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Detection of the interfacial exchange field at a ferromagnetic insulator-nonmagnetic

metal interface with pure spin currents
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At the interface between a nonmagnetic metal (NM) and a ferromagnetic insulator (FI) spin current can interact
with the magnetization, leading to a modulation of the spin current. The interfacial exchange field at these FI-NM
interfaces can be probed by placing the interface in contact with the spin transport channel of a lateral spin valve
(LSV) device and observing additional spin relaxation processes. We study interfacial exchange field in lateral
spin valve devices where a Cu spin transport channel is in proximity with ferromagnetic insulator EuS (EuS-LSV)
and yttrium iron garnet Y;FesO;, (YIG-LSV). The spin signals were compared with reference lateral spin valve
devices fabricated on nonmagnetic Si/SiO, substrate with MgO or AlO, capping. The nonlocal spin valve signal
is about 4 and 6 times lower in the EuS-LSV and YIG-LSV, respectively. The suppression in the spin signal has
been attributed to enhanced surface spin-flip probability at the Cu-EuS (or Cu-YIG) interface due to an interfacial
spin-orbit field. Besides spin signal suppression we also found a widely observed low temperature peak in the spin
signal at T ~ 30 K is shifted to higher temperature in the case of devices in contact with EuS or YIG. Temperature
dependence of the spin signal for different injector-detector distances reveal fluctuating exchange field at these
interfaces cause additional spin decoherence which limit spin relaxation time in addition to conventional sources
of spin relaxation. Our results show that temperature-dependent measurement with pure spin current can be used

to probe interfacial exchange field at the ferromagnetic insulator-nonmagnetic metal interface.

DOI: 10.1103/PhysRevB.98.024416

I. INTRODUCTION

A strong Rashba-type interfacial spin-orbit field is a com-
mon feature at the interface between different materials due
to the inversion symmetry breaking. Following the discovery
of spin-to-charge conversion at the interface via the inverse
Rashba-Edelstein effect IREE), currently there is a great deal
of interest to study different kinds of metal-insulator interface
with Rashba spin-orbit interaction [1-5]. In particular, an
understanding of the interfacial spin-orbit and exchange field
at the interface between a nonmagnetic metal (NM) and a
ferromagnetic insulator (FI) is of crucial importance for many
spintronic phenomena such as spin pumping [6], spin-transfer
torque [7], spin Seebeck effect [8], spin Peltier effect [9], spin
Hall magnetoresistance (SMR) [10], and magnon-mediated
magnetoresistance (MMR) [11]. These effects rely on the
transfer of spin angular momentum from the conduction-
electron spins in the nonmagnetic metal to the magnetization
of ferromagnetic insulator at the FI/NM interface. Therefore,
the relative orientation between the magnetization of the FI and
the spin polarization of spin current dictates the interfacial spin
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transmission. In conventional spin pumping theory these inter-
facial spin-transfer effects is usually described by a complex
quantity called spin mixing conductance G4 (=G, + iG;) [6].
The effect of interfacial exchange field is a priori included in
the imaginary part of spin mixing conductance G;. However,
G; is usually ignored as it is an order of magnitude smaller
compared to the real part G,. In spite of pronounced progress
in these studies, several aspects of the spin-transfer mechanism
at the FI/NM interface remains unanswered. So far, most of
the experiments on spin-angular-momentum transfer via the
interfacial exchange interaction have been focused on the spin
transfer to adjacent nonmagnetic heavy metals with strong
spin-orbit coupling (SOC). Here the SOC transforms the spin
current into a measurable electric voltage via the inverse spin
Hall effect (ISHE). However, in these kinds of studies the
influence of the interface cannot be disentangled from spurious
bulk effects resulting from sample-to-sample variation of spin
Hall angle and spin diffusion length of the heavy metal.
Interfacial exchange field can be studied more appropriately
in a FI/NM combination with weak spin-orbit NM like Cu,
Ag, and Al. Due to the large spin diffusion length of these
metals, the conduction electrons traveling near the FI/NM
interface experience exchange interaction from the localized
magnetic moments of the ferromagnetic insulator and become
spin decoherent. This spin information loss at the FI/NM
interface caused by the interfacial spin-orbit and exchange
fields can be measured with a lateral spin valve device.

A lateral spin valve (LSV) is a rudimentary spintronics de-
vice that offer a straightforward method to study spin transport
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due to its unique ability to separate charge and spin currents.
It is one of the most unambiguous techniques for probing the
spin transport in nonmagnetic materials with weak spin-orbit
coupling. In lateral spin valve experiments nonequilibrium
spin distribution is generated inside a nonmagnetic material by
passing current through a ferromagnet. This spin distribution is
transported between two ferromagnetic electrodes in a material
with weak SOC, such as Cu, Ag, or Al. In nonmagnetic metals
the spin relaxation of conduction electrons is usually described
by the Elliott-Yafet (EY) mechanism [12,13]. According to
this theory, spin relaxes by momentum scattering events from
phonons, impurities, boundaries, and interfaces. These relax-
ation processes can be quantified using the spin-flip time 7. At
high temperature the spin relaxation is predominantly caused
by phonons, while at low temperatures spin-flip processes due
to the impurity and surface scattering dominate. Therefore,
spin relaxation time measurement at low temperature in LSVs
provide a unique opportunity to study interfacial spin-orbit and
exchange fields. Although these fields are readily resolved in
graphene and other two-dimensional (2D) materials, in thick
metallic nanowires they have been ignored so far. Recently
magnetically controlled modulation of the spin current was
observed in Cu and Al spin transport channels in contact with
ferrimagnetic yttrium iron garnet Y;FesOj, (YIG) substrate
[14,15]. This finding has renewed the search for an effective
way to regulate spin current in metallic nanowires in contact
with ferromagnetic insulators.

So far most of the study on FI-NM interface has been
conducted on YIG-NM interfaces, where the s-d exchange
interactions dominate at the interface [16]. Better understand-
ing of FI-NM interface can emerge if a similar study is done
with a fundamentally different kind of FI-NM interface. The
magnetism in EuS is determined by indirect s- f exchange
interactions [17], which makes the EuS-NM interface fun-
damentally different to YIG-NM interface. Experimentally,
EuS is among the most popular magnetic insulators which
has shown to provide exceptional value of interfacial exchange
field. Large magnetic moment of Eu>* (S, ~ 7 uu) along with
large exchange coupling constant (J = 10 meV) leads to a
huge interfacial exchange field (E.x o JS;). Magnetic prox-
imity effect of EuS on superconductors has been demonstrated
experimentally by many groups [18-20]. Proximity-induced
ferromagnetism in graphene and topological insulators in con-
tact with EuS has also been reported [21-24]. More recently,
a considerably large interfacial exchange field up to 14 T has
been estimated to exist at a graphene-EuS interface [22]. In
contrast, a smaller exchange field of the order of ~0.2 T has
been observed experimentally in the graphene-YIG interface
[25]. Therefore, EuS-NM interface provides a good system to
study interfacial exchange field. Furthermore, EuS thin films
can be grown ultrathin down to 1 nm and still retain magnetic
property. Which makes it a very promising substitute for YIG
in nanoscale devices.

In this paper we systematically investigated the spin trans-
port properties of lateral spin valve devices in which the spin
transport channel is in contact with ferromagnetic insulators
EuS and YIG. Spin current was created in a Cu bridge
between two NiggFe,o (Py) electrodes by a nonlocal method.
Temperature evolution of spin signal of these LSV devices
were examined in order to distinguish effects arising from

interfacial spin-orbit and exchange fields. This spin signal was
compared with identical measurements on reference lateral
spin valves in contact with nonmagnetic insulators like MgO
and AlO,. We provide a plausible explanation for anomalous
temperature evolution of spin signal in the EuS-LSV and YIG-
LSV devices incorporating fluctuating exchange field at the
ferromagnetic insulator-nonmagnetic metal interface which
can cause additional temperature-dependent spin relaxation.

II. EXPERIMENTAL DETAILS

Ultrathin EuS films were deposited by e-beam evaporation
with slow growthrate ~0.13 A /sunder abase pressure of ~2 x
1078 torr. Magnetic property of EuS thin films in the thickness
range 2—-10 nm were characterized with a Quantum Design
MPMS magnetometer. Lateral spin valves were fabricated
by multistep e-beam lithography and lift-off process. First,
30-nm-thick two permalloy (NiggFeyy) electrodes were de-
posited followed by 3 nm MgO in situ by e-beam evap-
oration. Then 100-nm-thick Cu spin transport channel was
deposited in another UHV chamber by a Joule heat-
ing evaporator using 99.9999% purity Cu source. Prior
to Cu deposition samples were ArT-ion milled for 40
s to remove resist leftover. After Cu deposition devices were
transferred to another UHV chamber and 5 nm EuS capping
layer was deposited following 40 s in situ Ar'™-ion milling.
After Cu lift-off the EuS capped samples were further capped
with 2 nm AlO, by rf sputtering to protect it against oxidation.
EuS capped sample without subsequent AlO, capping showed
rapid degradation with time. In all other spin valve devices
AlO, or MgO capping was done ex situ after Cu lift-off
without any Ar*t-ion cleaning process. Therefore, presence
of a native oxide layer on Cu nanowire cannot be ruled out.
Another series of lateral spin valves were also fabricated
on Si/SiO,/EuS(10 nm) thin film (labeled as EuS substrate)
and 2 um YIG film grown on gadolinium gallium garnet
(GGGQG) substrate (labeled as YIG substrate) following similar
procedures and capped with AlO, at the end. The YIG thin
film grown on GGG substrate was obtained from Innovent e.
V. (Jena, Germany). A typical lateral spin valve device with
nonlocal measurement configuration is shown in Fig. 1(b).
To have different switching fields in two Py nanowires ends
of the first Py wire are connected to two large pads which
enable the nucleation of a domain wall at lower magnetic fields
than the thin long Py nanowire. The nonlocal measurements
were performed in a continuous flow cryostat using a phase
sensitive lock-in technique (modulation frequency f = 173
Hz). All the temperature-dependent measurements were done
in a single heating cycle from 4 to 300 K. For accurate
calculation of resistivity dimensions of Cu and Py electrodes
were measured by a scanning electron microscope (SEM) for
each device.

III. RESULTS

Figure 1(a) shows temperature dependence of magne-
tization of a 10-nm-thick EuS film deposited by e-beam
evaporation. Bulk EuS is known to be an ideal Heisenberg
ferromagnetic semiconductor with Curie temperature (7¢) of
about 16.6 K and band gap of ~1.65 eV at room temperature
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FIG. 1. (a) Temperature-dependent magnetization of a 10-nm-thick EuS film. The inset shows M-H loop of a ~5-nm-thick EuS film measured
at 4 K and the field applied in the film plane. (b) SEM picture of the lateral spin valve device with nonlocal measurement configuration. (c)
Temperature dependence of resistivity in the temperature range 5—100 K for the 100-nm-thick Cu nanowire on different substrates and capping.
The absolute value of the resistivity can have maximum error up to ~17% due to the uncertainty associated with the estimation of dimension
of the Cu nanowire. Neither curve shows an upturn of the resistivity at low temperatures (note the logarithmic temperature scale), and therefore
the Kondo effect plays a negligible role. (d) Temperature dependence of Py-MgO-Cu interface resistance in the temperature range 5-50 K.
Interface resistance was measured in a four-probe configuration. Again a resistance minimum associated with Kondo effect is absent.

[26]. A broad ferromagnetic transition with Curie temperature
Tc ~ 15 K can be seen in Fig. 1(a). This is comparable
to values reported for EuS thin films by different groups
[19,27,28]. Inset shows a magnetization (M-H) loop of a
5-nm-thick EuS film measured at 4 K with the magnetic field
applied in the film plane. A small coercive field ~49 Oe
with an almost rectangular loop was found supporting the
ferromagnetic properties of the EuS film. We found EuS thin
films are magnetic even down to ~2 nm. Films were also found
to be very smooth with rms roughness ~0.54 nm over an area
of 1 um x 1 um. The resistivity of EuS films were found to
be pgus ~ 0.5 © cm at room temperature. Figure 1(c) shows
temperature dependence of resistivity of Cu spin transport
channel in the temperature range 5-100 K with different
substrate and capping. The resistivity of Cu nanowire was mea-
sured using a four-point configuration in which current is sent
through the Py electrodes and voltage is measured along the
Cu channel. Temperature axis is plotted in log-scale to identify
resistivity minimum considered as evidence of Kondo effect.
No resistivity minimum was observed indicating a negligible
role of Kondo effect and magnetic impurities. Temperature-
independent residual resistivity suggests electrical transport
in these Cu nanowires arise primarily from scattering with
defects, grain boundaries, and surface. In these lateral spin
valve devices a 3 nm MgO layer was inserted between Py

and Cu to increase spin injection efficiency. This rules out
the possibility of ferromagnetic species diffusing into the Cu
nanowire which creates magnetic scattering sites. In addition,
Py and Cu were deposited in two separate UHV chambers
which limit possible interdiffusion of magnetic elements at
the interface. Figure 1(d) shows temperature dependence of
Cu/MgO/Py interface resistance for LSVs with MgO and EuS
capping. No resistivity upturn was observed suggesting limited
interfacial interdiffusion. We found LSV devices fabricated
following a similar process with no MgO tunnel barrier also
showed similar temperature dependence as in Fig. 1(c) (see the
Supplemental Material, Fig. S1 [29]).

In order to create pure spin current in the spin transport
channel nonlocal configuration was used as shown in Fig. 1(b).
When a spin-polarized current is injected from the Py to Cu
electrode through a MgO tunnel barrier, a spin accumulation
is built at the interface between the Cu channel and the Py.
This induced spin accumulation at the Py-MgO-Cu interface is
expressed as A = ' — b, with electrochemical potentials
wu't and ' for up and down spin electrons, respectively. This
spin accumulation diffuses away from the interface, creating
a pure spin current in the Cu nanowire which is detected
as a voltage VnL by the second Py electrode. The nonlocal
resistance is defined from the normalization of the detected
voltage Vni to the injected current I as Rnp = Vnp/I. The
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FIG. 2. (a) Nonlocal resistance Ry; measured at 5 K for LSVs fabricated on SiO, substrate with 3 nm MgO (blue) and 5 nm EuS (red)
capping. (b) Temperature-dependent spin signal A Rs (symbols) for the same LSV with injector-detector distance d = 500 nm. The dotted lines
are guides to the eye. For all temperatures, the device with magnetic EuS capping shows a smaller value of the spin signal and the maximum
of the spin signal is shifted to higher temperatures. (c) Nonlocal resistance Ry;. measured at 10 K for LSVs fabricated on SiO, (blue) and
YIG (red) substrate. Both the LSVs were capped with AlO,. (d) Temperature-dependent spin signal ARy for the same LSVs shown in (c)
with injector-detector distance d = 300 nm. Here symbols are experimental data and dotted lines are guides to the eye. As in (b), the device
with the magnetic YIG substrate shows a smaller spin signal throughout the temperature regime, as well as a shift of the maximum to higher

temperatures.

value of Ry changes sign when the relative magnetization
of the Py electrodes is switched from parallel to antiparallel
while sweeping applied magnetic field along the long axis of
Py. The change from positive to negative Ry is defined as the
spin signal ARg = Rﬁ,ﬁ - RIIH{, which is proportional to the
spin accumulation at the detector. Therefore magnitude of the
spin signal is a measure of total spin relaxation time inside the
spin transport channel.

Figure 2(a) compares spin signal ARg for two LSVs
fabricated on Si/SiO, substrate with EuS and MgO capping
layer and same electrode spacing d = 500 nm. A nonmagnetic
MgO capping layer could largely reduce the surface scattering
providing ideal reference devices for comparison with EuS
capped devices [30]. The nonlocal spin valve signal was
measured at 5 K below Tcyie ~ 15 K of EuS. The spin signal
~0.67 mQ was observed for EuS capped devices which is
4.5 times less than spin signal ~3.06 m<2 with MgO capping.
A clear suppression of the nonlocal spin valve signal can be
observed. The amplitude of the spin signal also depends on the
thickness of the tunnel barrier and therefore on the Cu/MgO/Py
interface resistance [31]. We found almost similar areal in-
terface resistance REYS = 1.9 fQm? and Rgigo = 0.6 fQm?
for the EuS and MgO capped device at 10 K [Fig. 1(d)].
These areal resistance values are slightly higher than Rja
(~0.3 fQ m?) for spin valve devices with no MgO tunnel barrier
and correspond to a semitransparent tunnel barrier [31,32].

Figure 2(c) shows similar nonlocal resistance measurements
to the one shown in Fig. 2(a) comparing spin valves fabricated
on YIG and SiO, substrate. For both devices, the same AlO,
capping and distance between two Py electrodes d = 300 nm
were used. The spin signal for the spin valve on YIG substrate
was found to be ~6 times smaller compared to the reference
device fabricated on a nonmagnetic SiO, substrate. Similar
suppression of the spin signal on YIG substrates has been ob-
served by other research groups as well [15]. Figures 2(b) and
2(d) show temperature dependence of spin signal for the same
nonlocal spin valves shown in Figs. 2(a) and 2(c), respectively.
A uniform suppression of the spin signal can be observed at all
the temperatures. Furthermore, all devices exhibit a clear non-
monotonous temperature-dependent behavior, with a peak of
the spin signal at low temperatures. In both, the reference spin
valves either with MgO or AlO, capping the peak in the spin
signal was observed around 7p ~ 22 K. This low-temperature
peak shifts to higher temperatures if the spin transport channel
is in contact with either EuS (T}I:”S =40K)or YIG (T)f G — 60
K). As both EuS and YIG are insulators no charge current will
flow through them. We believe this peak shift originates from
interfacial effects as will be discussed later on.

We further investigated the peak shift of the spin signal
by comparative temperature-dependent measurements on lat-
eral spin valves with varying injector-detector distance d.
Figure 3(a) shows temperature dependence of spin signal
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FIG. 3. Temperature dependence of spin signal in the Cu spin transport channel for different injector-detector distance d on (a) SiO, substrate
with AlO, capping, (b) SiO, substrate with EuS capping, and (c) EuS substrate with AlO, capping. All the spin signals are normalized to their
maximum value AR§™. The shadowed regions shows the expected temperature ranges where the maximum spin signal is obtained for the
reference LSV devices. (d) Spin signal as a function of injector-detector separation d for the EuS and AlO, capped LSV devices. Solid lines

refer to the calculated dependence based on Eq. (2).

normalized to their maximum value for several lateral spin
valves on Si/SiO, substrate and AlO, capping. Irrespective of
injector to detector distance a low temperature peak can be seen
to appear at 7 = 30 £ 5 K. Also spin signal drops only ~10%
from the maximum value at low temperature. The relationship
between the injector-detector distance d and the spin signal
A Rg can be described by a scaling law [29]:

ARg[rcu(T).d + 8d] ~ K ARg[Acu(T).d], ey

where d is the injector-detector spacing and K is a multi-
plication factor. This scaling law suggests that irrespective
of the reduction of the magnitude of spin signal ARy with
increased electrode spacing d by 8d, temperature depen-
dence of spin signal for all the spacing can be superimposed
onto each other with a constant multiplication factor K.
Figure 3(b) shows temperature-dependent spin signal mea-
surements on EuS capped LSV devices with varying injector-
detector distance d. Here a wide dispersion of the temperatures
corresponding to the peak maximum can be observed. In
particular, for the LSV device with d = 300 nm the peak
position is as high as 50 K. Besides relative drop of the spin
signal is quite high ~25% from its maximum value. It is
obvious that the curves in Fig. 3(b) cannot be superimposed
using Eq. (1), and the deviation from this scaling suggest
that additional temperature-dependent spin sinking effects are
present in the EuS capped LSV devices.

To further understand the anomalous low temperature
behavior in the nonlocal spin valves in contact with
EuS, we investigated another set of LSVs fabricated on
Si/Si0,/EuS(10 nm) thin film and capped with AlO,. In this
set of samples, the spin transport channel might be in more
uniform contact with the smooth EuS film, as compared to the
EuS-capped devices, which might have nonuniform coverage.
Figure 3(c) shows normalized temperature-dependent spin
signal of devices fabricated on EuS substrate for different
d. The peak positions are found at temperatures 7 =~ 50 K
and a huge drop of the spin signal up to ~30% compared
to the maximum value can be seen at low temperatures. In
comparison with EuS capped LSV devices, the devices grown
on top of a EuS substrate show no significant d dependence
in the low temperature regime. A possible explanation for the
observed peak shifts to higher temperatures might originate
from effects like spin backflow into Py and anisotropic spin
absorption at the Py/Cu interfaces particularly when injector-
detector distance d is comparable or shorter than spin diffusion
length A; of Cu [33-35]. We believe the anomalous low
temperature behavior observed in our case does not originate
from these effects, as the shift would show a pronounced
dependence of the injector-detector distance d.

The variation of the spin signal amplitudes for devices
having different injector-detector gaps d summarized for EuS
and AlO,-capped devices is shown in Fig. 3(d). Based on
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the one-dimensional spin diffusion model spin signal for an
in-plane magnetic field can be written as [36]

Rsmg Rspy 12 _
[PM oMo 4 py ﬂ] e—4/rcu
AR« — 4R &Y Rscu Y Rscu o)
§ = TASCu Rsmgo Rspy 12 G
[+ 2800 | ] i
Rscu Rscu
__ Pcurcu _ PryApy —
where RSCu = o’ Rspy = wpywc“(l—PpZy)’ and RSMgO =
R[A

are the spin resistances of Cu, Py, and MgO

interface, respectively. Here p; is the resistivity, P; is the spin
polarization, A; is spin diffusion length, #; is thickness, and
w; is the width of wire (i = Cu, Py, or MgO). Here Ry stands
for Py/MgO/Cu areal interface resistance which was measured
separately for each device and an average RE'S = 1.9 fQm?
and RI/XO* = 27.9 fQ m? was used for fitting purposes. Further-
more, the following values for Py at 10 K (300 K)) were assumed
[37]: ppy = 32 u€2 cm (44 w2 cm), Apy = 3 nm (2.3 nm), and
Ppy = 0.39 (0.31). Fitting the data points shown in Fig. 3(d) to
Eq. (2) we extracted spin diffusion length of Cu at 10 K (300
K) on Si0O; substrate with AlO, capping as A; & 1100 £ 200
nm (340 & 100 nm). These values are in good agreement with
reported values for Cu/Py lateral spin valves [38-40]. A set
of device properties obtained from experiments and fitting
Eq. (2) is summarized in Table I. From the spin diffusion length
As the spin relaxation time can be calculated via ty = kf /D,
where D is the diffusion constant. The diffusion constant was
calculated from Einstein relation D = 1/N(E e pcy with
pcu the resistivity and N(Er) (= 1.8 x 10?® states/eV m?
[38]) is the density of state at Fermi energy of Cu. The
momentum relaxation time 7, due to defects was calculated
using 7, = 3/U%N(EF)€2[)CU. Here vy (=1.57 x 106 m/s) is
the Fermi velocity of Cu [38].

The spin-flip probability at the surface can be definedas p =
1 — e~ “m, where €jp = 7./ 7sr denotes the interfacial spin-flip
parameter [41]. From the values given in Table I, it is obvious
that EuS capped spin valves have higher spin-flip probability
compared to AlO, capping. We believe this enhanced spin-flip
probability in the EuS capped LSV devices originates from
spin-flip scattering caused by the spin-orbit and exchange fields
at the Cu-EuS interface. Due to the high atomic number of Eu
(Zgy = 63) the spin-orbit field at the Cu-EusS interface is larger
than at Cu-AlO, interface (Zs; = 13). The suppression of spin
signal in EuS capped devices as compared to the reference de-
vices in full temperature range therefore point to the spin-orbit
field as the major cause of spin signal suppression. However,
anomalous scaling of the spin signal with the injector-detector
distance in the EuS capped LSV devices cannot be explained
with only spin-orbit fields. Therefore, in order to explain total
drop in the spin signal one must also consider spin relaxation
caused by interfacial exchange field and spin sinking due to
thermal magnons. Thus the spin diffusion length in these LSV
devices can be calculated considering spin-mixing effects at
the Cu-EusS interface. Following the approach developed by
Dejene et al. [15] effective spin relaxation length (Agys) of Cu
in the EuS capped devices can be written as [29]

1 1 1

2T 52 T
AEus  ASio,  ASink

) 3

where Agio, is the spin-diffusion length of Cu on SiO,
substrate and Agjpx denotes a length scale which takes in-
terfacial spin sinking effects into account. From the value
of Asink the effective spin-mixing conductance per area G
can be determined using the equation /\é;k = "C—“UGS, with
Cu nanowire thickness #c, = 100 nm and the Cu resistivity
pce = 1.91 n2 cm. We found an effective spin-mixing con-
ductance G, ~ 3.03 x 10> Q~! m~2 for the EuS capped LSV,
G, ~ 1.2 x 101 Q' m~2 for the LSV on EusS substrate, and
G, ~2.67 x 103Q"m 2 for LSV on YIG substrates. These
values are comparable to spin-mixing conductance G ~
103Q~'m~2 found for AI/YIG interfaces [15]. Therefore,
using interface engineering, it might be possible to improve
values of G, for Cu-EusS interface leading to an effective spin
current gating for spintronic devices.

IV. DISCUSSION

One of the main findings of our work is the observation
of a low-temperature peak in the spin signal of all fabricated
nonlocal spin valves, and furthermore the subsequent shift
of the peak to higher temperatures for devices in contact
with a magnetic insulator substrate or capping layer. The
low-temperature peak in the spin signal of lateral spin valves
fabricated from high-purity Cu has been observed by many
research groups, but its physical origin is still under debate,
as its existence is not described by the EY mechanism used
to explain spin relaxation in lateral spin valve devices [12,13].
Within the framework of the EY mechanism, the spin diffusion
length is predicted to increase monotonically with decreasing
temperature. This prediction stands in contrast to experimental
observations where the spin signal of lateral spin valves is
usually found to decrease below 30 K, even though the Cu
resistivity, and thus the momentum relaxation time, remain
constant at low temperature [as demonstrated in Fig. 1(c)].
To explain the peak in the spin signal around 7 ~ 30 K,
different mechanisms including surface scattering [39,42—44],
magnetic impurities in bulk Cu or the vicinity of the Py/Cu
interface [45-51], or changes in spin polarization of Cu/Py
interface [52] have been proposed. The existence of a small
fraction (parts per million) of magnetic impurities in bulk Cu
is believed to cause s-d spin-flip scattering associated with the
Kondo effect, which leads to a suppression of the spin-diffusion
length at low temperatures. This effect has been extensively
investigated using different magnetic impurities inside a host
nonmagnetic metal [46,47,49]. One of the observations from
these experiments is that peak in the spin signal appears at
much higher temperature than the Kondo temperature (7 )
[47,49,52]. Alternatively, surface spin-flip scattering has been
shown to contribute to an anomalous drop of the spin signal
atlow temperatures [39,43]. Interestingly, experimental results
indicate that the surface spin-flip rate increases with the atomic
number Z of the atomic species at the surface, suggesting
that the spin-orbit field at the surface plays a crucial role in
the spin relaxation [53]. In the pioneering work of Fert et al.
[54], it was demonstrated that the spin relaxation due to spin-
orbit scattering is temperature independent, in contrast to the
temperature-dependent exchange scattering. The fingerprints
of spin relaxation due to the interfacial exchange field can
be seen only at low temperature, where other temperature-
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TABLE I. Comparison of device parameters found from experiments and fitting Eq. (2) to Fig. 3(d) for LSV devices with EuS and AlO,
capping: resistivity pcy, spin diffusion length A, momentum relaxation time z,, spin relaxation time 7, interfacial spin-flip parameter €, and

spin-flip probability p measured at 10 K.

LSV Pcu (€2 cm) As (nm) 7, (fs) Tt (PS) €imp (x1073) p(x107%)
AlO, capping 2.06 1100 £ 200 20.5 71.8 0.285 2.85
EuS capping 1.91 710 £ 100 22.1 27.7 0.799 7.98

dependent spin relaxation processes are less prominent. There-
fore, temperature-dependent spin transport measurements on
LSV devices provide a unique way to extract information about
the intrinsic interfacial exchange field present at the FI/NM
interface.

Recently, spin transport behavior of LSV in contact with
a ferromagnetic insulator has been theoretically modeled
[14,15]. When LSV is in proximity with a ferromagnetic insu-
lator spin angular momentum transfer occurs at the interface
and one has to consider an additional boundary condition for
spin current density, which can be expressed as [15,29,55]

js(m)hnterface = Gr}’ﬁ(l’fl X las) + G,(l’f’l X ﬁs) + Gsl_is- (4‘)

Here i = (m,,m,,0) is the unit vector parallel to in-plane
magnetization of EuS or YIG, G, and G; arereal and imaginary
part of spin-mixing conductance per unit area, and G, is an
additional spin sinking term independent of magnetization
direction. According to this boundary condition when the
spin polarization of spin current in the metallic channel is
perpendicular to the magnetization, spin angular momentum
can be transferred to the magnetization of FI through spin
transfer torques. On the contrary when the polarization of the
spin current is aligned along the magnetization, the spin current
cannot penetrate into the insulator and is reflected back into
the NM. Successful observation of spin current modulation
in LSVs on YIG substrate has been attributed to a larger
value of the real part of spin-mixing conductance G, at the
NM/YIG interface [14,15]. However, in these experiments the
roles of interfacial exchange field were not addressed. One can
notice that in our measurements magnetization of EuS and both
injector-detector Py are all collinear, therefore, observed spin
memory loss cannot be explained by spin transfer torque. In
the collinear case only the effective spin sink conductance G,
becomes relevant. Temperature dependence of spin signal can
be explained considering temperature dependence of G, [55].
However, the effective spin sink conductance is not clearly
defined near and above the Curie temperature [56]. Therefore,
a model based on Eq. (4) may not be sufficient to explain
temperature-dependent spin signal of LSVs in contact with
EuS.

Recently, an anomalous temperature-dependent spin signal
was also observed in graphene spin valves in contact with
YIG [57]. An alternative approach was developed considering
randomly fluctuating exchange fields. In our experiments
anomalous low temperature behavior most likely appears due
to spin relaxation caused by interfacial exchange field at the
Cu-EuS (or Cu-YIG) interface. At finite temperatures, the
Eu moments (Fe moment in case of YIG) fluctuate around
the local equilibrium state producing fluctuating exchange
field (Bex) at the interface. Although the Curie temperature
of EuS is ~15 K thermal fluctuation of Eu moments can

survive at temperatures above T¢ as seen in some ferromagnets
[58]. These fluctuating exchange fields exponentially decay
with time as A(Be(t) - Bex(t — t')), o< exp(—t/t.), where T
is the fluctuation correlation time. According to Matthiessen’s
rule total spin-flip time after considering contribution from
fluctuating exchange field can be written as

Lot ot 1
() ©0)  THT) (T

®)
Here 7/, T/, and & represents spin-flip scattering time due
to nonmagnetic impurities or defects, phonons, and interfacial
exchange field, respectively. According to Elliott-Yafet theory
spin relaxation (rsif) from nonmagnetic defects are temperature
independent [12,13]. Also at low temperature phonon con-
tribution to the spin relaxation rate vanishes. This leaves the
fluctuating exchange field as the only temperature-dependent
contribution to the spin relaxation. Based on the exchange-field
model developed by McCreary et al. [59], the spin relaxation
rate due to the fluctuating exchange field can be written as

I [AB(T)P !
T w(T) [By+ Be(TP +|

(6)

h 2°
guB f(-(T)]
where ABg is the rms value of exchange field fluctuation
amplitude in the transverse direction, By, is applied magnetic
field, Bk is the magnitude of exchange field, and t. is the
fluctuation correlation time. The spin relaxation rate in Eq. (6)
is temperature dependent as the interfacial exchange field
which is determined by magnetization is temperature depen-
dent. Recent measurements of our group on metallic spin glass
like CuMnBi further showed that the spin Hall angle decreases
at temperatures 7* well above the materials spin-glass temper-
ature 7, [60]. This unusual temperature dependence has been
understood considering magnetic fluctuations of Mn moment
which can be detected more sensitively by spin Hall effect
[61]. All these experiments suggest temperature-dependent
measurement involving spin current can be used to study
fluctuating interfacial exchange field in a more precise manner
than charge transport methods.

V. CONCLUSIONS

In summary, we presented a detailed study of temperature-
dependent spin signal of nonlocal spin valves in contact with
magnetic EuS or YIG, and compared these to reference devices
adjacent to nonmagnetic MgO or AlO,.. We found that the spin
signal is suppressed for devices in contact with a magnetic
EuS or YIG layer, and attribute this suppressed signal to an
enhanced surface scattering originating from the spin-orbit
fields at the interface to the magnetic capping layer or substrate.
Besides spin signal suppression we found the widely observed

024416-7



MUDULLI, KIMATA, OMORI, WAKAMURA, DASH, AND OTANI

PHYSICAL REVIEW B 98, 024416 (2018)

low temperature peak in the spin signal was shifted to much
higher temperature compared to control LSV devices. Further-
more, the spin signal was found to scale in an anomalous way
with the injector-detector distance of these LSV devices. We
believe these additional temperature-dependent spin sinking
effects arise due to fluctuating exchange field at the Cu-EuS
or Cu-YIG interfaces. The strength of this exchange field
can be determined in the future using Hanle spin-precession
experiments. Moreover, anomalous temperature dependence
observed in our spin valve devices provide unambiguous
evidence for the presence of exchange field at the EuS-Cu
interface. With careful engineering of the interface quality
it might be possible to demonstrate magnetically controlled
modulation of the spin current in these devices. The ongoing
development and miniaturization in the field of spintronics

demands ultrathin magnetic films which are stable under
ambient conditions and easy integrability into nanoscale metal-
lic devices. Our experimental results suggest ferromagnetic
insulator EuS can be a handy material for nanoscale spintronics
devices.
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