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Independence of the Inverse Spin Hall Effect with the Magnetic Phase in Thin NiCu Films
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Large spin Hall angles have been observed in 3d ferromagnets, but their origin, and especially their link
with the ferromagnetic order, remain unclear. Here, we investigate the evolution of the inverse spin Hall
effect of NigyCuyy and NisgCus, across their Curie temperatures using spin-pumping experiments. We
show that the inverse spin Hall effect in these samples is comparable to that of platinum, and that it is
insensitive to the magnetic order. These results point toward a Heisenberg localized model of the transition
and suggest that the large spin Hall effects in 3d ferromagnets can be independent of the magnetic

phase.
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Heavy metals and dilute alloys with heavy metal
impurities offer large spin Hall angles (SHA), as the spin
Hall effect (SHE) is closely related to the spin-orbit
coupling [1]. This has motivated a considerable experi-
mental and theoretical effort toward the study of SHE in 5d
materials and their alloys [2—-8]. Despite the weaker spin-
orbit coupling [9], large SHAs, comparable to that of Pt,
can also be obtained in 3d ferromagnetic metals [10-14].
The ferromagnetic material can even have a strong con-
tribution to the SHE measured in ferromagnet and heavy
metal bilayers, through the self-induced SHE [15,16] or the
anomalous spin-orbit torque [17]. The spin-orbit coupling
is at the origin of specific transport properties in ferro-
magnets. Its interplay with magnetism gives rise to the
anisotropic magnetoresistance [18] and the anomalous Hall
effect [19]. However, in ferromagnetic metals, the link
between the SHE and the magnetic order is unclear.

Recent theoretical [20,21] and experimental works [22]
showed the existence of two contributions to the SHE in a
ferromagnet: a magnetization-independent effect, usually
called spin Hall effect, and a magnetization-direction
dependent one, known as the anomalous spin Hall effect.
When the spin polarization of the spin current is aligned
with the magnetization, both terms are expected to con-
tribute, and the overall effect is named longitudinal spin
Hall effect (LSHE) [23]. In a ferromagnetic material the
modifications of the band structure at the phase transition
[24-26], such as the band shift associated with the
vanishing of the exchange splitting [27], could lead to a
change in the spin Hall properties. The investigation of
the SHE, or of its reciprocal effects: the inverse spin
Hall effect (ISHE) in the paramagnetic state, and the
inverse longitudinal spin Hall effect (ILSHE) in the
ferromagnetic state would therefore provide further insight
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about the relation between the magnetic order and the spin
Hall effect.

The influence of the ferromagnetic phase transition on
SHE has been studied in dilute magnetic alloys in a 4d or
5d matrix. The enhancement of the SHA at the Curie
temperature in NiggoPdgo; [28] or Fey,sPty75 [29] was
attributed to the skew scattering on magnetic impurities
associated with spin fluctuations [30]. In these alloys,
except in the vicinity of the transition temperature, the
conversion mechanism is dominated by that of Pt or Pd, and
the magnetic order plays a little role in the SHE. In another
ferromagnetic system, a 4d oxide, STRuO; (SRO) the effect
of the phase transition on the SHE has been reported to be
either strong [31] or very weak [32].

In this study, we investigate 3d alloys of NiCu with a
stoichiometry dependent Curie temperature [33,34]. The
importance of the spin-orbit interaction in this system is
known since the first experimental development of the
Valet-Fert model [35]. More recently, Keller et al. [25]
showed that a large SHA could be obtained in NiCu,
making it an ideal system to study the effect of the
ferromagnetic-paramagnetic transition.

Here, we measure the temperature dependence of the
inverse spin Hall effect of NiCu alloys using spin pumping
by ferromagnetic resonance. First, we show that it is
essential to avoid a direct magnetic coupling between
the ferromagnetic spin injector and the NiCu below its
Curie temperature, as it generates profound modifications
of the magnetization dynamics and hinders accurate mea-
surements. For this purpose, we used a thin Cu layer to
suppress the coupling. For two different stoichiometries,
we demonstrate that the SHE in NiCu is large and
independent of the magnetic state. This result indicates
that the spin Hall effect in light metal alloys of 3d magnetic
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elements hold potential for large conversion efficiencies, in
both their paramagnetic and ferromagnetic phases.

To perform the spin-pumping measurements, we used
Cos3Fe,7Bog (CEB) as a spin injector, because its Gilbert
damping, magnetization, and resistivity [36] are nearly
temperature independent in the studied temperature range,
and since its self-induced SHE is small [16]. Using
magnetron sputtering, we grew a 15 nm thick CFB layer
onto a SiSiO, substrate. The NiCu layer was sputtered
on top, directly from NigyCuy and NisoCus, targets. The
samples were further protected from oxidation by a 3 nm Al
layer. To compare the spin to charge conversion efficiency
of NiCu with that of platinum, we also grew a CFB(15)/
Pt(15)/Al1(3) sample (the numbers in parenthesis indicates
the thicknesses in nm), using the same deposition chamber.
The samples were cut into slabs of length L = 2.4 mm and
width W = 0.4 mm.

The spin-pumping measurements were performed in a
Bruker ESP300E X-band CW with a 4118X-MSS5 resonator
at a fixed frequency of 9.7 GHz, using the same measure-
ment geometry as in Ref. [37]. Following the theory of spin
pumping, at the ferromagnetic resonance a spin current is
injected from the ferromagnetic layer toward the attached
layer [38]. This spin current is then converted into a charge
current through ISHE, detected as a voltage in open circuit
conditions [2]. As the measured voltage is proportional to
both the square of the radiofrequency magnetic field A
and the total longitudinal resistance of the sample R [37],
we compare these samples on the basis of the normalized
spin-pumping signal V/Rh%. The amplitude of h% was
determined before every measurement by measuring the Q
factor of the resonant cavity with the sample placed
inside [39].

Remarkably, the spin-pumping signal in CFB/NiCu has
the same sign and a similar amplitude as in the CFB/Pt
sample as can be seen in Fig. 1(a). The signal is dominated
by a symmetric contribution V,, suggesting that it
originates from the ISHE as further confirmed by the
out-of-plane angular dependence [40-44]

We also performed broadband FMR measurements
from 4 to 24 GHz using a broadband stripline with
lock-in detection. By applying the Kittel formula f,. =
(ﬂOy/Z”) \/(Ms + Hres + Hk)(Hres + Hk>’ with fres the
resonance frequency, H . the resonance field,y the vac-
uum permeability, y the gyromagnetic ratio, H, the
anisotropy field, and M, the effective magnetization of
the thin film, we extracted the magnetic properties of the
CFB film. The obtained values are similar in all films
and close to previous observations in Cos3Fe,;B,, with
an effective magnetization of 890 + 20 kA/m, and a
gyromagnetic ratio of (1.870 +0.005) x 10'! rads~! T~!
(g = 2.130 £ 0.005). We extracted the Gilbert damping «
from the frequency dependence of the peak-to-peak

linewidth AH,, using uAH,, = (2/V3)(2zaf/y)+
uoAH,, where AH, is the inhomogeneous broadening.
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FIG. 1. (a) Spin-pumping signals in CFB(15)/Pt(15),

CFB(IS)/N160CU40(10), CFB(15)/Cu(5)/N160Cu40(10), and
in the CFB(15)/Al(3) reference sample. The signals are given
in the parallel (H > 0) and antiparallel (H < 0) configura-
tions. (b) Broadband measurement of the FMR linewidth of
CFB(15)/Al(3), CFB(15)/NigyCuy(10), CFB(15)/Cu(5)/
NigCuyo(10), and CFB(15)/Pt(15) samples. (c) Effective spin
mixing conductance and absolute value of the charge current
production, as a function of the NiCu film thickness fyjcy.
(d) Thickness dependence of the absolute value of the charge
current production divided by the spin current. The fit in red
is performed using Eq. (2). The inset shows the thickness
dependence of the sheet conductance. The measurements were
performed at room temperature, all thicknesses are in nm.

As can be seen in Fig. 1(b) an enhancement of the damping
is observed from (6.64 +0.03) x 1073 in CFB(15)/Al(3)
to (8.0540.05) x 1073 in CFB(15)/NigyCuu,(10) or
(1.070 4 0.006) x 102 in CFB(15)/Pt(15). The damping
enhancement known as extra-damping Aa suggests the
existence of spin injection via spin pumping [45], and
possibly to other effects such as magnetic proximity [46]
and spin memory loss (SML) [39].

We performed cavity spin pumping as well as broad-
band measurements as a function of the thickness of the
NigyCuy, layer (from 2 to 15 nm), to evaluate both the
spin diffusion length A, and the spin Hall angle Ogyr. The
broadband FMR measurement at room temperature shows
that the extracted magnetic properties of the CFB are
unaffected by the NiCu layer, except for the damping that
increases with the NiCu thickness saturating at 10 nm [40].
The absence of a sharp increase of the damping in ultrathin
NiCu layers is not compatible with a large SML or
proximity effect. We also grew a sample with a 5 nm
insertion of Cu between the CFB and NiCu in order to
suppress any magnetic proximity effects [46]. The spin
signal is lowered with the spacer as can be seen in Fig. 1(a)
possibly due to SML at the CoFeB/Cu interface. The
damping is slightly reduced from (8.05 + 0.05) x 1073
to (7.7540.1) x 1073, as shown in Fig. 1(b), showing
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evidence of the minor role of the magnetic proximity effect
in the damping enhancement. From the broadband FMR
measurement we calculate the effective spin mixing con-
ductance ggf% = (4nMtpy/yh) Aa, with tgy the thickness
of the ferromagnetic layer, and A the reduced Planck
constant. The obtained values of ggf%, as well as the absolute
value of the charge current production at resonance
I, ={[Vym(H > 0) = Vyu(H < 0)]/2Rh%}, are plotted
in Fig. 1(c) with and without the Cu spacer. The small con-
tribution of CFB to the spin-pumping signal was separately
determined on CFB(15)/Al(3) layer [Fig. 1(a)] and sub-
tracted. The spin mixing conductance and spin-pumping
signal saturate at 10 nm with a value of 12.4 + 0.4 nm~>
and 25 puA/mT?, respectively. Owing to the apparent minor
role of magnetic proximity effect and SML in the
CFB/NiCu bilayers, we evaluate the spin current using
the conventional spin-pumping model [37,38]:

5 _ g hig (quﬂ + /(oM7) + 4602) <k>

8ra (HoMy)?* + 4w h

(1)

The resistivity p of the NiCu layer is of 60 + 3 xQ cm,
and independent on the thickness [cf. inset of Fig. 1(d)], in
line with the short mean free path in this alloy [47]. We can
thus assume a constant spin diffusion length and spin
Hall angle. The charge current as a function of the NiCu
thickness is then given by

1.(t) = Wosppa,J, tanh (tNIC“) : (2)
22

Combining Egs. (1) and (2) it is possible to extract A, and
Osyg. From the fit in Fig. 1(d) we obtained 1, =2.4 +
0.3 nm and Osyg = 4.1’:8:2%. Contrary to Ref. [25], we did
not observe any remarkable SML or magnetic proximity
effect, which might explain why our estimated SHA is
much lower. The value of 1../J is 32% smaller with the Cu
interlayer compared to the case of the direct contact. This is
likely due to the SML which is typically of 20% to 30% in
CoFe/Cu [48] and Co/Cu [49].

In order to investigate the effect of the NiCu phase
transition, we performed a temperature dependence of the
spin pumping with and without Cu insertion in samples
with 10 nm thick NiCu.

Figure 2(a) clearly shows that the resonant properties of
both samples are similar around room temperature, but their
behaviors at low temperature are strikingly different. In
the absence of the Cu interlayer, the resonance field
decreases below 210 K, while the linewidth increases.
These effects are not observed with the 5 nm Cu spacer.
This change occurs around the expected paramagnetic to
ferromagnetic transition temperature of NigyCuyy [33,34]
of about T, =210£5 K, as confirmed by AHE and
resistivity measurements [40]. The value of 7. is not
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FIG. 2. (a) Resonance field and linewidth of CFB as a function
of the temperature in  CFB(15)/NigyCuy(10) and

CFB(15)/Cu(5)/NigyCuyy(10). The red shaded area depicts
the Curie temperature 7, (210 £ 5 K) of NigyCuy. (b) In direct
contact at resonance both magnetization vectors of FM1 (CFB)
and FM2 (NiCu) precess out of phase for the optical mode.
(c) When the ferromagnets are decoupled using a thick enough
Cu interlayer only FM1, here CFB, is excited at its resonance.

affected by the deposition of Cu or by the proximity with
a ferromagnet, contrary to previous work [50].

When CoFeB is in direct contact with NiCu and below
T., an exchange coupling between the two layers arises, so
that the magnetization vectors of the two ferromagnets
precess together either in phase (acoustic mode) or out of
phase (optical mode). The spin transport can be of a
magnonic nature and is not limited to electrons [51],
leading to strong modifications of the resonance field
and linewidth [51-53]. The lowering of the resonance field
in Fig. 2(a) is associated to the optical mode (out of phase
precession) depicted in Fig. 2(b). Such a decrease becomes
larger when the temperature is lowered, due to both the
increased magnetization of NiCu and the strengthening of
the exchange coupling. With the 5 nm Cu spacer the
coupling is suppressed and the electronic transport prevails.
The suppression of the coupling is revealed by the absence
of any noticeable change of the resonance field and
linewidth around the Curie temperature seen in Fig. 2,
and confirmed by additional AHE measurements [40]. As
the two magnetic layers are not coupled, when CFB is at
resonance the magnetization of NiCu is out of resonance
(i.e., static) as depicted in Fig. 2(c), so that the dynamical
properties remain unaffected [54]. We could not observe
the resonance of Nig,Cuy, in the uncoupled case or the
acoustic mode in direct contact either using the lock-in
detection of the spectrometer and the electrical detection.
This is likely due to the broad linewidth of the resonance
peak of NiCu [55] (see Supplemental Material [40]).

The charge current production at resonance I, as a
function of the temperature was measured, with and
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FIG. 3. (a) Schematic representation of the spin-pumping

process below T, (optical mode) for the direct contact. Spin
currents are injected from FM1 to FM2 (J!?) and from FM2 to
FM1 (J2') with a 180° phase shift. (b) Spin-pumping signal in a
coupled bilayer without Cu spacer. In red the 7. of NigyCuyg.
(c) ISHE signal as a function of temperature in CFB(15)/
Cu(5)/NigyCuyy(10) and CFB(15)/Cu(5)/NisyCusq(10) sam-
ples with different Curie temperatures (TN0C%40 shown in red
and TNPOCU0 i gray).

without Cu insertion. As can be seen in Fig. 3(a), in the
exchange-coupled system without the Cu insertion /. is
negative above the Curie temperature, but when lowering
the temperature, the current production is abruptly modi-
fied around 7., and even changes sign below 200 K.
Without further measurements, one might conclude that the
SHE is strongly affected by the ferromagnetic transition,
and changes sign on a narrow temperature range. However,
in the case of the direct contact, the strong modification of
the resonance properties across the magnetic phase tran-
sition makes it impossible to accurately evaluate the spin
current injected at resonance. Moreover, the CoFeB and
NiCu layers are coupled and both precessing at resonance,
so that a spin current is injected from CFB toward NiCu and
from NiCu toward CFB, as depicted in Fig. 3(b). The exact
spin accumulation profile cannot be evaluated, and a non-
negligible ISHE signal from CFB could start contribut-
ing [13].

For these reasons, to properly evaluate the ISHE in NiCu
below the Curie temperature, it is necessary to perform
the same measurement in the CFB/Cu/NiCu trilayer to
verify that such sign a change is not due to spurious effects
related to the coupling. In this configuration, below T, the

magnetization of NiCu and the injected spins are parallel,
the measured signal is the inverse longitudinal spin Hall
effect. In the decoupled system, /.. is constant and does not
change sign at T, as can be seen in Fig. 3(c). Similarly to
what is observed at RT the reduced value of the produced
charge current with the Cu spacer is likely due to the SML.
The absence of any noticeable effect of the transition is also
observed for another stoichiometry NisyCus, (7. = 60 K).
In these trilayers the spin signal as well as the resonant
properties of the CFB layer are independent of the temper-
ature: the same spin current injection and charge current
production are observed in both the paramagnetic and the
ferromagnetic states. We could not observe any anomaly
around the Curie temperature evidencing the SHE mecha-
nism differs from that of NiPd [28]. Therefore, the large
ISHE in NiCu alloys in the paramagnetic phase is equal to
the ILSHE in the ferromagnetic phase, and thus unrelated to
the magnetic order.

We observed that the spin Hall angle is positive while the
anomalous Hall angle is negative [40], in agreement with
the calculations of the intrinsic effects in ferromagnetic Ni
[17,20,21]. This suggests that the two mechanisms in NiCu
are dominated by the intrinsic contribution. It also confirms
previous observations by Omori et al. that the anomalous
and spin Hall effect can be of opposite sign [14]. For both
NigyCuy and NisyCusg, the figure of merit of the spin to
charge current conversion fOgypd, is of 0.1 nm, independ-
ently on the stoichiometry, as expected for alloys of similar
resistivity [8]. This value is comparable to that of Pt
(0.18 nm) [39,56], thereby allowing for efficient detection
of spin currents. In order to evaluate the possible contri-
bution of a magnetization-direction dependent SHE, we
also performed an out of plane angular dependence in
CFB/Cu/NigyCuyy at 100 K. It appears that the non-
collinearity of the magnetization and the injected spins
plays a limited role in the ISHE of magnetic NiCu [40].

The large SHA in paramagnetic NiCu was previously
explained by similarities between the calculated band
structure of paramagnetic nickel and platinum around
the Fermi level [25]. Nonetheless, the calculated band
structure of ferromagnetic nickel in Ref. [25] does not
resemble that of Pt. This is not compatible with our
observation of a large magnetic phase independent ISHE
in NiCu. On the contrary, our observations suggest that the
band structure is not particularly affected by the phase
transition, or that these possible changes do not reflect in a
modification of the spin Hall effect properties. The mod-
ifications of the band structure occurring at the ferromag-
netic transition and in particular the shift of the bands
associated with the collapse of the exchange splitting are
still debated with conflicting results for nickel [27,57,58].
The ferromagnetic-paramagnetic transition is characterized
by the loss of the long-range ferromagnetic order but is not
necessarily associated with the collapse of exchange split-
ting that occurs at higher temperature as observed in
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StRuO; or Fe [59,60]. The observation of a phase inde-
pendent SHE indicates that the itinerant Stoner model of
ferromagnetism does not describe well the ferromagnetic-
paramagnetic phase transition in NiCu. The observed
behavior points toward a localized character of the magnet-
ism (Heisenberg-like) in NiCu alloys, in line with previous
experimental and theoretical results showing that local
moments associated to the nearest neighbor environment
of nickel atoms are at the origin of magnetism [61,62].
Thus, our experimental results could be explained by the
similarity of the band structure of NiCu in the paramagnetic
and ferromagnetic phase.

In summary, using spin-pumping FMR in CFB/Cu/
NiCu with two different stoichiometries, we measured a
large positive spin Hall angle in NiCu comparable to the
one of Pt. The SHA is insensitive to the magnetic phase
when magnetization and injected spins are aligned. This
suggests that, in NiCu, the effect of the ferromagnetic-
paramagnetic transition on the SHE has to be understood
using a localized picture. We emphasized the importance of
avoiding direct contact to properly measure the ISHE in a
ferromagnet for resonance measurements. Direct contact
leads to drastic changes in the dynamic response that are
hard to estimate. This might explain the discrepancy
between measurements of the spin Hall effect in the same
material but in contact with different ferromagnets [29,31].
Moreover, our results show that the ferromagnetic order
does not necessarily play a key role in the large spin Hall
effect of ferromagnets. A large variety of alloys composed
of Ni, Co, or Fe in the ferromagnetic or paramagnetic phase
could therefore be explored as spin current generators and
detectors, extending the number of possible light metal
systems with a large SHE.
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