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We investigate current-induced torques generated by Zr. We show that the generation efficiency of the current-
induced torque increases with increasing the thickness of the Zr layer in Nig, Fe 9 /Zr and Ni/Zr bilayers, which
indicates that the observed current-induced torque originates from the bulk of the Zr layer. We find that the sign
of the current-induced torques is opposite to that expected from the spin Hall effect but is consistent with that
expected from the orbital Hall effect in the Zr layer. Furthermore, we find that the torque efficiency increases
with increasing the thickness of the ferromagnetic layer, which is consistent with the prediction of long-range
orbital transport in ferromagnets. These observations demonstrate that the orbital Hall effect in the Zr layer is
the main source of the current-induced torque. This finding highlights the important role of orbital transport in
generating current-induced torques, advancing the understanding of angular momentum dynamics in solid-state

devices with 4d transition metals.

DOLI: 10.1103/PhysRevResearch.5.023054

I. INTRODUCTION

Since its discovery, the spin Hall effect (SHE) has played
a key role in the exploration of the physics of spin cur-
rents and the development of spintronic devices [1,2]. The
SHE generates a spin current from a charge current through
spin-orbit coupling, allowing to transfer angular momentum
from the crystal lattice to the electronic system. The an-
gular momentum transfer triggered by the SHE is a major
source of current-induced torques, which enable the electric
manipulation of magnetization [3,4]. The manipulation of
magnetization using the current-induced torque has been one
of the central topics of spintronics.

In the angular momentum dynamics in solids, the orbital
counterpart of the spin Hall effect, the orbital Hall effect
(OHE), has been predicted to play an essential role [5—12].
The OHE is a phenomenon that generates an orbital current
flowing perpendicular to an applied charge current. Recent
experimental studies have suggested the presence of current-
induced torques arising from the orbital Hall effect, orbital
torques, in metallic devices [13—18]. Although the exploration
of orbital transport is just beginning and further experimental
studies are required to confirm the role of the OHE in gen-
erating the current-induced torque, these studies open a new
direction for spintronics.

In this paper we investigate the orbital Hall contribution to
the current-induced torque generated by Zr, which is one of
the materials that have been suggested to generate the orbital
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torque [13]. We find that the sign of the current-induced torque
in Nig;Fej9/Zr and Ni/Zr bilayers is opposite to that expected
from the SHE in the Zr layer. By changing the thickness 77,
of the Zr layer, we show that the observed torque efficiency
varies with 7., even when fz; is clearly larger than the spin
diffusion length of Zr. Furthermore, the torque efficiency in-
creases with the ferromagnetic (FM) layer thickness, which
demonstrates that spin currents are not responsible for the
observed torque. We also find that the magnitude of the un-
conventional torque is stronger in the Ni/Zr bilayer than in
the NigFe9/Zr bilayer. These results are consistent with the
prediction of the orbital torque generated by the OHE in the
Zr layer.

II. EXPERIMENTAL METHODS

We investigated the current-induced torques using the spin-
torque ferromagnetic resonance (ST-FMR) for Ni/Zr and
Nig; Fej9/Zr bilayers [see Fig. 1(a)]. The films were deposited
on thermally oxidized Si substrates by the rf magnetron sput-
tering, where the base pressure was better than 3 x 107 Pa.
During the sputtering, a linear shutter was used to vary the
thickness of one layer, the Zr or Ni layer, in each substrate.
The variation of the Zr(Ni) thickness across each device is
0.018 nm (0.036 nm). To avoid the oxidation of the films, the
surface of the FM layer was covered by a 4-nm-thick SiO,
capping layer, which was sputtered from a SiO, target in an
Ar atmosphere. To characterize the microstructure of the Zr
layer, we conducted x-ray diffraction (XRD) measurements
on a Zr film, as shown in Fig. 1(b). The XRD pattern shows
that the Zr film is hexagonal close-packed (hcp) structure.

For the ST-FMR measurements, the films were pat-
terned into 150 pwm x 10 wm stripes by photolithography
and Ar ion-milling processes. On the edges of the strip,
Au(100 nm)/Ti(2 nm) electrodes were sputtered and patterned
by photolithography and lift-off processes to form a ground-
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FIG. 1. (a) Schematic illustration of the ST-FMR for the FM/Zr
bilayers. (b) An XRD pattern for a Zr(20 nm) single-layer film, where
26 is the diffraction angle and / is the diffraction intensity. The XRD
pattern shows that the Zr film is a hexagonal close-packed (hcp)
structure.

signal-ground contact that guides an rf current into the device.
Here, the number in parentheses represents the film thickness.
During the ST-FMR measurement, an rf current was applied
along the longitudinal direction of the device with a power of
P =100 mW and a frequency of f. The rf current generates
damping-like (DL) and field-like (FL) effective fields, Hpp
and Hpp, as well as an Oersted field Hp.. We also applied an
in-plane external magnetic field H at an in-plane angle of 6y,
where 6y is the angle between the magnetic field and the rf
current. When f and H satisfy the FMR condition, the DL,
FL, and Oersted fields drive a precession of the magnetization
in the FM layer, which induces an oscillation of the device
resistance through the anisotropic magnetoresistance (AMR).
The oscillating resistance mixes with the rf current, yielding a
direct current (dc) mixing voltage, Vg.. We measured Vg, using
a bias tee and a nanovoltmeter at room temperature.

III. RESULTS AND DISCUSSION

Figure 2(a) shows ST-FMR spectra for the
Ni(6 nm)/Zr(12 nm) and the NigFei9(6 nm)/Zr(12 nm)
bilayers at 6y = 45°, respectively. The measured V. signals
are consistent with the prediction of the ST-FMR [19]:

W2
(poH — ,bLOI-Ires)2 + w2
W (oH — proHres)
(oH — MOI—Ires)2 + w2 ,
where H,. is the FMR field, W is the linewidth, and w is the
vacuum permeability. Here, the symmetric component Viyp,
is proportional to Hpr, while the antisymmetric component
Vasym 18 proportional to the sum of Hg. and Hpe. As shown
in Fig. 2(b), Viym and Vg, are proportional to sin 26y cos 6y

in both Ni/Zr and Nig;Fe 9/Zr bilayers, which is consistent
with the prediction of the ST-FMR [20]. This result indicates
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FIG. 2. (a) ST-FMR spectra for the Ni(6 nm)/Zr(12 nm) bilayer
(upper) and for the Nig; Fe 9(6 nm)/Zr(12 nm) bilayer (lower) at var-
ious frequencies f. (b) In-plane magnetic field angle 6y dependence
of the symmetric Vi, and antisymmetric Vyeym components of the Vg
signal for the Ni(6 nm)/Zr(12 nm) bilayer at f = 9 GHz (upper) and
for the Nig,Fe 9(6 nm)/Zr(12 nm) bilayer at f = 13 GHz (lower).
The solid and open circles are the experimental data of Vyyr, and Vigym,
respectively. The solid curves are the fitting results using functions
proportional to sin 26y cos 6.

that an out-of-plane Oersted field is negligible in the observed
voltage, indicating that the rf current flow is uniform in the
ST-FMR devices.
From the measured signals, we determine the DL torque
efficiency per applied electric field, defined as [21]
2e HDL

E
= —puoMstpm——, 2
&pL, o HoMtem — (2)

where 7 is the reduced Planck constant, M, is the saturation
magnetization, fpyy is thickness of the FM layer, and E is
the applied electric field. The DL effective field Hpy can be
determined from the magnitude of the symmetric component
Vsym of the ST-FMR signal at 8 = 45° using [20]
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where s is the rf current flowing in the device and ARamr
is the resistance change of the device due to the AMR. In
Fig. 3(a), we show in-plane magnetic field angle 6y de-
pendence of the resistance R of the Ni(6 nm)/Zr(12 nm)
bilayer. By fitting the 8y dependence of R using R = Ry +
AR Mg c0s? 0y, we obtain ARamr, Where R represents the
device resistance at 6y = 90°. The rf current flowing in the
device, I, can be estimated by measuring the transmission
and reflection coefficients of the ST-FMR device using a vec-
tor network analyzer or by observing the resistance change
caused by the application of the rf current due to the Joule
heating [20,22-25]. In this study we use the Joule heating of
the device as a calibration [20,24,25]. In Figs. 3(b) and 3(c),
we show resistance change AR induced by applying an rf
current with a power of P and a dc current Iy, respectively.
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FIG. 3. (a) In-plane magnetic field angle 6y dependence of
the device resistance R for the Ni(6 nm)/Zr(12 nm) bilayer.
(b) rf power P dependence of AR = R(P)— R(P =0) for the
Ni(6 nm)/Zr(12 nm) bilayer at f = 9 GHz, where R(P) is the device
resistance measured with applying an rf current with a power of P.
(c) dc current Iy, dependence of AR = R(lg.) — R(Igc = 0) for the
Ni(6 nm)/Zr(12 nm) bilayer, where R(l4.) is the device resistance
measured with applying a dc current /.. (d) The relation between
/P and the rf current Iy flowing in the Ni(6 nm)/Zr(12 nm) bilayer
device, estimated from the results shown in (b) and (c). The solid
circles in gray in (a)—(c) are the experimental data. The solid curves
and lines are the fitting results. The open circles in red in (d) are the
estimated relation between /P and I;.

When the rf or dc current is applied, the resistance R of the
device increases as a result of the Joule heating. Figures 3(b)
and 3(c) show that the resistance change AR is linear to P
and follows the parabolic relationship to Iy, AR(P) = aP and
AR(ly.) = blcfc, as expected from the sample heating. From
this result we can estimate the relation between the applied
power P and the rf current Iy flowing in the device using
Lt = /(2a/b)P, where we used the fact that the sample heat-
ing is proportional to RIZ, for the application of the dc current,
whereas it is proportional to RI3 /2 for the application of the
continuous rf current in the form of iy cos 2x ft. Figure 3(d)
shows the relation between +/P and I¢, estimated from the re-
sult shown in Figs. 3(b) and 3(c). We determined Ry, ARAMR,
and /¢ for all the devices used in the present work as shown in
Figs. 4(a)—4(c). From the obtained values with £ = Ryl;¢/d,
we obtain the applied electric field E as shown in Fig. 4(d),
where d is the distance between the electrodes.

Figure 5(a) shows Zr-layer thickness fz; dependence of
the DL torque efficiency SSL for the Ni/Zr and Nig,Fe9/Zr
bilayers, obtained from the ST-FMR result using Eq. (2). This
result shows that &5 increases with increasing the Zr-layer
thickness 7z.. Here, the rz,-dependent variation in &gL cannot
be attributed to a possible change in the magnetic properties
of the FM layer; in the FM/Zr bilayers, the effective demag-
netization field M. is almost independent of #z., as shown
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FIG. 4. Zr-layer thickness tz, dependence of (a) the resistance
Ry and (b) the resistance change due to the AMR ARamg for
the Nig,Fe9(6 nm)/Zr(tz) (orange) and Ni(6 nm)/Zr(tz) (blue)
bilayers. 7. dependence of (c) the rf current flowing in the
device Iy at P =100 mW and (d) the applied electric field
E for the Nig Fejo(6 nm)/Zr(tz) at f =13 GHz (orange) and
Ni(6 nm)/Zr(tz) at f = 9 GHz (blue) bilayers.

in Fig. 5(b). We also note that the electronic properties of
the Zr layer are also independent of #z.. In fact, as shown in
Fig. 5(c), tz: dependence of the resistivity p of the Zr layer is
consistent with p(fz) = atz_rl + Poulk, demonstrating that the
bulk resistivity ppy is unchanged by changing t7., where atz’rl
arises from the surface scattering. These results indicate that
the rz.-dependent DL torque originates from the bulk effects,
the SHE or OHE, in the Zr layer.

We note that as shown in Fig. 5(a), the sign of &5 is posi-
tive, which is opposite to the prediction of the DL torque due
to the SHE, because the sign of the spin Hall conductivity of
Zr is negative: oy = —170 (71/e)(2 cm)~! [13]. This clearly
shows that the SHE in the Zr layer is not the main source of the
observed DL torque. In fact, the observed features of &5 are
consistent with those expected from the orbital torque due to
the OHE in the Zr layer. First, the sign of ££ is consistent with
the positive orbital Hall conductivity of Zr [12,13]. Second,
ESL does not saturate in the investigated 7z, range, despite the
short spin diffusion length in Zr: A, = 3.1 nm [13]. The tz
dependence of &L, is consistent with that expected from the
orbital torque, because the orbital diffusion length has been
found to be longer than the spin diffusion length [15,17].
Third, &5 in the Ni/Zr bilayer is larger than that in the
Nig;Fe 9/Zr bilayer. Since orbital currents interact with the
magnetization through the spin-orbit interaction, the orbital
torque is quite sensitive to the electronic structure of the FM
layer [11]. Among the conventional 3d FMs, Ni is predicted
to show the strongest orbital response [14]. The strong orbital
response in Ni originates from the optimal electron occupation
of d orbital shells such that the Fermi energy is located in
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FIG. 5. (a) Zr-layer thickness fz dependence of the DL
torque efficiency &5 for the NigiFei9(6 nm)/Zr(tz) (orange) and
Ni(6 nm)/Zr(tz) (blue) bilayers. The solid circles are the experi-
mental data, and the solid curves are the fitting results. The error
bars are the standard deviation of the measurements at different
f. (b) 1z, dependence of the effective demagnetization M.g of the
Nig; Fe 9(6 nm)/Zr(#z;) (orange) and Ni(6 nm)/Zr(tz) (blue) bilay-
ers. (¢) tz; dependence of the electric resistivity p of the Zr layer. The
solid circles in black are the experimental data, and the solid curve in
gray represents the fitting result using p(tz) = atz_r' + Ppu, Where
Pouk = 534+ 1.7 uQcm.

the energy where the spin-orbit correlation is strong [14,17].
This implies that the orbital response can be strongly affected
by the change of the electronic occupation by Fe doping.
Although there is no direct calculation for the spin-orbit cor-
relation in Nig;Fejg, a recent experiment has demonstrated
that the orbital response in Nig|Fej9 is clearly weaker than
that in Ni in FM/Ti and FM/W bilayers [17]. Thus the larger
torque efficiency in the Ni/Zr bilayer also supports that orbital
currents are responsible for the observed torque. These results
demonstrate that the current-induced torque in the FM/Zr
bilayers is dominated by the orbital torque originating from
the OHE in the Zr layer.

The interpretation of the orbital-dominated torque in the
Zr-based structures is further supported by Ni-layer thickness
tni dependence of £f . In the FM/Zr bilayer, spin currents
injected into the FM layer rapidly oscillate and decay by
spin dephasing. Due to the short spin dephasing length, the
DL effective field due to the SHE varies as Hpp o 1/tpm,
and hence the spin torque efficiency is independent of fpy.
In contrast, orbital currents injected into the FM layer can
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FIG. 6. Ni-layer thickness #x; dependence of the DL torque effi-
ciency &L, . The inset shows the effective demagnetization field Mg
for the Ni(#y;)/Zr(10 nm) bilayer.

travel much longer distances than the spin dephasing length
without oscillation through the degenerate orbital hot spots
in the momentum space [26]. The semirealistic calculations
predict a monotonic increase of the orbital torque efficiency
with fpy as a result of the long-range orbital transport [26],
which has been confirmed experimentally [17]. To test the role
of the spin and orbital currents in generating the DL torque,
we measured fy; dependence of égL for the Ni(#y;)/Zr(10 nm)
bilayer, as shown in Fig. 6. Figure 6 shows that £f; increases
with #y; at fyij < 30 nm despite the fact that the magnetic
properties of the Ni layer are almost unchanged in this #y;
range, as evidenced by a negligible change in Mg (see the
inset to Fig. 6). The monotonic increase in ESL with fn; when
tni < 30 nm in the Ni/Zr bilayer is consistent with the the-
oretical prediction, supporting that the OHE is the dominant
mechanism of the observed DL torque. Here, a variation in
the DL torque efficiency with the FM-layer thickness has also
been reported in Co-based devices, where the SHE is the
primary mechanism and the OHE is an additional contribution
to the DL torque [18].

As shown in Fig. 6, by further increasing #x;, &5 decreases
and becomes negative at fy; > 40 nm, although the orbital
torque is expected to be saturated with increasing #n;. This
result indicates that an additional torque appears by increasing
tni, which can be attributed to a self-induced torque generated
in the Ni layer. The self-induced torque originates from a spin
accumulation generated in the Ni layer and the asymmetry
between the top SiO,/Ni and bottom Ni/Zr interfaces [27].
This torque depends on the FM-layer thickness and can be
sizable only when the FM layer is thicker than the exchange
length [27]. We have provided evidence for large self-induced
torques with a negative sign in thick Ni single layers without
a Zr layer in our previous work [17]. The result shows that
the self-induced torque in a Ni film is non-negligible only
when #y; > 10 nm, implying that the DL torque efficiency
in the Ni/Zr bilayer is affected by the self-induced torque
in the Ni layer when #y; > 10 nm. By further increasing #y;,
the self-induced torque with a negative sign increases and
becomes sizable, especially at fy; > 20 nm [17]. In contrast,
the orbital torque with a positive sign tends to saturate with
increasing #xj [26]. Because of the different #y; dependences
between the self-induced torque and orbital torque, their rela-
tive contribution to the DL torque changes with #y;, resulting
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in the suppression of the observed orbital torque efficiency
at tn; > 30 nm. Thus the observed nonmonotonic change in
the DL torque efficiency with #x;, shown in Fig. 6, can be
attributed to the competition between the orbital torque with
a positive sign and self-induced torque with a negative sign,
supporting that the observed positive &5 can be attributed to
the orbital torque in the Ni/Zr bilayers.

Finally, we extract spin and orbital transport parameters by
fitting the #z, dependence of the DL torque efficiency, shown
in Fig. 5(a). We assume that the observed torque efficiency
&L can be decomposed into a sum of three contributions as

Izr
SSL = USHE(SSI:l — sech<£>j|
As

P— [1 - sech(%)} +C @
In Eq. (4), the first term represents the DL torque efficiency
due to the SHE, where osyp(<0) and A are the spin Hall
conductivity and spin diffusion length in the Zr layer, re-
spectively [19]. §; characterizes the interface spin loss. By
analogy with the spin torque efficiency, we assume that the
DL torque efficiency due to the OHE varies with 7z as the
second term in Eq. (4), where ooge(>0) and A, denote the
orbital Hall conductivity and orbital diffusion length in the Zr
layer, respectively. Here, ngy represents the effective coupling
between the orbital Hall currents and magnetization due to the
spin-orbit correlation and spin exchange coupling in the FM
layer [14,17]. §, characterizes the interface orbital loss. We
assume osyg and ooyg are independent of #z,. The third term,
C, in Eq. (4) is a constant, which describes #z-independent
DL torque efficiency. This contribution can be attributed to
interfacial spin-orbit torques. For the fitting using Eq. (4),
we excluded the data at rz; < 1 nm because the Zr layer is
probably not continuous in this thickness range.

In Fig. 5(a) we show the fitting results. For the Nig,Fe 9 /Zr
bilayer, the measured 77, dependence of SSL is well fitted
by Eq. (4). The extracted parameters are osygds = —57.8 +
13.6 (h/e)Q_'cm_l, As =3.68 £ 1.17 nm, npMOOHES, =
152+ 14 (i/e)Q'em™!, A, =8.494+2.68 nm, and C =
30.5+6.8 Q 'em~!. The extracted values of ogyp and
As are reasonable for the spin Hall conductivity and spin
diffusion length of Zr (see also Appendix) [12,13]. The
large error in the extracted values of osygds and Ag arises
from the fact that the SHE contribution with a negative
sign is not clear in the measured fz dependence of &L .
When neglecting the SHE contribution, the first term in
Eq. (4), we obtain ngmoonrd, = 147+9 (fi/e) Q~ 'em™!,
Ao =142+08 nm, C =18.1 £6.4 Q'cm~!. These re-
sults demonstrate that the orbital diffusion length is longer
than the spin diffusion length, consistent with previous re-
ports [15,17]. Using the extracted values of Ay and Ao, we
also fitted the 7z, dependence of &5 for the Ni/Zr bilayer
using Eq. (4), as shown in Fig. 5(a). From the fitting we ob-
tain osypds = —58.7 £ 52.6 (h/e) Q! cm‘l, NEMOOHESo =
296 £52 (h/e)Q'em™!, and C=144+£22 Q 'em™!.
When neglecting the SHE contribution without fixing A,, we
obtain npvooned, = 260 + 44 (h/e) Q! cm_', Ao = 9.66 £
2.32nm, C = 129 + 15 Q' cm™'. These results demonstrate
that the DL torque due to the OHE exceeds that due to the

SHE in the Zr-based systems, and the OHE contribution is
more pronounced in the Ni/Zr bilayers.

The extracted orbital torque efficiencies show that the
difference in the orbital torque between the Nig;Fe9/Zr
and Ni/Zr bilayers is less pronounced than that between
Nig; Fej9/Ti and Ni/Ti bilayers [17]. In the Zr-based devices,
the orbital torque efficiency in the Ni/Zr bilayer is two times
larger than that in the Nig;Fe 9/Zr bilayer, while in the Ti-
based devices, the DL torque efficiency in Ni/Ti bilayers is
an order of magnitude larger than that in Nig Fe;q/Ti bi-
layers [17]. The difference in the orbital torque efficiencies
between the Zr-based and Ti-based devices indicates that the
orbital transparency at the FM/NM interface is sensitive to
the materials combinations of the FM and NM layers. In
particular, although the orbital Hall conductivity is compa-
rable between Zr and Ti [12], oong =~ 4000 (/i/e) @ 'em™!,
the orbital torque efficiency &f; oy is clearly different be-
tween the Ni/Zr and Ni/Ti bilayers; &5, op ~ 400 Q7' cm™!
in the Ni(6 nm)/Ti(8 nm) bilayer and &f; oy ~ &5 — C =~
100 2 'cm™! in the Ni(6 nm)/Zr(8 nm) bilayer. This result
suggests that the orbital loss &, at the Ni/Ti interface is lower
than that at the Ni/Zr interface, and the orbital transparency at
the Ni/Ti interface is higher than that at the Ni/Zr interface.

IV. CONCLUSIONS

In summary, we have investigated the current-induced
torque generated in the NigFe 9/Zr and Ni/Zr bilayers. By
varying the thickness of the Zr layer, tz;, we found that the
DL torque with a positive sign increases with 7, both in the
Nig Fej9/Zr and Ni/Zr bilayers. The tz,-dependent positive
DL torque has been attributed to the orbital torque generated
by the OHE in the Zr layer. The orbital-dominated torque is
supported by the Ni-layer thickness dependence of the torque
efficiency.

The observed tz; dependence of the DL torque efficiency
in the Nig, Fe 9/Zr and Ni/Zr bilayers is different from that in
CoFeB/Zr bilayers, reported previously, where the sign of the
DL torque changes from positive to negative with increasing
tz: [13]. A similar thickness-dependent change in the sign of
the DL torque has been observed in heavy-metal /FM bilayers,
such as Hf/CoFeB and Ta/CoFeB bilayers [28,29]. In these
systems the sign reversal of the DL torque has been attributed
to the competition between the SHE and interfacial Rashba
effect. In contrast, in the CoFeB/Zr bilayer it is assumed that
the interfacial Rashba spin-orbit coupling plays a minor role
in generating the DL torque, as suggested by the negligible
interfacial Dzyaloshinskii-Moriya interaction. Under this as-
sumption the positive DL torque in the thin CoFeB /Zr devices
has been discussed in terms of the orbital torque due to the
OHE in the Zr layer, while the negative DL torque in the thick
CoFeB/Zr devices has been attributed to the SHE. However,
the relation between the interfacial Dzyaloshinskii-Moriya
interaction and interfacial spin-orbit torques is nontrivial. We
also note that the interfacial spin-orbit torque can be sizable
even in the absence of heavy metals [30]. Our results for the
Nig;Fe9/Zr and Ni/Zr bilayers suggest that interfacial spin-
orbit torques cannot be neglected in FM/Zr devices, implying
that the positive DL torque observed for the thin CoFeB/Zr
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FIG. 7. (a) 6y dependence of the device resistance R for the
NigFe19(6 nm)/Zr(12 nm) bilayer. (b) P dependence of AR =
R(P) — R(P = 0) for the Nig;Fe (6 nm)/Zr(12 nm) bilayer at f =
13 GHz. (c) I dependence of AR = R(ly.) — R(Igc = 0) for the
Nig; Fe9(6 nm)/Zr(12 nm) bilayer. (d) The relation between /P and
I; flowing in the Nig; Fe9(6 nm)/Zr(12 nm) bilayer device, estimated
from the results shown in (b) and (c). The solid circles in gray in
(a)—(c) are the experimental data. The solid curves and lines are the
fitting results. The open circles in red in (d) are the estimated relation
between /P and L.

bilayer can be attributed to the interfacial contribution. Our
results also indicate that the orbital torque with a positive sign
is pronounced in the FM/Zr devices with large #7 because the
orbital diffusion length is longer than the spin diffusion length.
The difference in the sign of the DL torque at large 7, between
the FM/Zr bilayers suggests that the orbital response in the
Ni/Zr and NigFe 9/Zr bilayers is stronger than that in the
CoFeB/Zr bilayer. The observation of the orbital-dominated
torque in the 4d-metal devices provides important information
for understanding angular momentum transport and dynamics
in solid-state devices.
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APPENDIX A

For the Nig Fe (6 nm)/Zr(12 nm) bilayer, we show 0y
dependence of R in Fig. 7(a). We also show P and /. depen-

Ni,,Fe,/Zr(t,)

—fitting
® exp.

0.0050 70 20

FIG. 8. Zr-layer thickness 7, dependence of the magnetic damp-
ing o for the Nig; Fe 9(6 nm)/Zr(t,) bilayer. The solid circles are the
experimental data, and the solid curve is the fitting result. For the
fitting, the data around #7, = 0 nm are excluded, the same as in the
fitting of the 7z, dependence of ggL, shown in Fig. 5(a), because the
Zr layer is probably not continuous.

dences of AR in Figs. 7(b) and 7(c), respectively. From these
results we determined the relation between \/ﬁ and I for the
Nig;Fe 9/Zr bilayer, as shown in Fig. 7(d).

APPENDIX B

We estimate the spin diffusion length in the Zr layer from
Zr-layer thickness 7 dependence of the magnetic damping
constant « for the Nig;Fe 9(6 nm)/Zr(tz;) bilayer, shown in
Fig. 8. The magnetic damping constant o« was determined by
fitting frequency f dependence of the ST-FMR spectral width
W using W = Qra/y)f + Wex, Where Wy is the inhomo-
geneous linewidth broadening of the extrinsic contribution.
Figure 8 shows that o increases with 7 and saturates at
tz: > 10 nm, except for a few plots around #z, = 0 nm, where
the Zr layer is probably not continuous.

The enhancement of o with increasing #z. can be attributed
to the spin pumping [31]. The damping enhancement due to
the spin pumping is expressed as [31]

oltze) = oo + (tzr), (B

yh o
4 Mtem eff

where o is the intrinsic magnetic damping of the Nig;Fe g
layer and y is the gyromagnetic ratio.

gN
1 + (2+/g/3 tanh (t7:/2s)) !

el = (B2)

is the effective spin-mixing conductance, where g't is the
spin-mixing conductance and ¢ is the ratio of the momentum
to spin-flip scattering time. By fitting the #7, dependence of
a except for the data around fz, = 0 nm using Eqs. (B1)
and (B2), we obtain ¢ = 0.0117 £ 0.0051 and the spin dif-
fusion length of the Zr layer as Ay = 4.50 & 0.76 nm.
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