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Upon the injection of a pure spin current, a ferromagnet, similar to a non-magnetic metal, also
exhibits inverse spin Hall effect (ISHE). We show in Co/Cu/YIG, where the thin Cu layer allows
transmission of spin current from YIG into Co but decouples the two ferromagnets, such that the
interaction between ISHE and ferromagnetic ordering in Co can be unambiguously investigated.
By switching on and off the pure spin current contribution, we demonstrate that the ISHE in Co
is independent of the direction of the Co magnetization, which clearly suggest the ISHE in Co is
dominated not by the extrinsic impurity scatterings, but from the intrinsic origin.

Spintronics has advanced from the manipulation of
spin-polarized current to that of pure spin current. A
pure spin current cannot be generated by the usual elec-

10 trical means except through a few new mechanisms,
among them, the spin Hall effect (SHE) [1-3], nonlocal
spin valves [4-6], spin pumping [7-9] and the longitu-
dinal spin Seebeck effect (SSE) [10-12]. Particular at-
tractive is the longitudinal SSE [shown schematically in

15 Fig.1 (a)], which generates a spin current by a thermal
gradient applied across an insulating ferromagnetic ma-
terial, without resorting to advanced lithography, high
frequency spin excitations, complex measuring schemes,
or high current density. The pure spin current injected

20 into an adjacent metal with strong spin orbit coupling
is most often detected by the inverse spin Hall effect
(ISHE), which converts the spin current js into a charge
current j.. 5d non-magnetic metals, such as Pt and Au,
with strong spin-orbit coupling are common spin cur-

25 rent detector materials. The prowess of the spin cur-
rent detection is measured by the large spin Hall angle
Osy = (2¢/h)(js/jc), where e the electronic charge and
h the reduced Planck constant.

Recently, it has been demonstrated that, in addition to

30 non-magnetic metals, ISHE also exists when a pure spin
current enters a ferromagnetic (FM) metal. Remarkably,
the value of 8sy in FM permalloy (NizgFes;) is within
40% of that of Pt, the material with the largest 6gp [13].
The ISHE in a FM metal also allows the exploration of

35 the interaction of a spin current with magnetization of
aligned magnetic moments. One recalls the giant magne-
toresistance (GMR) effect [14, 15] and the spin transfer
torque effect in multilayers of FM metals [16, 17]. At
sufficiently high current density, both a spin-polarized

40 current and a pure spin current can induce switching of
magnetization or domain wall motion [18-21]. However,
the counterpart effect, the influence of the magnetization
on the ISHE in a ferromagnetic metal has never been ad-
dressed. In fact, the structure of Py/YIG, where ISHE in

45 FM materials was first demonstrated [13], precludes such
investigations because Py and YIG are so strongly cou-
pled that their magnetization directions are locked. In
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FIG. 1: Schematics of (a) longitudinal spin Seebeck effect in-
duced inverse spin Hall effect (b) anomalous Nernst effect in a
ferromagnetic metal, both under a vertical temperature gra-
dient. It illustrates the generation of a charge current from
a spin current in SSE in (a), and a spin polarized current
due in ANE in (b), where M; and M, are the magnetiza-
tion of the two FM layers. (c)(d) present the injected spin
current under parallel configuration and anti-parallel config-
uration when M; and M, are magnetically decoupled by a
intervening non-magnetic layer(yellow).
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addition, under a vertical temperature gradient, the FM
metal also generates the anomalous Nernst effect (ANE),

50 schematically shown in Fig. 1(b), that entangles with the
longitudinal SSE in Py/YIG.

In this work, we designed a special Co/Cu/YIG struc-
ture, in which the thin intervening Cu layer magnetically
decouples FM metal Co and FM insulator YIG but allow-

55 ing the transmission of pure spin current [22]. The spin
index of the pure spin current is set by the direction of the
YIG magnetization My g, whereas the Co magnetiza-
tion M¢, direction can be arbitrarily and independently
controlled, such as those shown in Fig. 1(c) and (d) with

60 parallel and antiparallel magnetizations. We show that
the ISHE remains the same for any orientation of M¢,
relative to My . It is therefore evident that the ISHE
in Co is not dominated by impurity-scattering related
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FIG. 2: (a) Multilayer Co/Cu/YIG structure with the ther-
mal gradient in the z-direction. (b) Magnetization switching
of Co(2 nm)/Cu(5 nm)/YIG(120 nm). (c) Thermal voltage
measurement of Co(3.5 nm)/Cu(5 nm)/YIG(120 nm), where
field decreasing and field increasing branches are denoted as
red and blue. The configurations of three magnetization steps
and voltages are shown in the right.

mechanisms, but an intrinsic property resulted from the
band structure.
We used RF magnetron sputtering to deposit YIG (yt-
trium iron garnet = Y3Fe;012) films with thickness of
5 about 120 nm on GGG (gadolinium gallium garnet) (111)
single crystal substrates. The as-deposited YIG films are
not magnetic but become ferrimagnetic after annealing at
850°C for 4 hours in flowing O5. We then deposited onto
the YIG thin film at room temperature a thin Cu layer
10 of 5nm followed by a Co layer of several thicknesses to
achieve the trilayer structure as illustrated in Fig. 2(a).
Each sample was spin-coated with photoresist immedi-
ately after taken out of the vacuum. The insertion of
the Cu(bnm) layer is to magnetically decouple Co and
15 YIG but allowing the transmission of the spin current
injected from YIG into Co. As an example, the hystere-
sis loop of Co(2 nm)/Cu(5 nm)/YIG(120 nm) with an
in-plane magnetic field measured by a vibrating sample
magnetometer (VSM) is showed in Fig. 2(b). The two
20 independent switchings of magnetizations originate from
the different coerivities (H.) of YIG and Co of 5 Oe and
50 Oe, respectively. This confirms that with the insertion
of Cu layer, the YIG and the Co layers are decoupled and
switch at very different magnetic fields.

We use the longitudinal SSE by subjecting the struc-
ture to a temperature gradient near room temperature
along the out-of-plane z directions as shown in Fig. 2(a),
injecting the spin current js from YIG into Co across the
Cu layer. The spin index & is set by My ;¢ and points to
30 the +y direction under an appropriate positive magnetic

field. When js enters the Co layer, an electric field rises

25

100

H (O¢)
y
éO Co and YIG layers allow us to control My g and Mc,

2

as the result of the ISHE, Fssg js x o, detected as
an ISHE voltage. Therefore, the polarity of the ISHE
voltage is set by the My q.

However, since Co is a FM metal, in additional to
the ISHE voltage, the thermal gradient also induces the
anomalous Nernst effet(ANE) of Fanp o« VT x Mco,
thus additional efforts are required to separate out the
contributions from ANE and SSE. The decoupling of the

35

independently to separate the two effects.

We have patterned the multilayer into a Hall bar struc-
ture where all the segments are 0.5 mm in width and
the separation between two adjacent probe is 3 mm.

Vie ==l | 45 Referring to Fig. 2(a), the Hall-bar is situated along

the x direction, the thermal gradient |VT| of about
40 K/mm is along the z-axis, the magnetic field H is
along the y direction. More details of the experimen-
tal setup can be found in the Supplemental Material[23].
50 The thermal voltage of Vi, vs. H, obtained from
Co(3.5 nm)/Cu(5 nm)/YIG(120 nm) is shown in Fig.
2(c). Since the YIG and Co switch independently at dif-
ferent fields, there are several distinct voltages that can
be clearly associated with the particular configurations of
55 magnetization direction as revealed in Fig. 2(c). First,
at a large positive field, My ;s and M¢, are aligned in
the +y direction, thus the Vi, = |Vp| + |Vang+|, where
the Vp denotes the voltage arises from the ISHE when
My g and M¢, are parallel to each other, and Vang de-
60 notes the voltage from the ANE in Co. When the My ;g
is switched to the —y direction at a field of about —5 Oe,
Mc¢, remains in +y, the polarity of the SSE switches
from positive to negative while ANE remains as positive,
therefore the Vi, = —|Vap| + |Vang+|. The Vup de-
65 notes the voltage arising from the ISHE when My ;¢ and
Mg¢, are antiparallel. As the magnetic field is changed
to around —40 Oe (slightly smaller than the H. of 2 nm

Co), M¢, switches to —y, thus Vi, = —|Vp| — |Vane—|,
which is symmetric with that of the positive field. In

70 general, |Vang—| = |[Vang+|, but |Vp| may be different
from |Vap|.

To extract [Vp| and |V4p|, one needs to determine the
value of |Vang—| or [Vang+|. This can be accomplished
by exploiting ways to suppress one of the two effects, such

75 as the spin current contribution. For example, the spin
current can be blocked by replacing YIG with a non-
magnetic material, or modifying the interface of YIG
using Ar-ion bombardment or inserting a barrier layer
(MgO) [13]. These methods require two different sam-

80 ples, one generates only ANE and the other generates
both SSE and ANE. However, with two samples, it is
difficult to assure ANE to be the same in both cases.

We use instead one single Co/Cu/YIG sample and ex-
ploit the difference in the coercivities of Co and YIG

85 and the angular dependency. We demonstrate that the
SSE contribution in our measurement can be reversibly
switched on and off. The thermal voltage for both ANE
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FIG. 3: ANE voltages obtained from Co/Cu/Si, with (a) large
magnetic field along y direction and (b) small field along x
direction. Thermal voltage obtained from Co/Cu/YIG under
the scheme shown in (c), with (d) a large magnetic field along
y direction and (e) a small field along x direction after Co
magnetization has been set along the +y (red) and —y (black)
direction. (f) Small field along y after Co magnetization has
been set along +y (red) and —y (black) direction. The loop
height measures AVsgsg, and centroid gives Vang.

and SSE have the same angular dependence as showed
in Fig. 2(c), both Vyyg and Vggg reach the maximum
absolute value when Mg, and My g are along the y di-
rection, and drop to zero when along the x direction.
5 Since the coecivity of Co is larger than that of YIG, we
first use H, = 150 Oe to align both M¢, and My g to
the y direction. After that, we decrease Hy to 0 Oe, and
scan H, from 20 Oe to —20 Oe. In this small field range
of £20 Oe, H, switches YIG but not Co because of its
10 larger H.. As a result, Vayg to remain unchanged while
To check the viability of this method, we first apply it
to the Co(3.5 nm)/Cu(5 nm)/Si structure, which exhibits
only ANE. Under H, one observes the loop due to ANE
15 as shown in Fig. 3(a). After returning to H, = 0 Oe and
under H, of £20 Oe, one observes constant Van gy (red)
and Vang— (black) within the field range (as shown in
Fig. 3(b)) indicating that M¢, remains set at +y and —y
direction as intended. The two values of V4 n g obtained
20 are consistent, indicating that a very small H, does not
significantly affect the direction of Mc¢,.
We then apply the method to Co/Cu/YIG as schemat-
ically shown in Fig. 3(c). The full switching results with
a large H, range is shown in Fig. 3(d), which is sim-
25 ilar to Fig. 2(c). We then align My;c and Mg, to
the 4y (or —y) direction, and scan H, in +20 Oe as
shown as red (or black) curve in Fig. 3(e). The small
loops around 5 Oe is due to the switching and rotation
of My . The difference of the black and the red curves
30 gives the value of the AVang = |Vane+| + [Vane-|=
501424 nV. The two short black lines in Fig. 3(d)
denote Vangt and Vanyg— obtained from Fig. 3(e).
Given that Vi, = |Vp| + [Vane+| at Hy = 150 Oe and
Vin, = _|VAP| + |VANE+| at —12 Oe < H, < -8 Oe,
35 we obtain |Vp| = 375+27 nV and |Vap| = 361+19 nV.
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FIG. 4: (a) Thermal voltage Vi, versus Hy while a small field
is swept along the y-axis, after Co magnetization has been set
by a large field Hinitiar along the ¢ direction with respect to
the x-axis. The experimental setup is shown in (b). (c) The
full angular dependence of AVssg and VanEk.

Similar result has also been observed for 5 nm thick Co.
We then apply a large field along the +y direction (—y
direction) to align My ;¢ and Mc¢,, return to zero field,
scan H, in the £20 Oe range, one observes only the red
40 (black) SSE loop as illustrated in Fig. 3(f). It is im-
portant to note the height of the loop gives AVsgg, the
magnitude of the SSE, the centroid of the loop gives the
value of Vyn g, which is positive (negative) for the red
(black) loop. In this manner, the SSE and ANE can be
45 completely separated. From Fig. 3(f), it is clear that for
P and AP arrangements, AVsgp remains the same. Be-
cause of the sinusoidal angular dependence of SSE, one
needs measurements other than P and AP.
Now we apply this method to any angle ¢ with respect
50 to the x-axis by first applying a large field H;,itiq; along
the ¢ direction and then perform measurements with H,
in the £20 Oe, as schematically shown in Fig. 4(b). Some
examples with ¢ = 0°, 30°, 40°, 50°, and 90° are shown
in Fig. 4(a). It is immediately clear that in each case the
55 loop height, which measures AVggg, remains unchanged,
while the centroid of the loop, which measures Vang,
changes with ¢. The full angular dependence of AVsgsg
and Vyng are shown in Fig. 4(c). The value of AVsgg
is independent of ¢, the set angle between M¢, and —x
60 axis, in other words, the angle between spin index of the
pure spin current and M¢,. The ISHE in a FM metal is
independent of its magnetization.
In our measuring scheme, we first align the Mg, in the
¢ direction with a large field Hjpitiar. When the large
65 field H;p ;501 is switched off, the M, returns to its rem-
nant magnetization, most often without the full |[M¢,| in
the ideal ¢ direction due to magnetic anisotropy of the
rectangularly shaped Co layer. Thus Vayg is clearly pe-
riodic with a period of 27, but V4 g does not display the



simple angular dependence of sin(¢) with Vayg = 0 nV

at ¢ = 0° but instead at about 35°. However, since the

AVggg is constant regardless of M¢,, it is certainly in-

dependent of the remnant magnetization of Co, whatever
5 its value.

We now discuss our experimental findings in the light
of the underlying mechanisms of the SHE; the implica-
tion of the observed M independence will hence become
clear. It is widely accepted that the SHE and the anoma-

10 lous Hall effect (AHE) share the same origin [24, 25], of
which three mechanisms has been proposed to account for
the left-right asymmetry. Among them, the skew scat-
tering [26] and the side jump [27] are related to impurity
scatterings, known as the extrinsic mechanisms; and the

15 intrinsic mechanism, which is solely determined by the
electronic band structure, results spin-up and spin-down
carriers to gain opposite transverse velocity when driven
by an electrical field [28, 29]. The AHE resulted by the
extrinsic mechanisms must come from at least one of the

20 three scenarios depicted in Fig. 5; those are, (i) a spin-
polarized current being scattered by a non-magnetic im-
purity [Fig. 5(a)] or (ii) a magnetic impurity [Fig. 5(b)],
and (iii) a non-polarized current being scattered by a
magnetic impurity, as shown in Fig. 5(c). Scenario (i)

25 and (ii) have been evidenced by ample experiments in-
volving various dopants in ferromagnetic metals [30, 31].
Scenario (iii) is evidenced by the AHE observed in para-
magnetic materials [32-34]. It then becomes obvious that
the Hall angle resulted by (i) and (ii) must be different,

30 otherwise (iii) cannot produce observable AHE, for spin-
up and spin-down electrons will gain opposite transverse
velocity that cancels the transverse charge accumulation.
Therefore, the SHE originated from the extrinsic mecha-
nisms must depend on the magnetization, which contra-

35 dicts to our observation[35]. Our findings thus unambigu-
ously exclude the extrinsic mechanisms as the dominat-
ing mechanism for the ISHE observed in Co, and instead
point to the intrinsic origin. This is consistent with ob-
servations of AHE in Co thin films, which appears to be

40 also dominated by the intrinsic contribution [36].

In summary, using Co/Cu/YIG, where Cu decouples
the ferromagnetic Co and YIG but allowing transmission
of pure spin current, we have separately observed SSE
and ANE, and show that the ISHE in a FM metal is

45 independent of its magnetization. It therefore provides an
unambiguous evidence that the ISHE in Co is dominated
not by the extrinsic impurity-scattering mechanisms, but
the intrinsic one.
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FIG. 5: Schematic drawing of three scenarios of extrinsic
AHE, (a) polarized current scattered by non-magnetic im-
purity; (b) polarized current scattered by magnetic impurity;
and (c) non-polarized current scattered by magnetic impu-
rity. The dashed lines indicate trajectories of the carriers if
the impurity were non-magnetic.
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