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Crossover of the intrinsic spin Hall effect in the presence of lattice expansion
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We report the robustness of the intrinsic spin Hall effect in Pt against a change in the lattice constant. We
measure spin-torque ferromagnetic resonance for Pt/Nig;Feq bilayers, where the lattice constant and carrier
scattering time of the Pt layer are varied by incorporating the nitrogen atoms as interstitial impurities. We find
that the spin Hall angle is enhanced by a factor of 3 as the resistivity of the Pt layer is increased by the nitrogen
incorporation. The variation of the spin Hall conductivity is consistent with the prediction of the crossover of the
intrinsic spin Hall effect from the moderately dirty regime to the dirty-metal regime. This result demonstrates
the variation of the intrinsic spin Hall conductivity in Pt is dominated by the change in the scattering time, rather
than the change in the band structure, under a few percent change in the lattice constant.

DOLI: 10.1103/PhysRevB.103.174427

I. INTRODUCTION

The spin Hall effect and its inverse effect have played
a crucial role in exploring the physics of spin currents in
condensed matter [1-9]. The spin Hall effect converts an ap-
plied charge current into a spin current through the spin-orbit
coupling, enabling electric generation of a spin current in a
variety of materials [10,11]. The spin current originating from
the spin Hall effect can be injected into an adjacent ferro-
magnetic layer. This process transfers the angular momentum
from the spin current to the local magnetic moments, exert-
ing torques on the magnetization, which are called spin-orbit
torques [12-27]. The current-induced spin-orbit torques pro-
vide a way for electrical manipulation of the magnetization,
enabling us to induce magnetization precession, domain-wall
motion, and magnetization switching [15]. The manipulation
of the magnetization using spin-orbit torques promises various
concepts of spintronic devices based on the spin Hall effect,
opening the field of spin-orbitronics.

Since the first observation of the spin Hall effect more than
a decade ago, diverse studies of the spin Hall effect in Pt have
provided important information for the fundamental under-
standing of the conversion between spin and charge currents
[28—41]; Pt has been central in establishing the spin-transport
phenomena induced by the spin-orbit coupling. Previous stud-
ies have shown that the spin Hall effect can be tuned by
changing the composition in Pt-based alloys [34-37], which
provides a way to enhance the spin Hall conductivity. It has
also been demonstrated that the spin Hall effect in Pt can be
manipulated by varying the carrier scattering time by doping
impurities, as well as changing the deposition method and
condition [29,38-40].
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The previous studies have shown that the spin Hall effect
in Pt is dominated by the intrinsic mechanism. The intrinsic
spin Hall effect originates from interband excitations between
spin-orbit split bands [42]. In the intrinsic mechanism, the spin
Hall conductivity is insensitive to scattering, i.e., impurities
and disorder, when the carrier scattering time is sufficiently
long. In contrast to this moderately dirty regime, in the dirty
regime where the carrier scattering time is short, the spin Hall
conductivity decreases with decreasing scattering time since
the carrier scattering time limits the interband excitation that
governs the intrinsic spin Hall effect [42]. The variation of
the spin Hall effect in Pt studied previously is consistent with
this scenario. However, although the intrinsic contribution
depends on the Berry curvature of the band structure, as well
as the carrier lifetime, the impact of the structural parameters,
such as the lattice constant, on the spin Hall effect is still
unclear.

In this paper, we demonstrate the robustness of the intrinsic
spin Hall effect in Pt against the change in the lattice constant.
We find that the spin Hall angle, the ratio of the spin Hall con-
ductivity to the electric conductivity, of Pt is enhanced about 3
times by incorporating nitrogen atoms, which are dispersed in
the Pt as interstitial impurities [43]. We observe that although
the nitrogen incorporation changes the lattice constant of the
Pt by a few percent, the variation of the intrinsic spin Hall
conductivity induced by the nitrogen incorporation is consis-
tent with the prediction of the crossover of the intrinsic spin
Hall effect from the moderately dirty regime to the dirty-metal
regime in Pt.

II. EXPERIMENTAL METHOD

We study the spin Hall effect in Pt films with different
lattice constants and resistivities using spin-torque ferromag-
netic resonance (ST-FMR). The structure of the devices is,
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FIG. 1. (a) Q dependence of the electric resistivity pp, of the Pt
layer. The inset shows the Q dependence of the carrier density n of
the Pt layer, determined by Hall measurements. (b) x-ray diffraction
patterns for the Pt single-layer films with different Q. The Q depen-
dence of (c) the crystalline size D and (d) the lattice constant a of
the Pt films, obtained from the XRD spectra. (e) The XPS spectra
for the Pt single-layer films with O = 0% and 90%. (f) The AES
depth profile of the SiO,-substrate/Ti(2)/Pt(7)/Nig; Fe 9(5)/Si0,(4)
film with Q = 90%. The inset shows the schematic illustration of the
device.

from the substrate side, Ti(2)/Pt(7)/Nig; Fe19(5)/Si0,(4). The
numbers in parentheses represent the thickness in units of
nanometers. The films were deposited on thermally oxidized
Si substrates using magnetron sputtering. For the sputtering of
the Pt layers, we introduced a mixture of argon and nitrogen
gases into the chamber, where the relative nitrogen flow rate
Q was varied.

The Pt films, sputtered with the mixture of argon and ni-
trogen gases, allow us to investigate the spin Hall effect by
varying the lattice constant and resistivity. To investigate the
characteristics of Pt with nitrogen incorporation, we prepared
the Pt films sputtered with different Q on the Ti seed layers,
where the sheet resistance of the Ti layers was confirmed
to be orders of magnitude larger than that of the Pt layers.
Figure 1(a) shows the electric resistivity pp; of the Pt layer

with different Q. This result shows that pp; increases with Q
monotonically. The increase of pp, with Q can be attributed
to the decrease of the carrier scattering time with Q because
the carrier density is almost unchanged by Q, as shown in the
inset in Fig. 1(a).

To investigate the microstructure of the Pt films, we per-
formed x-ray diffraction (XRD) measurements on the Pt films.
As shown in Fig. 1(b), a strong (111) peak is observed, in-
dicating a highly (111)-oriented texture in the Pt film. We
note a broadening of the XRD peak, which indicates a re-
duction of the crystallite size with the increase of Q. From
the full width at half maximum of the (111) diffraction
and the Debye-Scherrer equation, we calculated the average
crystallite size D, as shown in Fig. 1(c). Figure 1(c) shows that
the crystallite size decreases by about 60% as Q is increased
from 0% to 90%. Figure 1(b) also shows that the diffraction
peak, at 260 = 39.97° for O = 0%, shifts towards lower angles
with increasing Q, indicating an increase of the lattice con-
stant. We show the lattice constant, calculated from the (111)
diffraction peak position, in Fig. 1(d). This result shows that
the lattice constant increases from 3.907 to 4.085 A as Q is
increased from 0% to 90%. The increase in the lattice constant
of Pt with the nitrogen incorporation is consistent with a
previous study [43]. The chemical states of Pt in the films
were also investigated using x-ray photoelectron spectroscopy
(XPS), as shown in Fig. 1(e). The Pt 4f;,, binding energy
for Q = 0% is 70.96 eV. The shift of the Pt 4f;,, peak due
to the change in Q is less than 0.2 eV. This result indicates
that the nitrogen atoms exist as interstitial impurities, charac-
terized by a very limited metal to nonmetal charge transfer
[43,44].

To estimate the concentration of the nitrogen atoms
in the Pt layer, we performed Auger electron spec-
troscopy (AES) combined with the Ar-ion sputtering.
Figure 1(f) shows the AES depth profile of SiO,-
substrate/Ti(2)/Pt(7)/Nig; Fe 9(5)/Si0,(4) with O = 90%.
Due to the fact that the nitrogen Auger peak overlaps the
Ti Auger peak [45] and the Pt subpeak in Auger electron
spectra, we show the intensity profile, instead of the atomic
concentration, over the whole depth range. Assuming that Ti
is absent in the Pt layer, we estimated the nitrogen concen-
tration in the Pt layer after removing the contribution of the
Pt subpeak. The nitrogen concentration in the Pt layer was
determined to be 0.0, 8.7, and 10.0 at. % for Q = 0%, 70%,
and 90%, respectively. The AES result also shows a slight
accumulation of nitrogen atoms near the Pt/Nig; Fe ¢ interface
in the film with Q = 90%. The driving force of the nitrogen
accumulation can be attributed to the larger energetic stability
of the NigFe9 nitride than that of the interstitial nitrogen
compounds in the Pt lattice. We confirmed that the nitrogen
accumulation at the Pt/Nig;Fe g interface is negligible when
0 < 70%, suggesting that the accumulation near the interface
can be attributed to excess nitrogen atoms in the Pt lattice
when Q = 90%. We note that the slight accumulation of ni-
trogen atoms near the interface when Q = 90% plays a minor
role in the generation of the spin-orbit torques, as discussed in
the next section.

To study the spin Hall effect in the Pt films with the dif-
ferent lattice constants, the Pt/Nig, Feq films were patterned
into rectangular bars with a width of 16 um and a length of
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120 pum using photolithography and Ar-ion etching. For the
ST-FMR measurement, we applied an rf current with a fre-
quency of f along the longitudinal direction of the device and
swept an in-plane external field H applied at an angle of 45°
from the longitudinal direction. The applied rf current induces
oscillating torques on the magnetization in the Nig; Fe g layer,
causing the magnetization to precess at the FMR condition.
The magnetization precession yields resistance oscillations
due to the anisotropic magnetoresistance of NigjFe9. The
change in the resistance mixes with the alternating current
to create a DC voltage V¢ across the bar. We measured Vpc
using a bias tee at room temperature.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the ST-FMR spectra for the Pt/Nig;Feg
bilayer with Q = 90%. The resonance field Hryr changes
systematically with f, consistent with the prediction of the ST-
FMR. The spectral shape of the ST-FMR signal changes with
0, as shown in Fig. 2(b). Figure 2(b) also shows the ST-FMR
spectrum for the reference film Ti(2)/Nig;Fe 9(5)/S10,(4).
The magnitude of the voltage for the reference film is negligi-
bly small compared to that for the Pt/Nig;Fe 9 bilayer films.
The measured H dependence of Vpc can be decomposed into
two components [17]:

W (uoH — poHpwmr)
(oH — poHpvr)? + W?
WZ
S 2 2°
(noH — poHpmr)* + W

Voc =A

+

ey

where W is the spectral width. The symmetric S and anti-
symmetric A components are produced by the current-induced
out-of-plane and in-plane effective fields, respectively. The
out-of-plane field corresponds to the dampinglike effective
field, while the in-plane effective field is the sum of the Oer-
sted field and fieldlike effective field.

In a Pt/Nig;Feg bilayer with Q = 0, the fieldlike effec-
tive field is known to be negligibly small, compared to the
dampinglike effective field and the Oersted field [46,47], and
the spin-orbit torque in this system has been shown to be
dominated by the bulk spin Hall effect in the Pt layer [35,39].
In the scenario of the bulk spin Hall effect, the dampinglike
and fieldlike torques are approximately proportional to the
real and imaginary parts of the spin mixing conductance,
Re[G™] and Im[G'V], respectively [48]. The negligible field-
like torque in the Pt /Nig; Fe 9 bilayer with Q = 0 is consistent
with the expectation for metallic interfaces, where Re[G™V] >
Im[G'}] [49]. By changing Q, the fieldlike torque in the
Pt/Nig Fe 9 bilayer can be non-negligible if the nitrogen in-
corporation enhances the interfacial spin-orbit coupling. The
reason for this is that the interfacial spin-orbit coupling is
the major source of the fieldlike torque through the Rashba-
Edelstein effect and also that, in the scenario of the spin Hall
effect, sizable Im[G'V], or the fieldlike torque, can appear
when a spin current reflected at the interface experiences a
large angle rotation of its spin direction due to the interfacial
spin-orbit coupling [50]. Because of this, the fieldlike torque
has been found to be correlated with macroscopic quantities
associated with the interfacial spin-orbit coupling, such as the

_ 0 T T T T Q: '900/0 ]
>
=
>8
-20 N
9.5 GHz 11.0 GHz
100 150 200 250 300
toH (mT)
® A ] © —
Q=0% 10 F 4
5
£ 056 ¢ Laad
S ¥ o}
=
= 0.0 -
a
> @ 0.04} ]
w . .
. exp. ¢o—o— %o
110 itti S 0.02F -
— fitt
'E ref. film
i 1 i 1 i 1 i 0.00 i 1 i
-100 -50 O 50 100 0 50 100
uoH - ugHeyg (MT) Q (%)
(e) — T T T T T (f) — T T T
10 10
20 Z 0
>8 [ - exp >8 I
-10 [ —fitting 1 ~-10
F—sym. i L
-20 __.anltlsym] PR B 200, oy
-100 -50 0 50 100 -100 -50 0 50 100

toH - ugHewg (MT) toH - ugHewg (MT)

FIG. 2. (a) Magnetic field H dependence of the DC voltage V¢
for the Pt/Nig  Fe,q films with Q = 90% measured with an rf power
of 20.0 dBm. The rf frequency was varied from f = 8 to 11 GHz.
(b) Ve spectra at f = 10 GHz for the Pt/Nig, Fe 9 films with various
Q and the reference film Ti(2)/Nig; Fe9(5)/SiO,(4). (c) Q depen-
dence of the magnetic damping constant « for the Pt/Nig, Fe g films.
(d) O dependence of the interface perpendicular magnetic anisotropy
energy density K for the Pt/Nig Fej9 films. The symmetric and
antisymmetric components of the fitting results at f = 10 GHz for
the Pt/Nig, Fe o films with () Q = 0% and (f) Q = 90%.

interface perpendicular magnetic anisotropy energy density K
and magnetic damping constant « [26].

To test the role of the interfacial spin-orbit coupling in
the Pt/Nig;Fej9 bilayers with different Q, we determined
the O dependence of the interface perpendicular magnetic
anisotropy energy density K, which arises from the interfacial
spin-orbit coupling [51,52]. We show the QO dependence of
K in Fig. 2(c). This result was obtained from the values
of Hpyr, determined from the ST-FMR signals, with the
Kittel formula 27 f/y = /poHpmr (oHemr + toMefr) and
Megr = My — 2Ks/(uoMsdpm) [53], where y, Mg, Mg, and
drm are the gyromagnetic ratio, the saturation magnetization,
the effective demagnetization field, and the thickness of the
Nig;Fej9 layer, respectively. Figure 2(c) shows that K is
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FIG. 3. The FMR spin-torque efficiency &pyr (black circles)
and the spin Hall angle Osyg = &pmr/Tine (red squares) for the
Pt/Nig, Fe 9 films as a function of Q. (b) The spin Hall conductiv-
ity osgg = (h/2e)0syeop, (red squares) and the effective spin Hall
conductivity oy = Tinosug (black circles) for the Pt/Nig, Fe g films
with different Q as a function of the electric conductivity op, of the
Pt layer. The dotted curves are guides for eyes.

almost independent of Q, suggesting that the interfacial spin-
orbit coupling is barely enhanced by the change in Q. The
absence of an enhancement of the interfacial spin-orbit cou-
pling with Q is supported by the magnetic damping constant
«. In Fig. 2(d), we show the Q dependence of «, determined
using W = Wy 4+ 2na/y)f, where Wy is the inhomogeneous
linewidth. This result shows that « is independent of Q. The
negligible change in o demonstrates that the interfacial spin-
orbit coupling is barely enhanced by the change in Q because
« is enhanced due to the interfacial spin memory loss (SML)
when the interfacial spin-orbit coupling plays an important
role [54]. These results indicate that a possible enhancement
of the interfacial spin-orbit coupling can be neglected even in
the QO = 90% device with the small accumulation of nitrogen
atoms near the Pt/Nig;Fe 9 interface, as well as in the devices
with O < 70% with the negligible nitrogen accumulation.

The absence of an enhancement of the interfacial spin-orbit
coupling, evidenced by K and o, suggests that the spin-orbit
torque in all the Pt/Nig;Fe9 bilayers with various Q is dom-
inated by the spin Hall effect in the Pt layer. We note that the
absence of a sizable interfacial spin-orbit coupling, which is
the source of the fieldlike torque, allows us to assume that the
in-plane effective field in the Pt/Nig;Fe 9 films with various Q
is dominated by the Oersted field produced by the current flow
in the Pt layer. Under this assumption, the FMR spin-torque
efficiency, defined as

S epoMdpmdp - Mg

gFMR = Z i

@)

,
Hemr

is related to the spin Hall angle 6syg of the Pt layer as &pvr =
TintOsur, Where dp; is the thickness of the Pt layer and iy is
the interfacial spin transparency [17]. In Figs. 2(e) and 2(f),
we show the symmetric and antisymmetric components of the
ST-FMR spectra, extracted by fitting the measured Vpc using
Eq. (1), for the Pt/Nig; Fe 9 films with O = 0% and 90%. This
result demonstrates that S/A, or &pvg, is clearly enhanced by
the nitrogen incorporation.

Figure 3(a) demonstrates that the effective spin Hall angle
&pmr increases with increasing Q. To extract the spin Hall
angle fsyg from this result, we assume that the spin backflow

dominates the reduction of the interfacial spin transparency
in the Pt/Nig;Fe 9 films; we neglect the reduction of the spin
transparency due to the SML at the interface. This assumption
is supported by the fact that the SML increases linearly with
K; of the interface [52] and K for the Pt/Nig;Fejq films is
small compared to the sample with a substantial SML [52].
The interfacial spin transparency set by the spin backflow with
G™ ~ Re[G™] > Im[G™] is expressed as [31]

tanh(dp/2s)\ ' 3
2)"5th ij '

where Ag and op; are the spin diffusion length and the con-
ductivity of the Pt layer, respectively. Here, we estimated
As for Pt with different Q from the measured values of op;
by assuming a dominant role of the Elliott-Yafet spin re-
laxation mechanism (Ag o< opy) [29] and Ay = 1.4 nm for Pt
with Q = 0 [55,56]. The spin-mixing conductance GV is re-
lated to the effective spin-mixing conductance Ggf% as GM =
(0p/245)Glit /0w /225 — Gl coth (dpe/25)] [57,58], where
the effective spin-mixing conductance Ggf% can be determined
experimentally using [57,58]

47 M. dFM
gl = y—;z(a — ). (4)

Tine = [1 - SeCh(dPl/)\s)]<l +

Here, ngif = Glf% (h/e?). Using the intrinsic magnetic damping

constant of the Nig;Fe 9 layer oy = 0.0092, determined using
the reference film Ti(2)/Nig;Fe9(5)/Si0,(4), we estimated
T and extracted Osyg for the Pt/Nigy Fe9 films with different
0, as shown in Fig. 3(a).

We found that the spin Hall angle Osyg of the Pt layer
is enhanced by about 3 times by increasing Q, as shown
in Fig. 3(a). To understand the origin of the enhancement
of the spin Hall angle, we plot the spin Hall conductivity
osue = (/1/2e)0syeop; and the effective spin Hall conductivity
oy = Tintosue With respect to the electric conductivity op;
of the Pt layer, as shown in Fig. 3(b). This result shows
that osgg and oy decrease slowly in the higher-conductivity
regime, then more quickly in the lower-conductivity regime
with decreasing opy.

The variation of the spin Hall conductivity, shown in
Fig. 3(b), is consistent with the prediction of the crossover
of the intrinsic spin Hall effect from the moderately dirty
regime to the dirty-metal regime. The spin Hall effect arises
from intrinsic and extrinsic mechanisms [11,42,59-64]. The
intrinsic contribution dominates the spin Hall conductivity of
Pt in the moderately dirty and dirty-metal regimes where the
carrier lifetime is short, whereas the extrinsic contributions
are important only in the ultraclean regime where the carrier
lifetime is very long [65]. The range of the conductivity of
the Pt films used in the present study corresponds to the
moderately dirty and dirty-metal regimes, where the intrinsic
mechanism dominates the spin Hall effect. In Pt, the strong
spin-orbit coupling lifts the double degeneracy of the d bands.
The intrinsic spin Hall effect originates from the interband
transitions between these bands [28]. In the moderately dirty
regime, where the carrier lifetime 7 is sufficiently long, the
intrinsic spin Hall conductivity is almost independent of the
electric conductivity, oy, o t. In contrast, in the dirty-metal
regime, the interband excitation is governed by t, and the

174427-4



CROSSOVER OF THE INTRINSIC SPIN HALL EFFECT IN ...

PHYSICAL REVIEW B 103, 174427 (2021)

intrinsic spin Hall conductivity decreases with decreasing o,
[42,66]. As shown in Fig. 3(b), the observed variation of osyg
for the Pt films is consistent with this scenario. A recent
theoretical study showed that mechanical deformations of Pt
can change the intrinsic spin Hall conductivity due to the
change in the splitting of the near-degenerate states [67]. The
calculation indicates that the spin Hall conductivity is not
significantly changed by a few percent change in the lattice
constant. The observation of the crossover of the intrinsic
spin Hall effect under the variation of the lattice constant is
consistent with this calculation.

IV. CONCLUSIONS

In summary, we have investigated the spin Hall effect in Pt
against the change in the lattice constant. The lattice constant
of the Pt film was varied by a few percent through the nitrogen
incorporation without a significant change in the chemical

states. We found that the spin Hall angle is enhanced by a
factor of 3 as the resistivity of the Pt film is increased by the
nitrogen incorporation. The variation of the spin Hall effect is
consistent with the prediction of the crossover of the intrinsic
spin Hall effect from the moderately dirty regime to the dirty-
metal regime. This observation indicates that the variation of
the intrinsic spin Hall conductivity in Pt is dominated by the
change in the scattering time, rather than a change in the band
structure, under a few percent change in the lattice constant.
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