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We investigate temperature-dependent spin pumping and inverse spin Hall effects in thin Pt
and Pd in contact with Permalloy. Qur experiments show a decrease of the spin Hall effect with
decreasing temperature, which is attributed to a temperature-dependent proximity effect. The spin
Hall angle decreases from 0.086 at room temperature to 0.042 at 10 K for Pt and is nearly negligible
at 10 K for Pd. By first-principle calculations, we show that the spin Hall conductivity indeed
reduces by increasing the proximity-induced spin magnetic moments for both Pt and Pd. This work
highlights the important role of proximity-induced magnetic ordering to spin Hall phenomena in Pt

and Pd.

In metallic conductors with finite spin-orbit coupling,
the spin Hall effect (SHE) converts a charge current to a
spin current [1, 2]. Conversely the inverse spin Hall effect
(ISHE), transforms a spin current into a charge current
[3]. The efficiency of this interconversion can be charac-
terized by a single material-specific parameter, the spin
Hall angle, ysu, which is given by the ratio of spin to
charge current. Quantification of the spin Hall effect is
crucial to the field of spintronics [4, 5]. Experimentally,
the spin Hall angle along with other spin transport prop-
erties are usually probed via ISHE and injection of a spin
current from ferromagnets (FM) to materials with large
spin-orbit coupling, usually normal metals (NM), using
non-local spin valves [6, 7], ferromagnetic resonance (spin
pumping) [8-12], or temperature gradients (spin-Seebeck
effect) [13-15]. To maximize the spin Hall signal, the
thickness of the NM used in most experiments exceeds
the spin diffusion length, Az, of the NM. However, when
a thin NM (thickness below Xsy) is placed in contact
with a FM, interface effects, such as the spin-memory
loss [11, 16] and the magnetic proximity effect [17-19]
can become significant and alter the spin transport prop-
erties of the sample. Of the materials studied for large
spin Hall effects, Pt and Pd are two of the most popular
metals employed, especially Pt, which has been indis-
pensable in the establishment of virtually all the newly
discovered pure spin current phenomena [3, 4, 7-14]. Re-
cently, it has been argued that the proximity effects of
Pt and Pd are relevant to many magnetotransport char-
acteristics [20-24], however, their influence on spin Hall
effects has not been reported.

In this work, we experimentally study the
temperature-dependent evolution of spin Hall effect
in Permalloy (Py, NiggFeg)/NM bilayers (NM = Pt and
Pd) using spin pumping and ISHE measurements. In
particular, we investigated such effect in thin samples

* zwei@anl.gov.

t hoffmann@anl.gov.

with NM thicknesses smaller than the spin diffusion
length. We observe a decrease of the spin Hall effect
with decreasing temperature, which we ascribe to
a temperature-dependent magnetic proximity -effect.
These results address the temperature dependent spin
transport properties of Pt and Pd and highlight the
importance of proximity-induced magnetic ordering for
their spin Hall effects.

We fabricate the devices using our previous recipe [25].
The key samples are thin Pt (0.6 nm) and thin Pd (3 nm)
on top of Py layers (15 nm), respectively. The samples
are patterned in the shape of a 20 pm x 2 mm stripe using
lithography on Si substrates with 300-nm-thick thermally
grown SiO». The electrical leads and the coplanar wave-
guide (CPW) are subsequently fabricated [Fig. 1(a)]. A
80-nm-thick MgO spacer is used to separate the bilayer
stack from the CPW. The measuring frequency is kept
between 4 and 6 GHz and the rf power is 10 mW.

Figure 1(b) and (c) illustrates the dc voltages mea-
sured at 4 GHz for Py/Pt and Py/Pd at selective tem-
peratures. The signals have superimposed symmetric and
antisymmetric Lorentzian components. The antisymmet-
ric component is attributed to the homodyne anisotropic
magnetoresistance (AMR) while the symmetric compo-
nent results from the ISHE. A reduction of the ISHE
component with respect to the AMR is observed with
decreasing temperature for both Pt and Pd. Since both
ISHE and AMR originate from the rf-driven magnetiza-
tion precession, both effects have thus the same rf-power
dependence and the resultant dc voltage is a sum of the
two [25, 26):

Vic = Wisag - Visae + (1 — Wigng) - Vamr, (1)

where Wisur represents the weight of the symmetric
component (ISHE). Wisgr can be further expressed in
the form of Wigug = 1/(1+VAMR/VISHE), and according
to previous work [25], the ratio of the two components
can be written as:
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FIG. 1. (Color online) (a) Schematic illustration of the spin
pumping and spin Hall effect experiment showing the respec-
tive polarity (rf input, external field, H, and dc voltage con-
tacts, V4/V_). The external field direction, a = 40° with
respect to the central signal line. AMR-ISHE spectra mea-
sured at 4 GHz for (b) Py/Pt and (c) Py/Pd at selective
temperatures.

The details of the parameters can be found elsewhere
[25]. In Eq. 2, only the spin Hall angle, vsg, the spin
mixing conductance, gmix, and the spin diffusion length,
Ass are dependent on the NM. Therefore, Wisng can be
re-written as:

1

Wisae = (1 +
C - YsH * Gmix " Asf 'tanh(é’,‘\’—s’v;)

)

where C depends only on the characteristics of the CPW
as well as the FM layer.

Figure 2 compares the temperature dependence of
Wisgg values for Pt and Pd with and without a Cu
spacer. The 4 nm Cu spacer in the Py/Cu/NM sam-
ples breaks any possible spin interface effect, while only
weakly affects the spin current transport due to the
long spin diffusion length of Cu [27]. The value of
Wisug strongly decreases with decreasing temperature
in Py/NM samples, however, it remains almost indepen-
dent of temperature for Py/Cu/NM samples. The results
for Py/Cu/NM imply a weak temperature dependence

of C as well as the intrinsic spin transport parameters of
NMs (YsH, gmix, &nd As¢), which is in agreement with re-
cent experiments using spin Hall magnetoresistance [28].
In contrast to the results for Py/Cu/NM, we attribute
the observed strong temperature dependence in Py/NM
bilayers to a significant temperature-dependent proxim-
ity effect. This magnetic proximity arises at the Py/NM
interface and reduces the effective spin Hall angle (which
is apparent from the decreasing of the ratio Wisgg with
temperature, Fig. 2). Two competing length scales are
important in this context: (1) the spin diffusion length
of the spin current and (2) the correlation length of the
proximity effect, £. In our previous studies, we deter-
mined the spin diffusion length of Pt (1.2 nm) [25] and Pd
(5.5 nm) [26], which is nearly a temperature-independent
parameter [25, 28]. However, in these studies we investi-
gated rather thick layers (tnm > 1 nm) and it was shown
that Wigag for Pt is almost the same at RT and 10 K.
These results imply that the correlation length, which is
strongly temperature-dependent [23], is on the order of
less than 1 nm for Pt at 10 K, and less than 3 nm for
Pd from our present work. Similar values were recently
reported for both Pt (0.8 nm) [23] and Pd (2 nm) (24]
at low temperatures using different approaches. We con-
clude that the observed reduction of the spin Hall effect in
thin Pt and Pd is due to a temperature-dependent mag-
netic proximity effect obvious from a strong variation of
the ratio £/Asy with temperature.

In order to quantify the temperature-dependent spin
Hall angle of the thin Pt and Pd, we distinguish the ab-
solute values of the two voltage components. Figure 3(a)
and (e) show the temperature dependence of ISHE and
AMR voltages obtained at 4 GHz for Pt and Pd respec-
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FIG. 2. (Color online) Temperature dependence of Wisug at
4, 5, and 6 GHz for (a) Py/Pt, (b) Py/Cu/Pt, (c) Py/Pd,
and (d) Py/Cu/Pd bilayers.
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FIG. 3. (Color online) Temperature dependence of (a) AMR
and ISHE voltage amplitudes at 4 GHz, (b) spin mixing con-
ductance, (c) device total resistance and resistivity, and (d)
calculated spin Hall angle and spin Hall conductivity for Pt.
Right panel (e)-(f) are corresponding results for Pd.

tively, which confirm that the decreasing Wisng is purely
due to the decreasing ISHE component. We also extract
the effective spin mixing conductance from the damping
enhancement due to spin pumping, A« [Fig. 1(b) and
(c)], according to [8, 11, 26, 29, 30]:

47I'MstFM

Aa, 4
guB @)

Imix =

where ¢, up,and M, are the Landé g factor, Bohr mag-
neton, and saturation magnetization of Py, respectively.
We do not observe appreciable temperature dependence
of the spin mixing conductance [Fig. 3(b) and (f)]. Ac-
cording to the spin pumping theory [8, 26], the spin Hall
angle can be estimated via:

t_Nf‘i)
25"’
(5)
where w is the width of the stripe and R is the total bi-
layer resistance. We independently characterize the de-
vice resistance and the resistivity of Pt and Pd using four-
point measurements in a physical property measurement
system (Quantum Design), as illustrated in Fig. 3(c)
and (g). Using these values, the spin Hall angles at dif-
ferent temperatures are thus estimated [Fig. 3(d) and
(h)] by assuming a temperature-independent precession
core-angle, 8, gmix, and As¢. For Pt, the spin Hall angle
decreases from 0.086 at RT [25] to 0.042 at 10 K, i.e.,
more than a factor of 2; for Pd, we found nearly negligi-
ble spin Hall effect at low temperatures as compared to

Visug = R - Vs - ewE fgmix sin a sin? 6 stanh(

a spin Hall angle at RT of 0.012 [26]. This result indi-
cates a more significant proximity effect for Pd than for
Pt. We also calculate the tempreature-dependent spin
Hall conductivity ospin from the relation ysg = ospin/0,
where o is the electrical conductivity of NMs, o = p~ 1.
For Pt, the spin Hall conductivity reduces from (1.9£0.2)
x10% Q= m~! at RT to (1.340.2) x10° Q" 'm~! at 10 K;
for Pd, it is (0.340.1) x10° @7'm~' and almost negligi-
ble at T' < 80 K. We note that an opposite trend of sy
with temperature has been observed for Pd in another
report with thicker Pd layers [31], however, such behav-
ior was not reproduced in our samples with the same Pd
thickness. An absence of the proximity effect may explain
this different temperature dependence.

In order to assess the influence of the proximity in-
duced moment on the SHE, we calculated the spin Hall
conductivity of magnetized bulk fcc Pt and Pd from first
principles. We determined the electronic structure of
paramagnetic Pt and Pd within the generalized gradi-
ent approximation to density functional theory [32]. The
calculations were performed with the full-potential lin-
carized augmented-plane-wave code FLEUR [33]. In or-
der to minimize the computational cost needed for the
computation of the SHE conductivity, we made use of
Wannier interpolation [34]. We constructed 18 maxi-
mally localized Wannier functions [35, 36] per atom de-
scribing the 5s, 4d and 5p states in Pd and the 6s, 5d
and 6p states in Pt. Using the electronic structure of
the paramagnetic bulk elements represented in the Wan-
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FIG. 4. (a) and (b): Chemical potential dependence of the
intrinsic SHE conductivity in Pt and Pd. (c) and (d): Esti-
mated dependence of the intrinsic SHE conductivity on the
proximity induced spin magnetic moment.



nier function basis, we evaluated the intrinsic spin Hall
conductivity
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as a function of chemical potential E. Here, N is the
number of k-points k, ek, is the band energy, vy is the
y component of velocity and QZ = Z’%[asz + vg0,] is
the spin current density with V the unit cell volume and
o, a Pauli matrix. A 800x800x800 Monkhorst-Pack k-
mesh [37] was employed to sample the Brillouin zone.
We estimate the SHE conductivity in the presence of a
proximity induced spin magnetic moment p as Uiy =
(0%, (Ey) + 0%, (E))]/2, where E} and E; are determined
from p = n(E)) — n(Ey) and 2n(Er) = n(E}) + n(E}),
where 2n(E) is the number of states with energy lower
than FE in the paramagnetic system, and 2n(Er)=10 is
the number of valence electrons. In Fig. 4 (a) and (b)
we show the SHE conductivity as a function of chemical
potential for the paramagnetic case. In the case of Pt, a
pronounced maximum is located at F = Ep. The chem-
ical potential dependence in Pd is very similar to the Pt
case but the maximum is shifted to roughly 0.3 eV below
Er. Figure 4 (c) and (d) show the SHE conductivity in
the presence of the induced spin magnetic moment. Due
to the maximum of the SHE conductivity at F = Er
in the Pt case shown in (a) the SHE conductivity de-
creases with increasing moment y in (c). In contrast, the
induced-moment dependence of the SHE in Pd shown in

(d) is much weaker because the maximum of the SHE
conductivity in (b) is shifted to 0.3 eV below Ep. Thus
for Pt this simple picture with a temperature dependent
proximity-induced magnetization may explain quantita-
tively the observed reduction of the spin Hall effect in
Pt. However, the situation in Pd appears to be more
complex and may require a more detailed investigation
of the interfacial properties.

In summary, we showed the temperature-dependent
spin pumping and ISHE effect in thin Pt and Pd lay-
ers in contact with Py. We observe a decrease of the
spin Hall effect with decreasing temperature, which is
attributed to a temperature-dependent proximity effect.
By first-principle calculations, we show that the spin Hall
conductivity indeed reduces by increasing the proximity-
induced spin magentic moments, and such reduction is
predicted to be more pronounced for Pt than Pd. The
larger effect for Pd in our experiments remains to be un-
derstood by further investigations. This work highlights
the important role of proximity-induced magnetic order-
ing to the spin Hall phenomena, of NMs.
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