfAR Re(b‘m})

—1
= TIrfAR[coszé'mRe(;(n)hoe —cos 8,,fRe(y12)J].

(A6)

The above equation shows that the antisymmetric
Lorentzian (dispersion) term has cos®d,, dependence
whereas the symmetric Lorentzian term has cosé,,
dependence in agreement with the experimental data in
Figs. 3(c) and 3(d).

APPENDIX B: ESTIMATION OF
MAGNETIZATION ANGLE BETWEEN
FREE AND FIXED LAYERS AND
ITS IMPACT ON STFMR

In the STFMR experiment, we have swept frequency for
a particular external dc magnetic field which is in the range
of 400-500 Oe. The coercivity of the free layer is around
40 Oe. Hence, the free layer almost aligns to the external
magnetic field. For example, at 450 Oe, the estimated

—
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’ : s , . . x . -8 T Exhia = Fitting with, exchangg biag
-4-3-2-101 2 3 4 -90 0 90 180 270  -90 0 90 180 270
H (kOe) b (deg) Oy (deg)

FIG. 5.

(a) Magneto-optic Kerr measurement of the GMR stack. (b),(c) Angular dependence of symmetric (V) and antisymmetric

(V,4) component of the STFMR experiment, respectively. The red curve in (b) and (c) indicates cosf and cos’6 dependence,
respectively. The blue curve in (b) and (c) is obtained numerically by taking into account the rotation of the fixed layer due to finite

exchange bias (approximately 1.6 kOe).
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maximum difference in between the free layer and external
magnetic-field directions is less than 2.5°. The magnetiza-
tion direction of the fixed layer can change a bit when an
external magnetic field is applied, which can be estimated
from the pinning strength. The magnetization of the stack
measured by Kerr rotation [Fig. 5(a)] indicates that the
pinning-field strength is about 1.6 kOe. The angular
dependence of the symmetric and antisymmetric compo-
nents of the dc voltage shown in Figs. 2(f) and 2(g) [and
Figs. 5(b) and 5(c)] would show some deviation from
cos @, and cos®0,, dependence if the fixed layer moves. We
numerically evaluate the angular dependence, taking into
account the rotation of the fixed layer which is shown by
the blue curve in Figs. 5(b) and 5(c). The red curve shows
cos@,, and cos’d,, dependence. The experimental results
(black data points) are well described by the blue curve.

APPENDIX C: NUMERICAL EVALUATION OF
THE dc VOLTAGE SIGNAL AND ADDITIONAL
EXPERIMENTAL DATA

We can numerically evaluate the dc voltage from the
equation provided in Appendix A. The Oersted magnetic
field depends on the current distribution in the sample,
which can be obtained from the electrical conductivities of
the various layers in the stack. The anomalous magnetic
field is given by h = f(fuy, x J), where J is taken as the
average current density flowing in the free layer/Cu
spacer/pinned layer stack and £ is taken as a parameter
to be evaluated. We assume a uniform current density, a
uniform Oersted magnetic field, and uniform magnetiza-
tions in the analysis.

@ 10 (b)

m Experiment m Experiment
— Theory 10 [ — Theory

Ll
- Cu \M

5 10 15
f(GHz)

The following parameters are used for numerical
calculation.

Thickness
Metal (nm) Resistivity (2m)
Cu (cap) 3 8 x 1078
CoFe (free layer) 2 2.7 %1077
Cu (spacer) 5 8x 1078
CoFeB (pinned) 2 2.7 %1077
Buffer layer 17 2.5x 1077
['Mn(7) + R(5) + Ta(5)] (equivalent)

The length (L,) of the GMR sample is 375 ym, and the
width is 25 ym. The applied field is 450 Oe. Our GMR
sample shows a high out-of-plane anisotropic field (approx-
imately 13.5 kOe) and higher damping (@ ~ 0.09). The
chosen resistivity closely matches the experimental and
simulated resistance of the GMR stack and magnetoresist-
ance. The experimentally obtained resistance of the in-
plane GMR stack is around 88 2, whereas the simulated
result of GMR resistance is 85.5 2. The rotation of
the fixed layer on application of an external magnetic
field is also taken into account in the numerical calculation.
It is found that S~ —10"% m gives a reasonable match
to the experimental data as shown in Figs. 6(a) and 6(b)
for two different configurations. This value can be
written as # ~ 125 Oe/10'?> (A/m?); i.e., an average cur-
rent density of 10'> A/m? passing through CoFe(2 nm)/
Cu(5 nm)/CoFe(2 nm) layers produces a magnetic field
of 125 Oe along the Z direction on the free layer
if the pinned layer and current are perpendicular to
each other.

(e) () f\
o .|
0 R |
; [ ,/\ 4500¢ = 180
§ s
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m Experiment (h) 10[— 3000e
— Theory — 5000e
5
| ot e 3
2o T ——
. ey > [
~ ) ——
- N -
3 6 9 12 15 %9 3 6 9 12
f(GHz) f(GHz)

FIG. 6. (a),(b),(e)—(h) STFMR spectrum of a GMR sample for different configurations described in the inset in the figures.
(c),(d) STFMR spectrum for a Pt/Ni sample. (e),(f) Angular dependence of STFMR of a GMR stack. (h) Background data when free and
fixed layers are parallel for a 300- (red) and 500-Oe (black) applied field. Red curves in (a)—(d) and (f),(g) represent numerically

estimated voltage, whereas black curves show experimental data.
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Figures 6(a), 6(b), and 6(g) show the experimental data
fitted with Eq. (A6) solving it analytically. This is in good
agreement with the fitting of these experimental results with
symmetric Lorentzian (V) and antisymmetric Lorentzian
(V4) components as shown in Figs. 2(a), 2(b), and 3(c). In
Fig. 6(g) [or Fig. 3(c)], the expected dc voltage is zero if we
assume that the pinned layer does not rotate, i.e., remains
along the X axis, when a magnetic field along the Y axis is
applied. Experimentally, we do observe a small dc voltage
[compare Figs. 6(a) and 6(g)] in this configuration, which
can be explained by the rotation of the fixed layer as argued
in Appendix B. The numerical calculation [red curve in
Fig. 6(g)] considering a 1.6-kOe exchange bias can repro-
duce the experimental data as shown in Fig. 6(g). Figure 6(h)
shows the experimental data when both free and pinned
layers are along the X axis (parallel to current) for two
different values of the external magnetic field (300 and
500 Oe). In both these cases, we see no signal from STFMR,
since our detection method is based on the in-plane GMR
effect. However, at a low frequency range (around 1-2 GHz),
a small peak (amplitude less than 1.5 V) appears (in all the
cases) which are magnetic field independent [Fig. 6(h)]. This
is considered as background voltage which is subtracted
from all the experimental data presented in the main article.
Typically, resonance frequencies in our experiment are the
range of 5-6 GHz, which allows us to detect a STFMR
signal with minimal error. Figures 6(e) and 6(f) show an
angular dependence of the STFMR spectrum of the GMR
stack as shown in the schematic representation. V¢ and V4
corresponding to Figs. 6(e) and 6(f) are shown in Figs. 2(e)
and 2(f) in the main text.

One important point to note is that, on reversal of the
magnetic field, the sign of STFMR voltage for a GMR
stack is inverted such that there is a relative change in sign
between V¢ and V4. This kind of relative change of sign
between Vg and V, is not expected if dc voltage is
produced by an Oersted field or spin current. We can
verify this by comparing STFMR of Ni/Pt bilayers
[Figs. 6(c) and 6(d)], which is standard and very well
known. It is clearly seen that, when the magnetic-field
polarity is changed (45° — 225°), the sign of the entire dc
voltage is inverted, which means both V¢ and V, compo-
nents change sign. So there is no relative sign change
between V¢ and V4 in Ni/Pt samples as compared to these
GMR samples [Figs. 6(a)-6(d)]. Recall that Vg and V, in
the Ni/Pt sample arise from spin current due to the spin
Hall effect and Oersted field, respectively. In this regard,
STFMR data in the GMR sample are unique, which can be
explained by an out-of-plane effective field as mentioned in
the previous section.

APPENDIX D: TRANSFORMATION
PROPERTIES OF fcud0

Let us consider a situation when free-layer magnetization
(m) is along the X axis, pinned-layer magnetization (M)

along the —Y axis, and current flow along the X axis
[Fig. 7(a)]. If we take its mirror reflection with respect to
the ZX plane, we get the situation as shown in Fig. 7(b)
(same configuration as Fig. 2(b)]. The reflection from
Fig. 7(a) to Fig. 7(b) indicates that m inverts (as magneti-
zation is a pseudovector) and M, J, and E . remain the
same. So, we expect that there should not be any change in
dc voltage upon the reflection with respect to the ZX plane.
We see that the antisymmetric spectrum (V,, Oersted
magnetic-field component) did not change sign and
behaves conventionally. However, the sign of the symmet-
ric spectrum (V) is inverted. This implies that the mirror
reflection symmetry of the sample is broken, which
manifests as a pseudoscalar in the description of the Vg
component. The pseudoscalar changes sign on mirror
reflection, which inverts the sign of V.

Similarly, if we take the mirror reflection of Fig. 7(a)
with respect to the YZ plane, we get the situation as shown
in Fig. 7(c). From Fig. 7(a) to Fig. 7(c), there is a change in
sign of M and E, but m remains the same as magnetization
is a pseudovector. So, the measured voltage should change
its sign while reflection is taken with respect to the YZ
plane. Figure 7(c) shows the same configuration corre-
sponding to the data shown in Fig. 2(c) with the difference
that the current flow is along the —X direction. It is to be
noted that the dc voltage is proportional to the power of
the rf current (/). Hence, the phase of current does not
influence the dc voltage signal; i.e., ac current along the =X
direction gives the same dc voltage. It is evident that the V4
term in Fig. 7(c) [and hence Fig. 2(c)] is inverted with
respect to Fig. 7(a) [and Fig. 2(a)] unlike the Vg term
[compare Vg in Figs. 7(a) and 7(c)]. This again shows that
the Oersted term follows the mirror reflection symmetry;
i.e., it changes sign as the mirror image of E4. changes
sign. The symmetric component Vg, on the other hand,
remains the same again, which implies that a pseudoscalar
is needed to describe it.

The fact that the electric field or dc voltage inverts in
Fig. 7(c) can also be concluded from the following argu-
ment: If we take the mirror reflection of the oscillating m in
Fig. 7(a), there is a 180° phase shift in the reflected image in
Fig. 7(c). This is because upon mirror reflection m, — m,,
y» and m, — —m_. However, since the pinned-
layer magnetization is also opposite for these two cases,
and as resistance depends on the dot product m. M, the
oscillating resistance is the same in both the cases at each
instant of time. However, as the current is opposite, the dc
voltage is opposite.

Now the reflection of Fig. 7(c) along the ZX plane [or
reflection of Fig. 7(b) along the YZ plane] gives the
situation of Fig. 7(d), which is the same situation shown
in Fig. 2(d). This is also consistent with the previous
arguments of reflection; i.e., V4 follows regular symmetry
and Vg follows the expected symmetry considering a
pseudoscalar to describe it. Another important point is

my—>—m
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FIG. 7. Symmetry analysis of the voltage
signal. Schematics of the device with a free
magnet (m), fixed magnet (M), and current
density (J) are shown with a mirror
reflection corresponding to experiments
[Figs. 2(a)-2(d)] in the same panel. Data
shown in (a) and (c) are related to the mirror
reflection through the ZX plane. V,
(Oersted field component) did not change
its sign, but the sign of V5 is changed, which
requires pseudoscalar operation (the same
for all other cases). Two times mirror re-
flection of (a) is the same as (d), which is
also the same as in-plane 180° sample
rotation (it is also indicated with a yellow
arrow at the center). (e) shows the voltage
terminals of the device. The voltage is
proportional to the power of the applied rf
current, and hence the polarity of the rf

_—

current does not matter. Mirror reflection
from (a) to (c) [or (b) to (d)] causes the
M interchange of voltage terminals. But in the
actual experiment voltage terminals were
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that the configuration shown in Fig. 7(d) can be achieved
by rotating the frame shown in Fig. 7(a) by 180° in which
both V¢ and V4 are expected to be changed and the same
thing also observed experimentally. A 180° in-plane rota-
tion involves two times mirror reflections, which does not
change the sign of the pseudoscalar.

Previous symmetry arguments suggest that we should
have a pseudoscalar behind the origin of V. Earlier, we
argued that our observed results can be explained by
assuming an anomalous magnetic field of the form

H= ﬂpseudo(M X 7)

H (effective magnetic field) and M (pinned magnetization
direction) in the above equation are axial (pseudo) vectors,
whereas J is a polar vector. As (M x J) is a polar vector,
Prpseudo Must be a pseudoscalar so that the right-hand side of
the above equation transforms like an axial vector, i.e., the
same as the left-hand side. Similarly, since H, M, and J are
odd under time reversal, .y, should also be odd under
time reversal. The existence of a pseudoscalar requires the
broken mirror symmetry of the GMR stack. (This situation

fixed as shown in (e).

can be compared to the magnetoelectric effect, where
application of an electric field results in magnetization:
M = kE. The pseudoscalar k is nonzero only if the crystal
lacks mirror symmetry.)
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