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Independence of the spin current from the Néel vector orientation in antiferromagnet CoO

M. Yang,"" Q. Li,"""" D. Hou®,? P. Shafer,> A. T. N’Diaye,’ C. Klewe,? T. Y. Wang,' Xixiang Zhang,*

C.Hwang®,’ and Z. Q. Qiu® !+
' Department of Physics, University of California at Berkeley, Berkeley, California 94720, USA
2International Centre for Quantum Design of Functional Materials (ICQD), Hefei National Laboratory for Physical Sciences
at the Microscale (HFNL), and Synergetic Innovation Center of Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, China
3Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

4Physical Science and Engineering Division (PSE), King Abdullah University of Science and Technology (KAUST),

Thuwal 23955-6900, Saudi Arabia
5Korea Research Institute of Standards and Science, Yuseong, Daejeon 305-340, Korea

® (Received 30 March 2020; accepted 29 May 2020; published 11 June 2020)

Spin pumping from ferromagnetic Fe into antiferromagnetic CoO across a Ag spacer layer was studied using
ferromagnetic resonance (FMR) in Py/CoO/Ag/Fe/Ag(001). The thin Py film on top of CoO permits an alignment
of the CoO Néel vector through field cooling in two otherwise equivalent [110] and [110] crystalline axes which
are parallel and perpendicular to the Fe magnetization direction, respectively. Fe FMR linewidth is measured as a
function of Ag thickness in 10-20-GHz frequency range and in 180-330 K temperature range. We find that there
exists an anisotropy in the Fe FMR damping for parallel and perpendicular alignment of the Fe and CoO spins.
However, such anisotropic damping exists only at thin Ag thickness where there exists a magnetic interlayer
coupling between Fe and CoO, and vanishes at thick Ag thickness where the interlayer coupling becomes
negligible but permitting spin-current transmission into CoO. Our result indicates the absence of anisotropic
spin current for parallel and perpendicular alignment of the Fe and CoO spin axes.
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I. INTRODUCTION

Research on spin current across antiferromagnetic (AFM)
insulators has attracted much interest after the demonstration
of AFM NiO and CoO as excellent spin-current mediators
[1-4]. It is generally believed that thermally excited AFM
spin modes (magnons) are responsible for the spin-current
transmission in an AFM insulator [5-8], especially in the
vicinity of the Néel temperature (7Ty) associated with AFM
order. An important consequence of the above mechanism
is that only the component of spin that is parallel to the
AFM Néel vector should be transmitted. This is because AFM
magnons oscillate at high frequency (THz range) compared to
typical current pulses (DC to GHz) and their time-averaged
spin is effectively parallel to the Néel vector [9—11]. In other
words, pumping spin into an AFM should exhibit a strong
anisotropic dependence on the AFM spin orientation.

It is obvious that whether or not there exists a spin current
anisotropy is crucial to the understanding of spin current in
AFM. Experimental verification of this anisotropic behavior
of the spin current in AFM, however, seems to show inconclu-
sive results with some reports supporting anisotropic behavior
[12-17] and others that are contradictory [18-20]. The com-
plexity in identifying the spin-current anisotropy can be traced
to two critical experimental issues. First, many studies—
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especially those which employed polycrystalline AFM—have
assumed a parallel alignment between the ferromagnetic (FM)
magnetization and the AFM Néel vector. This assumption is
generally not supported by experimental evidence. In fact,
many FM/AFM systems are shown to have perpendicular
alignment between the FM magnetization and the AFM Néel
vector [21-23]. Second, there often exist other effects which
coexist with the spin-current effect in the experimental mea-
surement. For example, it was shown that measurements of
the inverse spin Hall effect are also susceptible to detecting
the proximity effect [24], and the interface morphology could
play a role in spin Hall magnetoresistance [25], so that it is
sometimes difficult to identify the spin-current contribution
quantitatively. The anisotropic linewidth broadening of fer-
romagnetic resonance (FMR), which is usually used in spin-
pumping measurements, could also arise in the FM layer from
anisotropic spin relaxation, such as two-magnon scattering
[26-29], and anisotropic Gilbert damping [30,31], etc. In
order to prove/disprove the spin-current anisotropic effect
unambiguously, which is crucial to the understanding of spin
current in AFM, it is important to have a well-defined system
in which the AFM Néel vector orientation can be determined
directly by experiment, and to carefully account for other
experimental contributions to rule out any other artifacts in
the spin-current measurement.

II. EXPERIMENTAL

In this paper, we report our investigation of spin current
pumped into AFM CoO from Fe (driven into FMR) across

©2020 American Physical Society
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FIG. 1. (a), (b) Schematic drawing of the sample structure and
FMR measurement. Here x- and y axes are defined as CoO [110]
and [110] axes, and z axis is the sample normal direction. In the
FMR measurement, the external field (H) is applied along the CPW
strip line direction (y axis). Thus field cooling (Hgc) and Py/CoO
coupling create (a) perpendicular and (b) parallel alignment between
the frozen CoO spin Néel vector (yellow arrows) and the Fe mag-
netization (red arrows). Blue arrows indicate the Py magnetization
during field cooling. (c) LEED patterns from sample of MgO(3 nm)/
Py(2 nm)/CoO(10 nm)/Ag(8 nm)/Fe(4 nm)/Ag(001).

a Ag spacer in a layered structure of MgO(3 nm)/Py(2 nm)/
CoO(10 nm)/Ag(dag)/Fe(4 nm)/Ag(001) [Figs. 1(a) and
1(b)], where Py indicates NiggFe;y (permalloy). FMR has
been a powerful mechanism for the study of spin pumping
because the FM layer at FMR is a high-quality source of spin
current that simultaneously serves as a spin-pumping indicator
due to FMR linewidth broadening or damping enhancement
[12,16,20,32-36]. In order to avoid experimental artifacts
mentioned previously, we designed our sample by considering

the following factors. First, the CoO AFM spin axis (§COO)
was controlled by the direction of an applied field (Hgc) when
cooling below Ty with the aid of Py/CoO interfacial coupling.

In this way Scoo was deterministically aligned along one of
two equivalent CoO easy axes (EA) in the film plane, [110] or
[110], “frozen” against subsequent field perturbation [22,37].
Consequently, perpendicular and parallel alignments between
the Fe magnetization (]l7[pe) and the CoO Néel vector orienta-
tion were realized, with the Fe magnetization aligned to the y
axis by FMR field (H) during FMR measurement [Figs. 1(a)
and 1(b)]. Since both Fe and CoO spins in these two situations
are always along equivalent crystal axes within each layer,
any crystalline anisotropic spin relaxation effect can be ruled
out in our experiment. Second, we measured the CoO Néel
vector orientation directly by x-ray magnetic linear dichroism
(XMLD) spectroscopy to avoid any ambiguity on the relative
orientation between the Fe magnetization and the CoO Néel
vector. Finally, the CoO/Ag/Fe interlayer coupling is tuned

by the Ag spacer layer thickness to facilitate identification
of the interlayer coupling and spin-current contributions to
FMR linewidth broadening measurements. Noting that the Ag
thickness range (da, < 8 nm) in our experiment is well below
the spin-current diffusion length in Ag (~170 nm) [38], we
proceeded to carefully search for the spin-current anisotropy
effect by comparing the Fe FMR linewidths for parallel

(1\71}:e | ECoo) and perpendicular (1\71}:e L §COO) alignments be-

tween 1\7IFe and Sco0.

MgO/Py/CoO/Ag(dag)/Fe/Ag(001) multilayer samples
were prepared in an ultrahigh vacuum system by molecular-
beam epitaxy (MBE). The Ag(001) substrates were prepared
by cycles of Ar™ ion sputtering at 2 keV and annealing at
500 °C. A 4-nm Fe film was deposited onto the Ag(001)
substrate. Then, a Ag film was deposited with thickness of
2,25, 3,4.5, 6, and 8 nm for six samples, respectively. A
10-nm-CoO film was grown by evaporating Co at an oxygen
atmosphere of 2.0 x 107 Torr. Then half of the sample surface
was coated by a 2-nm Py film. Finally, a 3-nm MgO capping
layer was deposited on the entire sample for protection of
the metallic layers against ambient oxidation. All films were
grown at room temperature. In the sample structure, the Fe,
Ag, and CoO layers are epitaxially grown with the in-plane
lattice relation of CoO[110] || Ag[110] || Fe[100] || Ag[110]
[see the low-energy electron diffraction (LEED) patterns in
Fig. 1(c)]. FMR measurements were performed by placing
the sample on top of a coplanar waveguide (CPW) in the
temperature range of 180 to 320 K. FMR signal was de-
tected by collecting the field derivative of the absorption
intensity. FMR signal of 4-nm Fe layer and 2-nm Py layer
can be distinguished by different resonance field [39] and
resonance intensity [40]. In fact, the Py FMR signal below
the CoO Néel temperature is virtually invisible in our system.
Hysteresis loops of the Fe and Py layers were obtained by
magneto-optical Kerr effect (MOKE) measurements on the
half of sample without Py layer and x-ray magnetic circular
dichroism (XMCD) spectroscopy with x-ray photon energy
tuned at Ni absorption peak, respectively. XMCD and XMLD
measurements were performed at beamlines 4.0.2 and 6.3.1 of
the Advanced Light Source.

III. RESULTS AND DISCUSSIONS

We first studied the interlayer coupling between Fe and
CoO across the Ag spacer layer in CoO/Ag/Fe/Ag(001)
by measuring the Fe hysteresis loops after field cooling
[Figs. 2(a) and 2(b)]. Square easy-axis hysteresis loops were
obtained for H || Hrc and double-split hard-axis (HA) loops
were obtained for H L Hgc, indicating that the Fe/CoO inter-
layer coupling has induced an in-plane uniaxial anisotropy in
the Fe film with the EA parallel to Hgc which is consistent
with literature results [41]. Both the coercivity (Hc) and the
shifted field (Hs, defined in Fig. 2(b), which is proportional
to the uniaxial anisotropy [42]) decrease with increasing Ag
thickness and approach constant values for da, above 4.5 nm
[43] [see the summary result shown later in Fig. 3(e)]. It
should be mentioned that the interlayer coupling between Fe
and CoO layers across a thin Ag layer could even exhibit weak
oscillatory behavior for very high-quality films [43], but the
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FIG. 2. Fe hysteresis loops for (a) H || Hgc and (b) H L Hgc. The
interlayer coupling between Fe and CoO decreases with increasing
Ag thickness and vanishes above 4.5-nm Ag thickness. (c) CoO spec-
tra measured with linear polarized x rays for Hgc || x. XMLD spectra
of (d) Hgc || x and (e) Hgc || y are equal and opposite, confirming
that CoO spins are aligned along y and x directions, respectively.
(f) The unchanged XMLD (with fixed x-ray polarization, E || x and
E | y) after rotating a 4000-Oe field from x to y axis proves the
frozen CoO spins after field cooling. (g) The CoO Ry 3 ratio exhibits
cos?g dependence on x-ray polarization angle (¢), showing that CoO
spins are aligned perpendicularly to Hgc. Solid lines are cosine fits
to the data. Inset shows the schematic of XMLD measurement, with
¢ defined as the angle between x-ray polarization and x axis. All
measurements were performed at 200 K.

coupling usually decreases monotonically with spacer layer
thickness when films become rougher than epitaxial metallic
thin films (e.g., CoO film grown by MBE). Nevertheless
the Fe/CoO interlayer coupling vanishes above 4.5-nm Ag
thickness, which is important for the FMR linewidth study
presented later.

We then performed XMLD spectroscopy at ColLs
edge to determine the CoO AFM spin orientation in
MgO/Py/CoO/Ag/Fe/Ag(001). Because FMR is performed by
applying the magnetic field along the CPW stripe line direc-
tion [H || y in both Figs. 1(a) and 1(b)], we controlled the CoO
spin orientation by field cooling while leveraging Py/CoO
coupling under the conditions of Hpc || y [Fig. 1(a)] and
Hgc || x [Fig. 1(b)], respectively. The CoO spectra measured
with two orthogonal x-ray polarizations [44] [Fig. 2(c)] were
used to obtain x-ray linear dichroism [Figs. 2(d) and 2(e)]
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FIG. 3. Fe FMR spectra measured at 17.5 GHz with Hgc || x
and Hgc || y in (a) dag, = 2-nm sample and (b) da, = 8-nm sample.
The shading with arrows indicates the FMR full linewidth (2AH).
Frequency-dependent FMR linewidth (AH) for Hgc || y and Hgc || x
from (c) da, = 2-nm sample and (d) da, = 8-nm sample. Solid lines
are fitting with Eq. (1). The linewidth from a reference sample of
Ag(8 nm)/Fe(4 nm) is also shown in (d) to indicate the existence of
spin-current pumping into CoO. (e) Coercivity (Hc), splitting field
(Hs), and (f) FMR damping of Fe layer as a function of the Ag spacer
layer thickness. All measurements were performed at 200 K.

for two field-cooling directions. The inverse intensity of these
dichroism spectra and their comparison to previous studies
[22,44] indicate that the CoO spin axis is along the y axis

(Scoo |l ¥) for Hec || x and along the x axis (Scoo || x) for
Hgc || y, proving that the Py/CoO coupling leads to a perpen-
dicular alignment between the Py magnetization and the CoO

spin axis (]\71py 1 Sco0), which is a feature of spin-flop cou-
pling. This conclusion is further confirmed by the observed
cos?g (here ¢ is the x-ray polarization angle) dependence of
the CoO Ry 3 ratio [Fig. 2(g)], which is defined as intensity
ratio of the peak at 777.8 eV over the peak at 778.2 eV. Then
for the case of Hpc || y [Fig. 1(a)], the Fe FMR is under the

condition of Mpe 1 Scoo- For the case of Hrc || x [Fig 1(b)],
it is important to additionally verify that the CoO spins stay
frozen along the y axis after the external FMR field rotates
the Fe and Py magnetization from x- to y axis. Figure 2(f)
shows that the CoO XMLD signal remains unchanged after
switching the Fe magnetization from x- to y axis by a 4000-Oe
magnetic field, proving that CoO spins remain frozen [22]
along the y axis after field cooling (Hgc || x). Thus for the
case of Hgc || x [Fig. 1(b)], we ensure that the Fe FMR is

performed under the condition of Mpe I Scoo-
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Next we performed Fe FMR measurements at 200 K by
applying an external magnetic field (H) along the CPW strip
line direction (y axis) to investigate spin pumping from the
Fe layer for the two situations of 1\7IFe 1 Scoo [Fig. 1(a)] and

]\7Ipe | EcOo [Fig. 1(b)], respectively. We find that the Fe FMR
in the dag = 2-nm sample produces substantially different
spectra of the FMR differential intensity (dIpmr/dH) for

Mre L Scoo and My || Scoo [Fig. 3(a)]. First, the FMR res-
onance field is clearly shifted to a higher field for 1\7[Fe I Scoo

than for Mg. L Scoo, which is consistent with the induced
uniaxial anisotropy by the Fe/CoO perpendicular interlayer
coupling across the Ag spacer layer [Fig. 2(b)]. Second, the
FMR linewidth 2AH (AH is defined as half width at half
maximum from the Lorentz derivative fit) shows an obvious

broadening for 1\711:e | Scoo compared to A7IFe 1. Scoo0. Since
FMR linewidth at a single frequency does not necessarily
reflect the intrinsic damping, we performed FMR in the
frequency range of 10-20 GHz [Fig. 3(c)] to obtain the
frequency-dependent FMR linewidth AH. It is observed that
AH follows the expected linear dependence on frequency (f)
with the slope o representing the intrinsic FMR damping [45].

2
AH = AHy+ —uof. (1)
Koy

Here AH, is intercept of linewidth at zero frequency, and
y is gyromagnetic ratio with y /2w ~ 29.4 GHz/T. A linear
fitting (solid lines) of Fig. 3(c) using Eq. (1) yields o =

0.091 for thc case of M. || SCOO and o = 0.019 for the case

of MFe J.SCoo. Noting that there could exist different FMR
damping for H || y and H || -y due to exchange bias for the
case of Hpc || y, we also measured the FMR linewidth for
H || -y and find the same intrinsic damping as that for H || y.
Recalling that the CoO spins are along equivalent crystal

axes for the two cases of 1\711:e Il Scoo and A7IFe 1 Sco0, We
conclude that the different damping coefficients in the dag =
2-nm sample must be due to change in orientation between

Mpe and Ecoo- Because the spin-current diffusion length in
CoO (~6 nm [3]) is shorter than the 10 nm of CoO in our
sample, the Py layer should not be relevant to spin-current
absorption here. Although the FMR damping being greater

when MI:e I Scoo than for MFe 1 Scoo is consistent with the
spin-current anisotropy in AFM, one has to be careful when
considering the FM/AFM coupling which could also result in
an anisotropic FMR damping via other mechanisms [26-29].

To separate the Fe/CoO interlayer coupling effect from the
spin-current anisotropy, we performed Fe FMR measurements
on the dy; = 8-nm sample where the 8-nm Ag is thick enough
to diminish the Fe/CoO interlayer coupling but thin enough to
permit spin-current transmission across the Ag. First, we find
that the FMR field in the dag = 8-nm sample is identical for

the cases of MFC I Scoo and MFe 1 §CoO [Fig. 3(b)], confirm-
ing the vanished Fe/CoO interlayer coupling across 8-nm Ag,
which agrees with the isotropy of the corresponding hysteresis
loops in Figs. 2(a) and 2(b). Second, the FMR damping
(¢ = 0.0057) is greater than that from a Ag/Fe/Ag(001) ref-
erence film (¢ = 0.0034) [Fig. 3(d)], showing that 8-nm Ag
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FIG. 4. (a) Fe FMR damping for Hgc || x and Hgc ||y as a
function of temperature from da, = 2- and ds, = 8-nm samples. (b)
Fe hysteresis loops of dy, = 2nm sample for H | Hgc.

indeed is thin enough to permit spin-current transmission into
the CoO layer. Finally, the identical damping (o = 0. 0057)

within the accuracy of 0.0007 for the cases of Mpe | ScOo

and MI;e 1 SCOO [Fig. 3(d)] shows the absence of anisotropic
FMR damping. By comparing the FMR results from the da, =
2-nm and dag = 8-nm samples, the anisotropic damping of
Fe FMR in the da; = 2nm sample must come entirely from
the Fe/CoO interlayer coupling effect rather than from any
spin-current anisotropy. To further confirm this assertion, we
measured the FMR dampmg coefﬁments systematically for

the cases of MI:C I ScOo and Mpe 1 ScOo as a function of Ag
thickness. The result [Fig. 3(f)] shows that the damping coef-

ficients for MFe | Scoo and MFe 1 SCoO are different only for
dag < 4.5nm where there exists Fe/CoO interlayer coupling
across the Ag spacer layer as evidenced by the enhanced H¢
and Hs in the hysteresis loops [Fig. 3(e)]. Extracted from the
FMR result, fourfold anisotropy of the Fe layer is about 496.2
Oe. The interlayer coupling-induced uniaxial anisotropy of
Fe layer in dag = 2-nm sample is about 549.1 Oe, which is
consistent with the MOKE result [Fig. 2(b)].

To further confirm that the anisotropic damping in samples
with the Ag spacer layer below 4.5 nm is indeed from the
Fe/CoO interlayer coupling, we performed a temperature-
dependent study on the das = 2-nm sample. Fe hysteresis
loops [Fig. 4(b)] for H L Hrc show that the HA loop character
(high saturation field and low remanence) evolves into an
EA loop character (square-shape loop with a full remanence)
above T~270-290 K which corresponds to the CoO Néel
temperature [46]. Correspondingly, the Fe FMR damping

anisotropy between the two cases of MFe 1 Scoo and Mpe |

Scoo is negligibly small above 270 K and develops rapidly
below 270 K in the dag = 2-nm sample. In contrast, the
Fe FMR damping exhibits negligible anisotropy across the
entire temperature range for the dy, = 8-nm sample. We also
note that the Fe FMR damping coefficients in both da, = 2-
and dpg = 8-nm samples seem to show a broad peak in the
temperature range of ~270-300 K. Because these damping
values are approaching the limits of accuracy for the FMR
measurements, we hesitate to claim this peak as significant.
However, it is worth mentioning that an enhancement of
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spin-current injection into AFM CoO in the vicinity of
CoO Néel temperature has been reported in the literature
and has been attributed to excitation of thermal magnons
in CoO [3,4,19]. Based on the damping anisotropy between

Mpe 1 Scoo and Mpe | Scoo in the da, = 2-nm sample at low
temperature, which is much greater than the damping in the
dag = 8-nm sample, we further conclude that this anisotropic
damping is entirely from interlayer coupling rather than any
spin-current anisotropy. Despite the weak FMR signal, our
result is enough to support our main conclusion here. Finally
we note that there have been reports on anisotropic damp-
ing in FM/AFM systems via other interfacial mechanisms,
such as two-magnon scattering [28,29]. The current work is
focused on separating the effects of spin-current anisotropy
from those of interlayer coupling in terms of their influence
on magnetic damping anisotropy, reserving a more detailed
study of the exact nature of interfacial coupling to future
studies.

IV. CONCLUSIONS

In summary, we studied the damping of Fe ferromagnetic
resonance in Py/CoO/Ag/Fe multilayer samples. By deter-
mining the CoO Néel vector orientation using XMLD spec-
troscopy and separating the interlayer coupling effect from
the spin-current effect, we show that there is no detectable

spin-current anisotropy within the accuracy of 0.0007 of the
damping values for CoO spins parallel and perpendicular
to the Fe magnetization. All observed anisotropic Fe FMR
damping is entirely due to the Fe/CoO interlayer coupling
across the Ag spacer layer. Our result on the absence of spin-
current anisotropy relative to the CoO Néel vector orientation
establishes a criterion for future studies on the spin current in
antiferromagnetic insulators.
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