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ABSTRACT

An electrically conductive metal typically transmits or absorbs a spin current. Here, we report on evidence that interfacing two metal thin
films can suppress spin transmission and absorption. We examine spin pumping in spin-source/spacer/spin-sink heterostructures, where the
spacer consists of metallic Cu and Cr thin films. The Cu/Cr spacer largely suppresses spin pumping—i.e., neither transmitting nor absorbing
a significant amount of spin current—even though Cu or Cr alone transmits a sizable spin current. The antiferromagnetism of Cr is not
essential for the suppression of spin pumping, as we observe similar suppression with Cu/V spacers with V as a nonmagnetic analog of Cr.
We speculate that diverse combinations of spin-transparent metals may form interfaces that suppress spin pumping, although the underlying
mechanism remains unclear. Our work may stimulate a new perspective on spin transport in metallic multilayers.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0156429

I. INTRODUCTION

The flow of spin angular momentum, i.e., spin current,
plays key roles in spintronic phenomena. In particular, pure spin
currents—which are not accompanied by net charge flow—may
enable novel devices that surpass the limitations of spin-polarized
charge currents."” It is especially crucial to understand the funda-
mentals of pure spin currents in metallic multilayers (heterostruc-
tures) comprising practical spintronic devices.””’

Spin pumping is an oft-used method to study pure spin
currents,"” for instance, in spin-valve-like heterostructures consist-
ing of a spin source, spacer, and spin sink (Fig. 1). In this method,
microwave-driven ferromagnetic resonance (FMR) excites the

magnetization in the spin source, which pumps an ac pure spin
current that propagates into the adjacent layer. Prior spin pumping
experiments have often been performed on heterostructures with a
Cu spacer,”” as illustrated in Fig. 1(a). In this case, the spin current
is transmitted through the spacer with practically no decay due to the
long spin diffusion length of >>100 nm in Cu.'”"" The transmitted
spin current is then absorbed in the spin sink, leading to a nonlocal
loss of spin angular momentum from the spin source. This loss man-
ifests in spin-pumping damping,”” an enhanced damping A« over
the intrinsic Gilbert damping parameter ag of the ferromagnetic
source.

Our present study aims to reveal how spin pumping is affected
by incorporating a thin layer of another elemental metal—such

APL Mater. 11, 101121 (2023); doi: 10.1063/5.0156429
© Author(s) 2023

11, 1011211

$0°€0:20 €20 JOGWBNON +0


https://pubs.aip.org/aip/apm
https://doi.org/10.1063/5.0156429
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0156429
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0156429&domain=pdf&date_stamp=2023-October-19
https://doi.org/10.1063/5.0156429
https://orcid.org/0000-0001-6199-4334
https://orcid.org/0000-0002-1067-7002
https://orcid.org/0000-0001-9954-884X
https://orcid.org/0000-0002-9556-6351
https://orcid.org/0000-0002-6642-8478
https://orcid.org/0009-0007-4842-0054
https://orcid.org/0000-0001-5350-3443
https://orcid.org/0000-0002-2736-0677
https://orcid.org/0000-0002-5816-5647
https://orcid.org/0000-0001-9363-2557
https://orcid.org/0000-0002-6286-2330
https://orcid.org/0009-0004-8977-4949
https://orcid.org/0009-0006-3280-1373
https://orcid.org/0000-0002-6346-8597
https://orcid.org/0000-0001-6166-9427
https://orcid.org/0000-0001-8035-317X
mailto:semori@vt.edu
https://doi.org/10.1063/5.0156429

APL Materials

(a) Prior studies: (b)
transmission through Cu

spin current

NiFe Cu CoFe NiFe
source spacer  sink source

Hypothesis 1:
transmission through Cu/Cr

spin current

ARTICLE pubs.aip.org/aip/apm

(c) Hypothesis 2:
absorption in Cu/Cr

CoFe
sink

CoFe NiFe
sink source

FIG. 1. Simple schematics of spin-valve-like heterostructures, in which FMR in the NiFe source pumps a pure spin current. (a) Transmission of the pumped spin current
through the Cu spacer, which is well-established from prior studies, such as Refs. 6-9. The spin current is absorbed quickly in the ferromagnetic CoFe sink. (b) and (c) Two
hypothesized scenarios for spin transport in heterostructures incorporating an additional Cr layer in the spacer: the spin current may be (b) transmitted through the Cu/Cr
spacer or (c) absorbed in the Cu/Cr spacer (or Cr layer). Neither of these hypotheses turns out to match our experimental results.

as Cr—in the spacer of a heterostructure. Cr is an interesting
choice because it is a well-known elemental antiferromagnet with
a rich assortment of magnetic order."”"’ From this viewpoint, our
study was originally intended to contribute to the growing disci-
pline of antiferromagnetic spintronics, which had investigated spin
transport in antiferromagnetic alloys and compounds.'* '’ Studying
Cr-based heterostructures is also timely for spin-orbitronics™’ as
several groups have reported significant spin and orbital Hall effects
in Cr.”"™

More crucially, spin transport in Cr is intriguing because con-
tradictory findings have been reported. On one hand, an experi-
mental study reports a spin diffusion length of ~13 nm in Cr,”’
which—though much shorter than in Cu—is several times greater
than in other transition metals (e.g., W, Ta, and Pt)** " and metal-
lic antiferromagnets (e.g., IrMn and FeMn)."" "* Considering Cr’s
low electrical resistivity (bulk room-temperature value ~ 13 pQ cm)
and low atomic number (Z = 24, hence presumably weak spin—orbit
coupling to decohere spins), it appears reasonable that spin currents
can be transmitted over a 210-nm length scale in Cr. On the other
hand, a separate study reports a much shorter spin diffusion length
of 2 nm in Cr.” In this case, even ultrathin Cr should efficiently
absorb a spin current. Thus, how an additional thin Cr layer affects
spin transport in magnetic heterostructures [Figs. 1(b) and 1(c)]
remains an open question. Moreover, spin transport in Cr could
be anisotropic, e.g., dependent on the propagating spin polarization
with respect to a certain crystallographic axis.’! It is then instruc-
tive to examine how the crystalline structure of Cr influences spin
pumping.

Here, we investigate pure-spin-current transport in magnetic
multilayers incorporating thin-film Cr of thickness <10 nm. We pri-
marily study spin pumping in spin-valve-like heterostructures, illus-
trated in Fig. 1, each consisting of a NiFe spin source, a Cu/Cr spacer,
and a CoFe spin sink. We initially hypothesized two scenarios.

Hypothesis 1 [Fig. 1(b)] The spin current is transmitted
through the Cu/Cr spacer and is absorbed in the CoFe sink. The spin
absorption results in spin-pumping damping.

Hypothesis 2 [Fig. 1(c)] The spin current is absorbed in the
Cu/Cr spacer. The spin absorption in this case also results in spin-
pumping damping, even without the CoFe sink, because Cu/Cr
effectively behaves as a sink.

As it turns out, our experimental observations do not match
either of these hypothesized scenarios. In fact, inserting even an
ultrathin (~1 nm) layer of Cr suppresses spin pumping—i.e., most
of the spin current is neither transmitted nor absorbed in the Cu/Cr
spacer. This finding is rather surprising, especially as we verify that
Cr alone (not interfaced with Cu) transmits the spin current. Thus,
we deduce that the suppression of spin pumping emerges from the
Cu/Cr interface. We also find that the suppression of spin pumping
does not require antiferromagnetic order in Cr; similar suppres-
sion is observed with Cu/V spacers without any antiferromagnetism.
Hence, this peculiar effect of suppressed spin pumping may arise
from the interfaces of other nonmagnetic metals. Our findings have
the potential to cultivate a new fundamental perspective on spin
transport across metal interfaces.

Il. FILM GROWTH AND STRUCTURE
A. Rationale for the heterostructures

To examine the influence of crystalline structure on spin trans-
port, we have grown two series of NiFe/Cu/Cr/(Co)Fe heterostruc-
tures:

(1) those incorporating (001)-oriented epitaxial Cr, grown on
top of epitaxial (Co)Fe on (001)-oriented single-crystal
MgAlL,O4 (MAO) [Fig. 2(a)], and

(2) those incorporating (110)-textured polycrystalline Cr, grown
on top of other polycrystalline film layers on Si substrates
with SiO; native oxide [Fig. 2(b)].

These samples were grown by dc magnetron sputtering with a
base pressure of $5 x 10™° Torr and an Ar sputtering gas pressure of
3 mTorr. In all heterostructures, the composition of the NiFe spin
source is NigoFeyo (Permalloy). The (Co)Fe spin sink is CozsFess
in most cases, but we also use elemental Fe for a few samples. The
factor of »2 greater saturation magnetization for (Co)Fe compared
to NiFe results in a large separation between the FMR conditions
of the two ferromagnets. As such, we can readily extract the FMR
linewidth of the NiFe spin source that is well distinguished from the
FMR spectrum of the (Co)Fe spin sink.

Figure 2(a) depicts the heterostructure incorporating epitax-
ial Cr interfaced with epitaxial (Co)Fe. The MAO substrate is
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FIG. 2. Schematics of heterostructures primarily investigated in this work (a) based on epitaxial Cr and (Co)Fe grown on (001)-oriented single-crystal MAO and (b) comprised
entirely of polycrystalline layers grown on SiO, on Si. The out-of-plane crystallographic orientations of the Cu/Cr spacers are indicated.

well lattice-matched to BCC-(Co)Fe to within ~0.4%.%> After pre-
annealing the MAO substrate at 600 °C for 2 h to drive off surface
contaminants, the 4-nm-thick (Co)Fe layer was deposited at a sub-
strate temperature of 200 °C. The Cr layer of thickness 0-12 nm
was grown on top of (Co)Fe at 150 °C; the somewhat lower sub-
strate temperature was intended to decrease intermixing between the
(Co)Fe and Cr layers. Then, the substrate was cooled to room tem-
perature; during this cooling process, the background pressure in
the deposition chamber was <5 x 1078 Torr. Finally, the Cu (5 nm),
NiFe (10 nm), and Ti (3 nm) layers were deposited. The Ti capping
layer protects the underlying stack from oxidation when the sam-
ple was taken out of the deposition chamber for measurements at
ambient conditions. We remark that having the NiFe spin source at
the bottom would have been preferable to minimize extrinsic FMR
linewidth broadening,””” e.g., caused by film roughness propagated
from the underlying layers. Yet, in this sample series [Fig. 2(a)], the
NiFe spin source must be on top to allow for the epitaxial growth of
(Co)Fe and Cr. We find negligible extrinsic FMR linewidth broad-
ening in the NiFe spin source so long as NiFe is grown on Cu on top
of the epitaxial (Co)Fe/Cr underlayers, thereby permitting reliable
characterization of spin pumping.

Figure 2(b) depicts the heterostructure in which all con-
stituent layers are polycrystalline. These all-polycrystalline stacks
were grown with the Si-SiO, substrate at room temperature. Since
this sample series [Fig. 2(b)] does not involve the epitaxial growth
of Cr, the NiFe spin source was grown on the bottom side of the
heterostructure to reduce the possible influence from underlayer
roughness. The NiFe layer was seeded by Ti(3 nm)/Cu(3 nm) to
minimize extrinsic FMR linewidth broadening.”> As in the epitaxial
series, each film stack in the polycrystalline series was capped with
3-nm-thick Ti for protection against oxidation.

In both sample series illustrated in Fig. 2, the NiFe source
and Cr are separated by a 5-nm-thick spacer of diamagnetic Cu.
The Cu spacer eliminates potential complications that might arise
from directly interfacing Cr with NiFe, such as proximity-induced
magnetism™*"* or magnon coupling between NiFe and antifer-
romagnetic Cr.””"*' NiFe grown directly on top of epitaxial Cr

shows indication of anisotropic two-magnon scattering,>"’ which
complicates quantification of spin-pumping damping. By contrast,
two-magnon scattering is largely absent in NiFe seeded by Cu.

In principle, (Co)Fe could be used as the spin source and NiFe
as the spin sink. However, spin pumping measurements become
complicated with a (Co)Fe source due to pronounced non-Gilbert
contributions to the FMR linewidth.”** In 4-nm-thick (Co)Fe,
we observe a large zero-frequency linewidth (e.g., 21 mT), some-
times accompanied by a nonlinear frequency dependence of the
linewidth, varying from sample to sample. Such complicated
behavior may arise from two-magnon scattering from magnetic
inhomogeneity,"*"” perhaps underpinned by non-uniform strain or
interfacial roughness. We were thus unable to quantify the Gilbert
damping parameter for the thin (Co)Fe layers reliably. In contrast,
we find negligible zero-frequency linewidths of only ~0.1 mT and
a linear trend of linewidth vs frequency for NiFe layers (especially
those grown on top of Cu). That is, the FMR linewidths of such NiFe
layers are less vulnerable to the spurious two-magnon scattering
contribution, likely because the small magnetostriction of NiggFezo
reduces magnetic inhomogeneity. In this study, we exclusively focus
on NiFe as the spin source as it allows for straightforward quan-
tification of Gilbert damping that is essential for probing spin

pumping.

B. Crystallographic orientations
of the heterostructures

We have compared the crystallographic orientations of Cr in
the epitaxial and polycrystalline series through 26 — w x-ray diffrac-
tion (XRD) measurements. Figure 3 summarizes our XRD results for
epitaxial Cr, along with the Cu layer interfaced with it. We confirm
that 4-nm-thick BCC CoFe is (001)-oriented, as evidenced by the
(002) film diffraction peak [Fig. 3(a)]. With the addition of Cr on
top of CoFe, the (002) film peak becomes taller, indicating that the
BCC Cr layer is also (001)-oriented. This is unsurprising considering
the similar bulk lattice parameters of BCC CoysFe7s (20.287 nm) and
BCC Cr (~0.291 nm). In Fig. 3(b), we show XRD spectra for samples
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FIG. 3. XRD spectra for (a) samples with 0-, 4-, and 8-nm-thick Cr grown on top
of epitaxial CoFe and (b) samples with 25- and 10-nm-thick Cu grown on top of
epitaxial CoFe/Cr. In both (a) and (b), the (001)-oriented MAO substrate allows
for epitaxial growth of CoFe, and the 3-nm-thick Ti capping layer protects the
underlying films from oxidation. In addition, note that (a) is acquired with a Pana-
lytical high-resolution diffractometer, whereas (b) is acquired with a Bruker powder
diffractometer, hence resulting in different backgrounds in the XRD spectra.

with Cu deposited at room temperature on top of epitaxial CoFe/Cr.
A diffraction peak corresponding to the (002) plane of FCC Cu is
evident. Thus, the Cu layer develops a (001) orientation on top of
(001)-oriented epitaxial Cr, despite the large difference in the lattice
parameter between FCC Cu (~0.361 nm) and BCC Cr.

Figure 4 shows XRD results that reveal the structures of Cu
and Cr in our polycrystalline samples. In Fig. 4(a), we see that
the polycrystalline Cr layer has a (110) texture when deposited
on top of (111)-textured Cu. Figure 4(b) further confirms that a
Cu layer grown on a Ti/Cu/NiFe stack maintains a (111) texture.
The polycrystalline film layers grown on amorphous SiO; (without
any templating from a single-crystal substrate) favor closest-packed
planes: (111) for FCC Cu and (110) for BCC Cr.

Some XRD spectra in Figs. 3(b) and 4 show a small peak at
20 ~ 57°. Diffraction peaks near that range of 20 have been reported
for Cr,05."° However, a peak at 20 ~ 57° is still present even in
Si-SiO,/Ti/Cu/Ti [Fig. 4(a)] without any Cr. Moreover, such a peak
is absent for MAO/CoFe/Cr/Ti samples measured with a different
diffractometer (see the caption of Fig. 3). We attribute the peak at
20 ~ 57° to an instrumental background, rather than oxidized Cr.

To summarize the above XRD results, we find different crystal-
lographic orientations of Cu/Cr for the epitaxial series (Fig. 3) and
the polycrystalline series (Fig. 4). Namely, the spacer in the epitax-
ial series consists of Cu(001)/Cr(001) (Fig. 3), whereas that in the

pubs.aip.org/aip/apm
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FIG. 4. XRD spectra for all-polycrystalline samples. (a) Comparison of the crystal-
lographic texture for Cu and Cr. (b) Verification of the (111) texture of Cu grown on
top of NiFe. Note that these all-polycrystalline samples are seeded by Ti/Cu on Si
substrates with native SiO, and capped by Ti. The large Cr and Cu thicknesses of
25 nmin (a) and (b), respectively, facilitate disentangling the Cr and Cu diffraction
peaks from the rest of the film stack.

polycrystalline series consists of Cu(111)/Cr(110) (Fig. 4). The epi-
taxial and polycrystalline series hence provide distinct model sys-
tems to examine the role of Cu/Cr structure in spin transport.
Nevertheless, as shown in Sec. III, we find that the structurally
different Cu/Cr spacers both yield significant suppression of spin

pumping.

I1l. RESULTS AND DISCUSSION
A. Measurement of spin-pumping damping

We employ broadband FMR spectroscopy to study spin trans-
port in our heterostructures by monitoring nonlocal damping
enhancement of the spin source.”” In the following discussion of
spin pumping, we represent each heterostructure with the nota-
tion “NiFe/spacer/sink” such that the spin current propagates from
“left” (NiFe source) to “right” (sink). Unless otherwise specified, our
notation omits the substrate and the seed and capping layers for sim-
plicity; Sec. IT A (in particular, Fig. 2) describes the constituent layers
of the heterostructures.

Our spin pumping measurements are performed at room tem-
perature, except for those in Sec. III F that extend to 10 K. The
sample is placed film-side down on a coplanar waveguide to excite
resonant magnetic precession in the NiFe spin source. A magnetic
field from an electromagnet is applied along the film plane. The
magnetic precession in the NiFe spin source pumps an ac pure spin
current into the adjacent layers.

Any spin current transmitted through the spacer is absorbed by
the ferromagnetic (Co)Fe spin sink.”*” The spin absorption in the
(Co)Fe sink constitutes a loss of spin angular momentum emitted
by the NiFe source, hence increasing Gilbert damping in the NiFe
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layer.”” Alternatively, some of the spin currents could be absorbed
within the Cu/Cr spacer, which would also enhance damping in
the NiFe source. Therefore, the additional damping A« from spin
absorption (outside of the NiFe source) is

Ax = & — ap, (1)

i.e., the difference between the total measured Gilbert damping para-
meter « and the baseline intrinsic Gilbert damping parameter « of
NiFe.

From field-swept FMR measurements performed at frequencies
f = 2-22 GHz (additional details available in Refs. 18 and 48), we
extract « by linearly fitting the f dependence of the half-width-at-
half-maximum FMR linewidth AH via

2m
‘quH = [JQAH() + 7(Xf (2)

In Eq. (2), AHy is the zero-frequency linewidth of 0.1 mT attributed
to small inhomogeneous broadening and y/(27) = 29.5 GHz/T is
the gyromagnetic ratio typical for NigoFe.

Figure 5 shows representative results for the frequency depen-
dence of the FMR linewidth. NiFe without a spin sink shows
a=ap~0.007 [Fig. 5(a)], in good agreement with previously
reported room-temperature damping parameters of NigoFezo. " In
the following, we use ap = 0.007 10 + 0.000 15 obtained by averaging
results on films from different deposition runs. The stack structure
of these baseline samples is Si-SiO, (substrate)/Ti/Cu/NiFe/Cu/Ti.
We note that Ti and Cu contribute negligibly to Aa. The spin cur-
rent is unable to enter 3-nm-thick Ti that is likely oxidized (leading
to high resistivity ~1000 pQ cm) by being directly interfaced with the
oxide substrate or ambient air. The spin diffusion length in Cu'""’
is much greater than the Cu spacer thickness here such that spin
backflow in the Cu layer cancels the spin current pumped out of
the NiFe source.”'”"" Additional baseline samples of NiFe on epi-
taxial underlayers [i.e., MAO (substrate)/epi-Cr/Cu/NiFe/Ti] show
two-magnon scattering, but the baseline Gilbert damping para-
meter of these samples is also deduced to be ap ~ 0.0071 (see the

)-

The NiFe/Cu/CoFe sample in Fig. 5(a) exhibits a steeper
slope in linewidth vs frequency, corresponding to « ~ 0.009. There-
fore, the additional damping for this sample is Aa ~ 0.002. Simi-
lar values of Aa are obtained for NiFe/Cu/CoFe with epitaxial or

pubs.aip.org/aip/apm

polycrystalline CoFe, as well as for NiFe/Cu/Fe with an elemental
Fe sink, as shown in Fig. 6 (Cr thickness = 0). This observation
is consistent with the (Co)Fe layer acting as a spin absorber such
that a substantial spin current pumped from the NiFe source decays
within (Co)Fe. In the following, we use Aa as a measure of spin-
current absorption by a spin sink or, equivalently, a measure of
spin-current transmission from the spin source to the spin sink.
In other words, Aa ~ 0.002 observed for NiFe/Cu/(Co)Fe represents
the upper bound for the spin current transmitted through the spacer
and absorbed by the sink.

B. Spin pumping in heterostructures
with Cu/Cr spacers

We proceed to examine spin transport in the presence of
a thin Cr layer added to the spacer. Figures 5(b)-5(d) rep-
resent the frequency dependence of the FMR linewidth for
NiFe/Cu/Cr/CoFe, in which Cr and CoFe are epitaxial. Compared
to NiFe/Cu/CoFe, we observe a reduced slope in linewidth vs fre-
quency in NiFe/Cu/Cr/CoFe, even with just 0.5 nm of Cr [Fig. 5(b)].
At greater Cr thicknesses [Figs. 5(c) and 5(d)], the slope approaches
that of the NiFe/Cu sample without a spin sink. Adding a thin Cr
layer to the spacer suppresses spin pumping.

Figure 6(a) summarizes the dependence of the spin-pumping
damping parameter A« on the epitaxial Cr insertion layer thick-
ness. We observe an approximately tenfold decrease in Aa with
21-nm-thick epitaxial Cr. That is, there is a sharp drop in spin
pumping—mostly independent of the Cr thickness—in this sam-
ple series with the Cu(001)/Cr(001) spacer [Fig. 6(a)]. This sharp
suppression of A« is observed for heterostructures with CozsFezs
alloy and elemental Fe spin sinks. Similar suppression of A« is also
obtained with the field applied along the easy and hard axes of epi-
taxial (Co)Fe [empty and filled symbols, respectively, in Fig. 6(a)].
Thus, we observe no clear anisotropy in the suppression of spin
pumping.

We are unable to claim complete suppression of spin pump-
ing (Aa = 0) with Cr insertion. This is due to the sample-to-sample
variation in the baseline damping &, which yields an uncertainty in
Aa of up to ~2 x 10™* (captured by the error bars in Fig. 6). Nev-
ertheless, we emphasize that the results in Fig. 6(a) demonstrate an
order-of-magnitude reduction in spin pumping with Cr added to the
Cu spacer.

8 T T T T T T T T
(a) NiFe/Cu/CoFe (b) NiFe/Cu/Cr(0.5)/CoFe

A 1 A

(2]

FMR Linewidth (mT)
N
1

T A

T T T T T T T T

(c) NiFe/Cu/Cr(2)/CoFe (d) NiFe/Cu/Cr(8)/CoFe

o =0.009 i
NiFe/Cu
2+ x g +
g =0.007
0 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Frequency (GHz) Frequency (GHz)

Frequency (GHz) Frequency (GHz)

FIG. 5. Frequency dependence of the half-width-at-half-maximum FMR linewidth for (a) NiFe/Cu/CoFe (with CoFe as the spin sink) and NiFe/Cu (without a spin sink), as well
as NiFe/Cul/Cr/CoFe with Cr insertion layer thicknesses of (b) 0.5 nm, (c) 2 nm, and (d) 8 nm. The ferromagnet/spacer/ferromagnet heterostructures shown here are based
on epitaxial CoFe grown on MAO substrates [i.e., the heterostructure illustrated in Fig. 2(a)].
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FIG. 6. Evolution of the spin-pumping damping parameter A« with the thickness of the Cr insertion layer in (a) NiFe/Cu/Cr/(Co)Fe heterostructures based on epitaxial Cr and
(Co)Fe, with a Cu(001)/Cr(001) spacer, and (b) all-polycrystalline NiFe/Cu/Cr/CoFe heterostructures, with a Cu(111)/Cr(110) spacer. In (a), the filled symbols indicate results
obtained with the field applied along the easy axis of the epitaxial (Co)Fe spin sink (H || MAO[110] or (Co)Fe[100]); the empty symbols indicate results obtained with the field
applied along the hard axis of the epitaxial (Co)Fe spin sink (H || MAO[100] or (Co)Fe[110]). Note that A« is a measure of spin current lost from the NiFe spin source (i.e.,
spin current absorbed in Cu/Cr or CoFe). Aa ~ 0 for NiFe/Cu/Cr without a CoFe sink, shown in (b), indicates the absence of significant spin absorption in Cu/Cr. The error
bars are dominated by the uncertainty (1.5 x 10~*) in the baseline damping ay that is propagated to A« [Eq. (1)].

A few remarks are in order about the suppressed spin pump-
ing. First, the reduction of A« to nearly ~0 indicates that most of the
pumped spin current is not absorbed by the (Co)Fe sink. It follows
that most spin current is not transmitted through the Cu/Cr spacer.
Second, any sizable absorption of the spin current (e.g., decoherence
via incoherent spin-flip scattering) in the Cu/Cr spacer would result
in sizable Aa. The suppression of A« indicates that most of the spin
current is not absorbed in the Cu/Cr spacer either.

We investigate whether the suppression of spin pump-
ing is unique to the NiFe/Cu/epi-Cr/epi-(Co)Fe samples with
Cu(001)/Cr(001) spacers [Fig. 6(a)]. In Fig. 6(b), we observe that
all-polycrystalline NiFe/Cu/Cr/CoFe with a Cu(111)/Cr(110) spacer
also exhibits a decline in Aa with Cr insertion. Evidently, spin pump-
ing is reduced in both sample series with different crystallographic
orientations.

Yet, the decrease of Aa for the polycrystalline series with the
Cu(111)/Cr(110) spacer exhibits a more gradual thickness depen-
dence [Fig. 6(b)], in contrast to the sharp drop for the epitax-
ial series with the Cu(001)/Cr(001) spacer [Fig. 6(a)]. At large
Cr insertion thicknesses, the NiFe/Cu/Cr/CoFe series in Fig. 6(b)
[Cu(111)/Cr(110) spacer] retains a systematically higher Aa of
~5x 1074, compared to the series in Fig. 6(a) [Cu(001)/Cr(001)
spacer]. Spin absorption in Cu(111)/Cr(110) is negligible because
A« remains close to zero in NiFe/Cu/Cr samples without a CoFe
sink [Fig. 6(b)]. Therefore, the residual Aa of ~5 x 107 in all-
polycrystalline NiFe/Cu/Cr/CoFe is attributed to partial spin pump-
ing into the CoFe sink. Overall, we deduce that the polycrystalline
Cu(111)/Cr(110) spacer is partially transparent to the spin cur-
rent, in contrast to the epitaxial Cu(001)/Cr(001) spacer that more
strongly suppresses spin pumping. Even with the partially spin-
transparent Cu(111)/Cr(110) spacer, we stress that the reduction in
spin pumping is still large, i.e., a factor of 4 [Fig. 6(b)].

Our above findings reveal that Cu/Cr spacers suppress spin
pumping in various NiFe/Cu/Cr/(Co)Fe heterostructures. We have
also tested spin pumping in heterostructures with the Cr and
Cu spacer layers reversed, i.e., all-polycrystalline NiFe/Cr/Cu/CoFe
where the pumped spin current enters Cr first. As shown in Fig. 6(b),
the reversed Cr/Cu spacer yields results similar to the Cu/Cr
spacer. Hence, the suppressed spin pumping emerges irrespective of
whether the spin current enters Cu first or Cr first, in contrast to
nonreciprocal spin transport reported for some heterostructures.™

C. Origin of the suppressed spin pumping:
Bulk vs interface

We now wish to address whether the suppression of spin
pumping originates from the bulk of the Cr insertion layer or
the interface of Cu/Cr. To this end, we examine spin pumping in
NiFe/Cr/CoFe samples with Cu omitted from the spacer [Fig. 7(a)].
In this NiFe/Cr/CoFe series, the Cr thickness is >4 nm to mini-
mize interlayer exchange coupling between the NiFe spin source
and the CoFe spin sink. We are also limited to all-polycrystalline
NiFe/Cr/CoFe samples here. As noted in Sec. II A, NiFe grown
directly on top of epitaxial Cr exhibits pronounced two-magnon
scattering that complicates the interpretation of spin pumping.

As seen in Fig. 7(a), the all-polycrystalline NiFe/Cr/CoFe
series exhibits sizable spin-pumping damping of Aa ~ 0.0015. The
NiFe/Cr samples without a CoFe sink [Fig. 7(a)] also exhibit a non-
negligible Aa, suggesting that polycrystalline Cr interfaced directly
with the NiFe source may absorb a detectable fraction of the spin
current. Additionally, there appears to be a slight increase in A«
with Cr thickness in Figs. 6(b) and 7(a), possibly due to the onset
of spin absorption in Cr as its thickness approaches the spin diffu-
sion length of 210 nm.”! Nevertheless, systematically greater Aa for
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FIG. 7. (a) Evolution of the spin-pumping damping parameter Ac with the thickness
of the single-layer Cr spacer in all-polycrystalline NiFe/Cr/CoFe (filled symbols),
as well as NiFe/Cr without a CoFe sink (empty symbols). The error bars are
dominated by the uncertainty (1.5 x 107%) in the baseline damping ap that is
propagated to A« [Eq. (1)]. (b) Precessional amplitude and phase of the Ni and
Co magnetizations in NiFe/Cr/CoFe (Cr thickness 5 nm), measured with XMCD.
Accompanying the Co results (blue data points), the blue solid fit curves represent
the total torque acting on the Co magnetization; the green dashed fit curves repre-
sent the contribution from the interlayer dipolar field torque, whereas the red solid
fit curves represent the contribution from the spin torque, which arises from the
spin current transmitted through the Cr spacer.

NiFe/Cr/CoFe compared to NiFe/Cr (by a factor of 2 2) indicates
that a large fraction (250%) of the spin current is transmitted across
the Cr spacer (and absorbed in the CoFe sink).

As an additional check of spin transport through the single-
layer Cr spacer, we have performed an x-ray synchrotron-based spin
pumping experiment”””"** on NiFe/Cr/CoFe at Beamline 4.0.2 of
the Advanced Light Source, Lawrence Berkeley National Labora-
tory. The sample for this experiment was grown on a MgO substrate
to allow for luminescence yield detection of x-ray magnetic circu-
lar dichroism (XMCD). The details of this experimental setup are
found in Refs. 52 and 53. In brief, XMCD detects the magneti-
zation dynamics (i.e., magnetization component transverse to the
precessional axis) associated with a specific element. For instance,
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we acquire the in-plane field dependence of the precessional ampli-
tude and phase for Ni in the NiFe source, driven resonantly by a
3-GHz microwave. As shown in Fig. 7(b), a peak in the amplitude
and a 180° shift in the phase are observed for Ni, consistent with
the FMR of the NiFe source. In addition, we detect the Co magneti-
zation dynamics in the CoFe sink near the resonance field of NiFe,
indicating dynamic coupling between the NiFe source and the CoFe
sink.” The data for the Co dynamics are adequately fitted with a
model based on coupled Landau-Lifshitz-Gilbert equations, "
as shown in Fig. 7(b). This model accounts for the off-resonant
microwave field torque [appearing as the non-zero offset in the
amplitude in Fig. 7(b)], interlayer dipolar field torque [green dashed
curves in Fig. 7(b)], and spin torque driven by the spin current
pumped into CoFe [red solid curves in Fig. 7(b)]. Of particular note
here is the spin torque, signifying sizable spin transmission from the
NiFe source to the CoFe sink.””"”"*? Hence, this synchrotron-based
experiment corroborates that the single-layer Cr spacer is, indeed,
transparent to the spin current.

Our complementary results in Fig. 7 indicate spin pumping
through single-layer Cr spacers. At the same time, our findings
in Sec. IT B demonstrate that spin pumping is suppressed in het-
erostructures with bilayer Cu/Cr spacers. We therefore identify the
Cu/Cr interface, rather than the bulk of Cr, as the origin of the
suppressed spin pumping.

D. Interpretation and possible mechanism
of the suppressed spin pumping

It is quite surprising that combining Cu and Cr in the spacer
suppresses spin transmission, particularly given that thin Cu and
Cr by themselves are transparent to spin currents. Both Cu and Cr
are electrically conductive 3d transition metals with weak spin-orbit
coupling, which would be expected to permit efficient spin transmis-
sion. These points are consistent with our findings of spin pumping
through a thin single-layer Cu or Cr spacer with a thickness well
below the spin diffusion length. Yet, interfacing Cu with just a few
monolayers of Cr drastically reduces spin pumping through the
spacer (Fig. 6).

Explaining the suppression of spin pumping is complicated
because the underlying theoretical mechanism likely extends beyond
the Cu/Cr interface—even though, experimentally, this particu-
lar interface appears to cause the suppression. Here, we use a
simple two-channel model in Fig. 8 to illustrate the deficiency
of the theory that focuses solely on the Cu/Cr interface. In this
model, Ay, =pc, , — fe, denotes the nonequilibrium chemical
potential difference across the interface for each spin direction
(0 =1 or |). R gives the interfacial resistance for each spin chan-
nel that represents carrier flow for each spin. Due to the lack
of ferromagnetism at the interface, both spin channels must have
an identical interface resistance R, regardless of the presence of
spin-orbit coupling or antiferromagnetism in Cr. Since a pure
spin current is represented by the spin channels having equal and
opposite currents (i.e., Ap, = —Ayi), pure-spin-current transport
decreases only when the interfacial resistance R increases equally
for both spin channels. In other words, large spin-pumping sup-
pression in the Cu/Cr system can be replicated only under the
implausible condition that the metallic Cu/Cr interface blocks elec-
tronic charge transport. Thus, the theoretical model of the Cu/Cr
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be an unlikely scenario for the metallic Cu/Cr interface. Therefore, this simple
two-channel model of the Cu/Cr interface is unable to provide a plausible
explanation for the suppression of spin pumping.

interface alone cannot capture the observed suppression of spin
pumping.

A possible explanation for the spin-pumping suppression is a
large reduction in the spin-mixing conductance,” e.g., that encom-
passes the NiFe/Cu/Cr system. Conventionally, the spin-mixing
conductance Gy, is a parameter describing a ferromagnet/non-
ferromagnet (FM/NM) interface;”! Gy, relates the transverse spin
chemical potential i to the transversely polarized spin current j;
on the NM side of the interface (ﬁ o< Gyyfit), where “transverse” is
defined relative to the magnetization in the FM. A smaller spin-
mixing conductance would result in a smaller spin current (spin
pumping) in the heterostructure. In the absence of spin-orbit cou-
pling, the spin-mixing conductance solely depends on the reflection
amplitudes of electrons scattering off the FM/NM interface. How-
ever, if another NM' layer is inserted between the original FM and
NM layer to constitute a FM/NM'/NM system (e.g., NiFe/Cu/Cr),
the effective spin-mixing conductance could be modified, poten-
tially due to coherent backscattering within the inserted NM' layer.
The NiFe/Cu/Cr system may exhibit a much smaller effective
spin-mixing conductance—compared to the NiFe/Cu or NiFe/Cr
system—that greatly reduces spin pumping in the heterostructure.
While quantitative calculations of the spin-mixing conductance are
beyond the scope of this present work, the large modification of spin
pumping in FM/NM’/NM warrants further theoretical studies.

Prior experimental studies’”° have reported modifications
of the spin-mixing conductance by inserting a thin additional
NM'layer in a FM/NM bilayer. However, the modifications in these
studies are limited to a factor of ~2. With the spin-mixing conduc-
tance proportional to spin-pumping damping Aa«, the modifications
seen in our present study are far greater. In particular, Cu/Cr spacers
reduce spin pumping by an order of magnitude in the epitaxial sam-
ples [Fig. 6(a)] and by a factor of ~4 in the all-polycrystalline samples
[Fig. 6(b)].

We note that the surface of Cr in the epitaxial heterostruc-
ture [Fig. 2(a)] is exposed to a background pressure of ~10™% Torr
in the deposition chamber for up to several hours while the sub-
strate is cooled down (see Sec. II A). Even though the XRD results
show no evidence for oxidized Cr (Sec. II B), an atomically thin
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layer of Cr-oxide (difficult to detect with XRD) could potentially
form, if sufficient residual H,O and O, molecules could react with
the Cr surface. Such a surface oxide layer might impede spin trans-
port, perhaps similar to reports of suppressed spin pumping with
insertion layers of nonmagnetic insulating oxides.”””* On the other
hand, recent experiments™ indicate that even when metallic Cr is
exposed to ambient air, the Cr surface does not develop a contin-
uous oxide layer. Remarkably, the authors of Ref. 59 reported that
some portions of the Cr surface remain metallic even after two days
of exposure to ambient air (1 atm). It is then plausible that surface
oxidation remains negligible for epitaxial Cr in the high-vacuum
condition.

Although we cannot entirely rule out the possibility of some
surface oxidation on epitaxial Cr, we emphasize that the oxidation
alone cannot account for the suppressed spin pumping in the Cu/Cr-
based systems. The suppression originates from metallic interfaces,
as similar suppression of spin pumping is also clearly observed for
polycrystalline samples with Cu/Cr spacers free of the possible sur-
face oxidation. During the growth of these polycrystalline samples,
the Cr layer was exposed to the background pressure of ~107® Torr
for no more than ~3 min, so it is reasonable to conclude negligi-
ble Cr oxidation. Indeed, we have verified that the polycrystalline
Cr layer by itself permits spin transmission (Sec. I1I C), signifying
that the Cr layer remains metallic. The suppression of spin pump-
ing emerges when metallic Cr is interfaced with metallic Cu. An
intrinsic mechanism encompassing metal interfaces—whose theo-
retical basis remains to be elucidated—is likely responsible for the
observed suppression of spin pumping.

E. Spin pumping in heterostructures with other
bilayer spacers

The initial motivation of our work was to examine the influ-
ence of elemental antiferromagnetic Cr on interlayer spin transport.
It is sensible to inquire whether the antiferromagnetism of Cr
is responsible for suppressing spin pumping at the Cu/Cr inter-
face. To address this question, we have investigated spin pumping
in heterostructures with alternative Cu/X spacers where X is a
nonmagnetic transition metal, i.e., V or Ag here.

We first present spin-pumping results for heterostructures with
Cu/V spacers in place of Cu/Cr. The comparison between Cu/V and
Cu/Cr is interesting because V and Cr are structurally similar. The
atomic number Z = 23 of V neighbors Z = 24 of Cr, and both V and
Cr are BCC crystals with similar bulk lattice parameters (0.303 and
0.291 nm, respectively). In effect, Cu/V is a non-antiferromagnetic
analog of Cu/Cr.

Figures 9(a) and 9(b) summarize the FMR spin-pumping
results for two series of heterostructures: (1) those incorporating epi-
taxial V, grown on top of epitaxial (Co)Fe on (001)-oriented MAO
[Fig. 9(a)], and (2) those incorporating polycrystalline V, grown on
top of other polycrystalline film layers on Si-SiO, [Fig. 9(b)]. As
seen in Fig. 9(a), the insertion of epitaxial V in the spacer sharply
decreases the spin-pumping damping parameter Aa to ~0. This
observation resembles the sharp decline in A« with inserting epi-
taxial Cr in Fig. 6(a). The all-polycrystalline samples in Fig. 9(b)
also show a decrease in Aa with V insertion, down to Aa ~ 5 x 1074,
again, akin to the results with Cr insertion [Fig. 6(b)]. We also see
negligible spin-pumping damping in NiFe/Cu/V (without a CoFe
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FIG. 9. (a) and (b) Evolution of the spin-pumping damping parameter A« with the thickness of the V insertion layer in (a) NiFe/Cu/V/CoFe heterostructures based on epitaxial
V and CoFe and (b) all-polycrystalline NiFe/Cu/V/CoFe heterostructures. In (a), the filled symbols indicate results obtained with the field applied along the easy axis of the
epitaxial CoFe spin sink (H || MAO[110] or CoFe[100]); the empty symbols indicate results obtained with the field applied along the hard axis of the epitaxial CoFe spin sink
(H || MAO[100] or CoFe[110]). (c) Evolution of the spin-pumping damping parameter A« with the thickness of the Ag insertion layer in all-polycrystalline NiFe/Cu/Ag/CoFe
heterostructures. The error bars are dominated by the uncertainty (1.5 x 10~*) in the baseline damping « that is propagated to A« [Eq. (1)].

sink), indicating that Cu/V does not significantly absorb the pumped
spin current. Taken together, the observed trends here for the Cu/V-
based heterostructures [Figs. 9(a) and 9(b)] are remarkably similar
to those for the Cu/Cr-based heterostructures (Fig. 6). Our results
indicate that Cr and V, when interfaced with Cu to comprise a
bilayer spacer, have essentially the same effect on spin transport.
Antiferromagnetic Cr is not required for the suppression of spin
pumping.

We have thus identified two bilayer spacers (Cu/Cr and Cu/V)
that suppress spin pumping. It is then instructive to determine
whether any bilayer spacer of Cu/X can suppress spin pumping. To
this end, we have investigated heterostructures incorporating bilayer
Cu/Ag spacers. As shown in Fig. 9(c), the spin-pumping damp-
ing Awa is not suppressed with the addition of Ag to the spacer.
The control series of NiFe/Cu/Ag without a CoFe shows A« » 0,
which corroborates that the large Aa in NiFe/Cu/Ag/CoFe origi-
nates from spin pumping into CoFe, i.e., through Cu/Ag. That is,
the bilayer Cu/Ag spacer is just as transparent to the spin current
as the single-layer Cu spacer. We conclude that while the suppres-
sion of spin pumping is not unique to heterostructures with Cu/Cr
spacers, it is not universal to all heterostructures with bilayer Cu/X
spacers.

A crystal-structure mismatch between the two metals in the
bilayer spacer may be crucial for suppressing spin pumping. Namely,
FCC Cu interfaced with BCC Cr or V suppresses spin pumping,
whereas FCC Cu interfaced with FCC Ag does not. It is possi-
ble that the mismatch in crystal structure—hence electronic band
structures—affects the effective spin-mixing conductance of the het-
erostructure. The difference in the Fermi energy or carrier effective
mass between the two metals could impede the propagation of Bloch
wave packets, which fundamentally govern electronic spin transport.
Nevertheless, since our present study examines only limited combi-
nations of metals, the possible role of crystal and electronic structure
mismatch remains speculative. How a thin metallic insertion layer
decreases spin pumping—e.g., by an order of magnitude—remains
an open question that requires further experimental and theoretical
work.

F. Temperature dependence of spin pumping

All the above results (Secs. IIT A-III E) are obtained from exper-
iments at room temperature. The Cr layers studied here may exhibit
some antiferromagnetic order at room temperature, considering
its bulk ordering temperature of 311 K. Even for the small thick-
nesses of Cr, the ordering temperature could remain close to the
bulk limit due to the proximity to ferromagnetic (Co)Fe.*” At lower
temperatures, the antiferromagnetic order should become stronger
and, particularly for crystalline Cr, may exhibit rich physics associ-
ated with spin-density waves.'”” Therefore, to examine the possible
influence of stronger antiferromagnetic order on spin transport, we
have performed variable-temperature experiments.

While determining the antiferromagnetic configurations is
beyond the scope of our present work, we are able to gain partial
insights into the antiferromagnetic order in Cr films through the
temperature dependence of electrical resistivity. Figure 10(a) rep-
resents resistivity vs temperature for an 8-nm-thick epitaxial Cr
film grown directly on MAO. The monotonic decrease in resistiv-
ity with decreasing temperature, down to ~30 K, is consistent with
the metallic nature of Cr. However, the resistivity shows a slight
uptick with further reduction in temperature below ~30 K. This
uptick can be due to several mechanisms, including (1) Anderson
(strong) localization due to lattice disorder, described by the variable
range hopping model;"'** (2) Efros-Shklovskii localization, where
electron-electron interactions open a gap at the Fermi energy;”"*’
(3) the spin Kondo effect;*> (4) weak-localization with a carrier
dephasing time limited by electron-electron quasi-elastic Nyquist
scattering (Altshuler-Aronov effect);” ' (5) an exchange/Hartree
correction to the resistivity due to effects of electron-electron inter-
actions on the density of states;”* and (6) resonant impurity
scattering in metallic antiferromagnets, which has been reported
in antiferromagnetic Cr films.®® Of these mechanisms, (6) appears
the most likely. Mechanisms (1) and (2) result in an exponential
dependence on temperature at low temperatures in contrast to the
weak uptick in resistivity observed in Fig. 10(a). Mechanism (3) is
unlikely since the spin Kondo effect occurs from scattering of carri-
ers by magnetic impurities typically in metals with dilutely dispersed
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FIG. 10. (a) Temperature dependence of the electrical resistivity of an 8-nm-thick
epitaxial Cr film. Inset: uptick of the resistivity with decreasing temperature
below 30 K. (b) Temperature dependence of A« for NiFe/Culepi-Cr/epi-(Co)Fe
heterostructures, with Cr thickness 8 nm. The filled symbols indicate results
obtained with the field applied along the easy axis of the epitaxial (Co)Fe spin
sink (H || MAO[110] or (Co)Fe[100]); the empty symbols indicate results obtained
with the field applied along the hard axis of the epitaxial (Co)Fe spin sink (H ||
MAO[100] or (Co)Fe[110]).

magnetic impurities. Cr in contrast has non-zero magnetic moment
at each lattice atom, and a spin Kondo effect is not likely to man-
ifest in such a concentrated magnetic system; Ref. 66 arrives at the
same conclusion. Mechanisms (4) and (5) are viable alternatives to
the effects of resonant impurity scattering in antiferromagnets (6).
The data do not allow for a fully unambiguous distinction since var-
ious models can be fitted to reproduce the data fairly well. Yet, the
strong similarity between Fig. 10(a) and the data in Ref. 66 (res-
onant impurity scattering in antiferromagnetic Cr), in shape and
magnitude of the uptick in resistivity and in the temperature range
where it manifests, makes resonant impurity scattering the most
likely explanation. Thus, we deduce that Fig. 10(a) supports the evi-
dence that the Cr thin film is, indeed, antiferromagnetic at such low
temperatures.

We have conducted variable-temperature FMR spin-pumping
measurements [Fig. 10(b)], employing a spectrometer equipped with
a cryostat, for heterostructures grown on epitaxial (Co)Fe. We use
the temperature dependence of the intrinsic damping parameter ap
of NiFe (measured from a control NiFe/Cu sample without CoFe
or Cr) as the baseline to quantify the temperature dependence
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of damping enhancement Aa. The NiFe/Cu/CoFe sample shows a
large, nearly constant Aa of ~0.002 across the entire temperature
range. For this sample, the values of Aa are systematically higher
by ~20% for measurements with the field applied along the easy axis
of CoFe [filled symbols in Fig. 10(b)]. We speculate that this appar-
ent anisotropy is due to small two-magnon scattering or anisotropic
spin pumping.”!

For the NiFe/Cu/Cr/(Co)Fe samples, Aa mostly remains small,
i.e., <5x 107%, across the entire temperature range. There appears
to be a slight increase of Aa with decreasing temperature, although
it is difficult to discern a clear trend from the scatter in the data.
The antiferromagnetic order of Cr, which becomes stronger at lower
temperatures, evidently has little impact on spin pumping. Yet, at
the low-temperature limit, we observe an abrupt increase in A«
up to ~0.001 for the NiFe/Cu/Cr/CoFe sample, measured with the
field along the easy-axis of CoFe. While the origin of this abrupt
increase for that particular sample (and the particular measure-
ment geometry) is unknown, no such increase is seen for the similar
NiFe/Cu/Cr/Fe sample. Therefore, we conclude that the antiferro-
magnetic order of Cr in of itself does not significantly influence spin
transport in these heterostructures.

IV. CONCLUSIONS

By employing FMR spin pumping, we have studied
pure-spin-current transport in metallic heterostructures that
incorporate the elemental antiferromagnet of Cr. We have primarily
focused on heterostructures of the form NiFe/Cu/Cr/(Co)Fe, where
the Cu/Cr spacer separates the NiFe spin source and the (Co)Fe spin
sink. We find that the Cu/Cr spacer greatly reduces spin pumping,
i.e., neither transmitting nor absorbing a significant amount of spin
current. This suppression of spin pumping is rather surprising,
considering that a thin layer of Cu or Cr alone permits significant
spin transmission. A particularly large suppression (i.e., by an order
of magnitude) emerges at the interface of epitaxial Cu(001)/Cr(001),
although the interface of polycrystalline Cu(111)/Cr(110) also yields
a sizable reduction (by a factor of ~4). Moreover, we observe similar
suppression of spin pumping with Cu/V spacers, where V is a
nonmagnetic analog of Cr, demonstrating that the antiferromag-
netism of Cr is not responsible for suppressing spin pumping. While
spin pumping is suppressed with FCC/BCC spacers of Cu/Cr and
Cu/V, no suppression arises with FCC/FCC spacers of Cu/Ag. The
mismatch of crystal structure—hence electronic band structure—at
the interface of non-ferromagnetic metals may play a critical role in
the effective spin-mixing conductance, although a firm theoretical
framework remains to be developed. Finally, the antiferromag-
netism of Cr does not appear to impact spin transport strongly in
NiFe/Cu/Cr/(Co)Fe over a wide temperature range of 10-300 K.
Our work may stimulate a new outlook on spin transport in metallic
systems, including interfaces that are electrically conductive and yet
spin insulating.

SUPPLEMENTARY MATERIAL

The presents FMR data and discus-
sion for additional reference samples of MAO/epi-Cr/Cu/NiFe/Ti
without a (Co)Fe spin sink.
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