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We report a large enhancement of thermally injected spin current in normal metal (NM)/antiferromagnet
(AF)/yttrium iron garnet (YIG), where a thin AF insulating layer of NiO or CoO can enhance the spin
current from YIG to a NM by up to a factor of 10. The spin current enhancement in NM/AF/YIG, with a
pronounced maximum near the Néel temperature of the thin AF layer, has been found to scale linearly with
the spin-mixing conductance at the NM/YIG interface for NM = 3d, 4d, and 5d metals. Calculations of
spin current enhancement and spin mixing conductance are qualitatively consistent with the experimental

results.
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Pure spin current phenomena and devices are new advents
in spin electronics [1,2]. A pure spin current has the unique
attribute of delivering spin angular momentum without a
net charge current thus with higher energy efficiency. A pure
spin current can be generated by several mechanisms,
including the spin Hall effect [1-3], lateral spin valves
[4,5], spin pumping [6,7], and longitudinal spin Seebeck
effect (LSSE) [8,9]. The inverse spin Hall effect (ISHE) in a
metal can detect a pure spin current by converting it into a
charge current with a resultant charge accumulation [3,10].
Inevitably, a spin current decays as it traverses through a
material on the scale of the spin diffusion length Agg, which
depends on the strength of the intrinsic spin orbit interaction
and the quality of the material [5]. The transmission of a spin
current across an interface between two materials, such as a
ferromagnet and a nonmagnetic material, is further limited by
the spin-mixing conductance at the interface [7]. The rapidly
diminishing spin current has severely hampered its exploi-
tation. It is highly desirable to explore ways to enhance pure
spin current.

Pure spin current phenomena and devices have employed
ferromagnetic (F) metals [3-5,10], F insulators [8,9], and
normal metals (NMs) [3,8-10], where the F magnetization
sets the spin index of the spin current injected from the
F material, light NM (e.g., Cu) and heavy NM (e.g., Pt),
respectively, transmits and detects the spin current. Very
recently, spin current exploration involves antiferromagnetic
(AF) materials [ 11-18]. The employment of antiferromagnets
in spintronic devices is particularly attractive for terahertz
(THz) devices [19]. Recently, spin pumping experiment in
Pt/YIG (where YIG = Y;3Fes;0;,) shows enhanced spin
transport through an intervening AF NiO layer between
YIG and Pt at room temperature [13,14]. It was suggested that
the spin transport through the AF insulators is related to AF
magnons and spin fluctuations [13,14], where the AF spins,
strongly coupled to the precessing YIG magnetization,
transport the spin current [13,14]. However, thus far, spin

0031-9007/16/116(18)/186601(6)

186601-1

transport through AF insulators has only employed ferro-
magnetic resonance measurements (FMR) at the GHz fre-
quency range [11,13-15,18], which is far less than the
characteristic frequencies (up to 1 THz) of the AF NiO.
The excitation and transmission of spin current, including
amplification, through AF are far from clear. Coherent Néel
dynamics employed to explain the spin transport and
enhancement in such systems at room temperature [16]
implies a more prevalent spin transport enhancement at
T < Ty. With the absence of the key experimental results,
the mechanism for the large spin current enhancement
observed at room temperature remains elusive [14]. The spin
current amplification phenomena have thus far been observed
in Pt/NiO/YIG and only at FMR frequencies. To unlock the
underlying physics, it is essential to employ a different spin
current injection method, different AF materials, and a variety
of metals other than Pt, and perform measurements over a wide
temperature range. The comprehensive experimental studies
would constrain the theory that accounts for the results.

In this Letter, we report enhanced spin current through
AF (AF = NiO and CoO) generated by the LSSE in the
layer structure of NM/AF/YIG over a wide temperature
range. The pure spin current injected from YIG, trans-
porting through the AF layer, is detected by the ISHE in
various 3d, 4d, and 5d NMs. In contrast to spin pumping,
LSSE is a dc injection method without coherent resonance
excitations at high frequencies. We show that the trans-
mitted spin current detected in the NM has a maximum near
the 7'y of the AF layer of a specific thickness, indicating the
dominant roles of magnons and spin fluctuation in the AF
on the spin transport, rather than the collective AF ordering
dynamics. Equally important, we also demonstrate in
various NMs that the spin current enhancement scales
linearly with the spin-mixing conductance at the NM/YIG
interface. Theoretical calculations of the spin current
enhancement and the spin mixing conductance in such
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FIG. 1. (a) Schematic of thermal spin transport measurement. Inverse spin Hall voltage V as a function of the applied field H in
(b) Pt(3)/YIG, Pt(3) /NiO(1)/YIG, and Pt(3) /NiO(1)/SiO, /Si, (c) Ta(3)/YIG and Ta(3) /NiO(1)/YIG. The temperature of the metal
layer is about 303 K, and the out-of-plane temperature gradient cross the YIG is about 10 K/mm. The number in the layered structure

denotes thickness in nm.

layer geometry are qualitatively consistent with the exper-
imental results.

NiO is a well-known AF insulator with a face-centered
cubic rock salt structure and a bulk Néel temperature of
Ty = 525 K [20]. We used magnetron sputtering to fab-
ricate polycrystalline multilayers onto polished polycrystal-
line YIG substrates 0.5 mm thick via dc Ar sputtering for
the NMs, reactive (Ar + O,) sputtering for NiO, and rf Ar
sputtering for CoO at ambient temperature. The samples
are denoted as Pt(3)/NiO(1)/YIG, where the numbers in
parentheses are the thickness in nm. The lateral sizes of
all the rectangular samples are 7 mm x 2 mm. As shown in
Fig. 1(a), the sample is thermally linked to a copper holder
as a heat sink with its temperature measured by a
thermocouple, while a heater is at the top of the sample
surface with its temperature 7'\, measured via its electrical
resistance. Between the heater and the heat sink, we
established an out-of-plane temperature gradient VT, for
which most of temperature drop occurs in the thicker YIG
and injects a pure spin current Jg into the multilayer. The
direction of VT dictates that of Js. A small magnetic field
aligns the YIG magnetization along the short direction of
the sample that sets the spin index o of the pure spin
current. The ISHE in the NM generates an electric field in
the direction of ¢ x Jg with a voltage Vsyg along the long
direction of the sample. In this open circuit dc measure-
ment, there is no high frequency coherent excitations. The
applied magnetic field, less than 100 mT in magnitude,
only aligns the YIG magnetization and does not alter
appreciably the AF ordering in NiO.

The measured ISHE voltage Vigyg in NM/YIG and
NM/NiO/YIG are shown in Figs. 1(b) and I(c) as a
function of the applied magnetic field. All the results have
been obtained at T = 303 K in samples of the same size
and same V7 = 10 K/mm. In Fig. 1(b), the results of
Pt(3)/YIG (red curve) are similar to those previously
observed by spin pumping [8,9]. With 1 nm thick NiO
inserted between Pt(3) and YIG, Vigyg of Pt(3)/Ni(1)/YIG
(blue curve) dramatically increases. The null result of Vigyg

in the Pt/NiO/SiO, /Si (black curve) shows that NiO itself
does not generate any spin current at all.

The large enhancement of Vg due to the insertion of NiO
also occurs in Ta/NiO/YIG [Fig. 1(c)], but that the polarity
of the enhanced V gy in YIG/NiO/Ta is reversed due to its
spin Hall angle of the opposite sign. In both cases, the inserted
NiO layer greatly increases Vggg While preserving the spin
index. The enhancement of pure spin current due to the
presence of the thin NiO spacer layer is clearly established.

Since Vigyg is proportional to the separation L of the
voltage leads and the temperature gradient AT /tyg within
the YIG thickness tyjg, we use the normalized parameter
S = (Visue/L)/(AT/tyig), also known as the transverse
thermopower, that allows comparison of results taken
under different experimental conditions. We use the ratio
S(tnio)/S(0), where S(fnio) with, and S(0) without, the
presence of the NiO layer of thickness fyjo. As shown in
Fig. 2(a), both Pt/NiO/YIG and Ta/NiO/YIG, S(tnio)/
S(0) increases sharply from 1, reaching a maximum at
tnio & 1 nm before decreasing exponentially as shown in the
inset of Fig. 2(a). The maximal value of S(yi0)/S(0) for
Ta/NiO/YIG at t;o ~ 1 nm is higher, but its decay length
A(Ta)nio = 1.3 nm is considerably smaller than A(Pt)y;o =
2.5 nm for Pt/NiO/YIG. Similar behavior has also been
observed in another AF insulator of CoO inserted between
YIG and NM. Figure 2(b) shows in Ta/CoO/YIG,
S(tco0)/S(0) has a maximum at fc,o ~ 2 nm. With the
CoO results, we show that the spin current enhancement
phenomenon is not exclusive to NiO. To illustrate the unique
feature of the intervening AF layer, we have also inserted
AlO, between YIG and Pt. As shown in Fig. 2(c),
S(tA]OX)/S(O) in Pt(3)/AlOX(ZAIOX)/YIG at TPt =303 K
exhibits the expected exponential decay, monotonically
decreasing with a very short decay length of A(Pt)s 0, =
0.23 nm, without enhancement at all.

In Fig. 3(a), we show the temperature dependences of
the S value from about 10 K to room temperature in
Pt(3)/NlO(INlo)/YIG for INio = 0, 06, 12, and 2 nm,
highlighting the strong temperature dependence and
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FIG. 2.

(@) Transverse thermopower S(#y;o ) normalized by S(0), the transverse thermopower without NiO, of Pt(3) /NiO(#y;0)/ YIG and

Ta(3)/NiO(ni0)/YIG as a function of the NiO thickness tyio at Ty = 303 K. Inset shows S(tni0)/S(0) in the logarithmic scale
as a function of fy;0. (b) S(7co0)/S(0) as a function of CoO thickness 7o in Ta(3)/CoO(fcq0)/ YIG at T, = 303 K. (¢) S(#a10x)/S(0) as
a function of AlO, thickness 75105 in Pt(3)/AlO, (fa10x)/ YIG at Tp, = 303 K. Inset shows S(7z10x)/S(0) in the logarithmic scale as a

function of 75;0x-

sensitivity to the NiO layer thickness. Without the NiO layer,
the S value of Pt(3)/YIG (labeled as O nm) is small, hardly
varying for Tp, between 65 and 300 K. However, with the
insertion of the NiO layer, the large S value of Pt/NiO/YIG
acquires a very different temperature dependence exhibiting
a well-defined broad peak. For ty;o = 0.6, 1.2, and 2 nm,
the peak temperature progressively increases, whereas the
peak height changes sharply and nonmonotonically from
43 uV/K to 6 uV/K and to 1.2 uV/K, respectively.

The spin current injected into the NM layer is Jg =
{txmonm/ [OsuAnm tanh (tan/24nm )]} (Visue/L),  where
onMs Inms Osh, Anm are the conductivity, the thickness,
the spin Hall angle, and the spin diffusion length of the NM
layer, respectively [21]. Then, we have Jg = {fnmonm/
[GSH/INM tanh(z‘NM/ZﬂNM)] } (SAT/ZYIG) . Since the injected
pure spin current Jg in NM is proportional to the parameter
S(tnio)» the ratio S(tnio)/S(0) gives Js(tnio)/Js(0) for a
temperature gradient in YIG, the amplification of pure spin
current due to the presence of NiO. The results in Fig. 3(b)
of Jg(tnio)/Js(0) for Pt(3)/NiO(#yni0)/ YIG appears sim-
ilar to those shown in Fig. 3(a) because S(0) for Pt/YIG
without NiO varies little except at low temperatures. As
shown in Fig. 3(b), the presence of the intervening NiO
layer greatly enhances the spin current, up to a factor of
11.6 for the 1.2 nm thick NiO.

The enhancement of J has a well-defined peak at Ty,
whose values of 142 K, 191 K, and 263 K depend strongly
with fyijo = 0.6 nm, 1.2 nm, and 2 nm, respectively. As
shown in Fig. 3(c), the T’ increases linearly with the ;o
as tyio < 2 nm. Similar behavior has been also observed
recently in IrMn/Cu/NiFe by spin pumping [18]. The T ey
is near the reduced intrinsic Néel temperature Ty (fnio) Of
the isolated thin NiO layer due to finite size effects [22,23].
The value of Ty (#x;0) of NiO thin film can be estimated
by the blocking temperature at which exchange bias of a
ferromagnetic layer exchange coupled to the NiO vanishes
[24]. The blocking temperature is close to and usually
slightly lower than T, [22]. As shown in the inset of

Fig. 3(d), the magnetic hysteresis loop of a NiO(1)/Co(3)
film shifts to a negative field at 7 = 90 K after cooling
from 330 K under a 0.5 T field, due to the exchange bias
[24,25]. From the temperature dependence of the exchange
bias field shown in Fig. 3(d), the blocking temperature of
1 nm thick NiO layer is around 170 K, which agrees with
Ref. [25]. The S values in all cases, with or without NiQO,
as shown in Fig. 3(a), decrease towards zero as Tp
approaches 0 K due to the lack of thermal excitations of
magnons in YIG at low temperatures [26,27].

To address the physics of the observed behavior, we
calculated the spin current transmission under an out-of-
plane temperature gradient in NM/AF/F. In contrast to
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FIG. 3. Temperature dependences of (a) S and (b) Js(nio)/

J5(0) in Pt(3)/NiO(tni0)/ YIG for various NiO thicknesses fyig-
In (b), Js(tnio)/Js(0) for tyjo #0 has a peak at the peak
temperature T, Whereas the dashed line denotes Jg(0)/
Js(0) = 1. (c) Peak temperature Tpeac as a function of fyo.
(d) Temperature dependence of exchange bias field in a
NiO(1)/Co(3) film. Inset shows the magnetic hysteresis loop
of the NiO(1)/Co(3) film at 7 = 90 K after the field cooling.
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coherent zero-wave number magnons for spin pumping, the
spatial dependent nonequilibrium thermal magnons have a
broad spectrum distribution [27], and thus it is possible to
transfer one F magnon to one AF magnon via interface
exchange interaction. The spin currents in the NM for
NM/F and NM/AF/F can be expressed as

NM/F KV T e/ Am)
JYME — )
1 1
1 + GF <GNM/F + GNM)
JNM/AF/F . K'VTe_(x//{NM) 1

s B [ - >

cosh(32E) + & sinh(3AE

1 + GF <m + ﬁ) ()‘AF) (/IAF)

2)

where « is the spin current coefficient due to the temper-
ature gradient, Gnv, Gr, Gap, Gawviyrs and Gy ar are
the spin current conductance of bulk NM, bulk F, bulk AF,
the NM/F interface, and the NM/AF interface, respec-
tively. Ay 1s the spin diffusion length of the NM, Apr
the magnon decay length of the AF, 7, the AF thickness,
and 6 = Gap[(1/Gg)+(1/Gg/r)]. Then, the spin current
ratio is

NM/AF/F
Js /AT = |1+ (a—1)Gnm 1 ’
J?M/ F Gamyar + Gam cosh(fﬁ) +6 sinh(ii—i)

(3)

where a = (Gxmy/ar)/ (Gawyr)- In the spin wave approxi-
mation, Gyw/ar scales as (Jav/ar)*(T/Ty)* and Gawyr
scales as (Jw/e)*(T/T¢)*? [27], where Jym/ar and
Jnmyr are s — d exchange constants of the NM/AF inter-
face and the NM/F interface, respectively, and 7' Curie
temperature of the F Then, (GNM/AF)/<GNM/F) =
b(JNM/AF/JNM/F>2(T/TN)2 X (T/TC)_3/2 (b iS a numeri-
cal constant of order of 1). The Ty of NiO is lower than the
T¢c of YIG. Thus, Gy ar increases much faster with 7'. At
the high temperature, Gnv ar 18 larger than Gy g. This is
primary due to enhanced AF magnons or enhanced spin
fluctuation in NiO. Thus, the significant enhancement of
spin current occurs near 7 in agreement with experiments.

The enhancement of spin current decreases but still
pronounced in a large temperature range above 7'y in the
absence of long range AF ordering. This indicates the
prominent roles of spin fluctuation and short range spin
correlation in AF on spin transport [17,18,28]. Note that
short range spin correlation in AF still exists at temperatures
much higher than Ty, as revealed by neutron scattering [29].
Above the Ty, the magnons whose wavelength is shorter
than the spin correlation length remain. The spin correlation
length of NiO is & = {[(T/Ty) — 1]7°*, where [ = 0.5 nm
[29]. The number of magnons participating the spin transport
decreases due to the loss of the magnons whose wavelength

is longer than the spin correlation length. Thus, the spin
current enhancement is maximum near the 7'y. For thicker
NiO layers with ty;0 > 3.5 nm, there is no appreciable
enhancement because of the drastic decay of spin current.
Overall, the largest enhancement occurs near fy;o &~ 1 nm, as
shown in Fig. 2(a).

As discussed above, the observed enhancement of spin
transport in the NM/AF/YIG is attributed to the large spin
conductance at both the NM/AF and the AF/YIG inter-
faces. We experimentally explore this essential feature in
spin current enhancement in NM/NiO/YIG with various
NMs in addition to Pt, the only metal studied to date. We
deteﬂninejs([Nio)/Js(O> with tNiO =1 nmatTNM =303 K
for 3d (Cr, Mn), 4d (Pd), and 5d (Ta, W, Pt, Au) metals. The
spin-mixing conductances at the NM/YIG interfaces have
been measured from the FMR linewidth in spin pumping
[30-33]. Figure 4(a) shows our measured values of
J(1)/J5(0) for various NMs vs the spin-mixing conductance

Grtnivl YIG reported by spin pumping at room temperature in
NM/YIG[30-33].The Giﬂi\/l /yiG Valuesinunits of10'"® m—2in

ascending order forNM = Cr, Pd, W, Au, Pt, Mn, Taare 0.83,
1.1, 1.2, 2.7, 3.9, 4.5, and 5.4, respectively [30-33]. Most

remarkably, Jg(1)/Jg(0) is proportional to GITH{/I i 1€,

—
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FIG. 4. (a) Our measured spin current enhancement in
NM(3)/NiO(1)/YIG for various NM at Ty = 303 K vs the
measured spin-mixing conductance in NM/YIG (from
Refs. [30-33]). (b) Calculated spin current enhancement in
NM/NiO(1)/YIG as a function of the spin mixing conductance
at the NM/YIG interface, in the case of Jym/nio = 2/nm/viG»
Anio =2.5nm, T¢ =560 K, Ty =190 K, and T = 300 K.
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J5(1)/J5(0) = CGlgy i Where € = 8.5 107" m?. In
NM/YIG, the spin current transmission is dictated by the
spin-mixing conductance at the NM/YIG. With the insertion
of a NiO layer in NM/NiO/YIG, the spin fluctuation in the
thin AF NiO layer amplifies the spin current transmission.

The ratio of spin current in the NM between the NM/F
and the NM/AF/F can be calculated from Eq. (3). As
shown in Fig. 4(b), the calculated spin current enhancement
in NM/NiO(1)/YIG increases with the spin-mixing con-
ductance in NM/YIG. The calculated spin current enhance-
ment is consistent with the linear correlation observed
experimentally at room temperature.

It may be noted that spin Hall angle Oy, an important
property of the NM in converting pure spin current, does
not play a role in spin current enhancement. In particular,
while Cr, Ta, W, and Pt have large Ogy values [30,32], only
Ta and Pt have large J¢(1)/J4(0) above 3, whereas those
of Cr and W have small values of less than 1, i.e.,
onlfl reduction. The linear behavior of Jg(1)/J5(0) with
GIEM /YIG provides an essential criterion for selecting
materials for large spin current enhancement. We also note
that such spin current enhancement is observed with 1 nm
thick paramagnetic NiO at room temperature (above Ty),
and thus not related to coherent AF ordering dynamics.

In conclusion, we have observed spin current enhance-
ment through AF by dc thermal injection in a broad
temperature range in various metals. The spin conductance
can be enhanced in NM/AF/YIG due to the magnons and
spin fluctuation in the thin AF layer. The degree of enhance-
ment increases with the spin-mixing conductance at the
NM/YIG interface. These key results provide the criteria for
selecting materials with effective spin current enhancement.
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Note added.—Recently, Ref. [34] accounts for the AF
insulator thickness dependence of spin current in NM/
AF/F by diffusive thermal AF magnons. Reference [35]
describes the spin transport through magnetic insulator below
and above the magnetic transition temperature by Heisenberg
interactions using auxiliary particle methods.

‘wlin@jhu.edu
Tclchien@jhu.edu

[1] J.E. Hirsch, Spin Hall Effect, Phys. Rev. Lett. 83, 1834
(1999).

[2] S.Zhang, Spin Hall Effect in the Presence of Spin Diffusion,
Phys. Rev. Lett. 85, 393 (2000).

[3] T. Kimura, Y. Otani, T. Sato, S. Takahashi, and S. Maekawa,
Room-Temperature Reversible Spin Hall Effect, Phys. Rev.
Lett. 98, 156601 (2007).

[4] M. Johnson, Spin Accumulation in Gold Films, Phys. Rev.
Lett. 70, 2142 (1993).

[5] F.J. Jedema, A.T. Filip, and B. J. van Wees, Electrical spin
injection and accumulation at room temperature in an all-
metal mesoscopic spin valve, Nature (London) 410, 345
(2001).

[6] R. Urban, G. Woltersdorf, and B. Heinrich, Gilbert Damp-
ing in Single and Multilayer Ultrathin Films: Role of
Interfaces in Nonlocal Spin Dynamics, Phys. Rev. Lett.
87, 217204 (2001).

[7] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Enhanced
Gilbert Damping in Thin Ferromagnetic Films, Phys. Rev.
Lett. 88, 117601 (2002).

[8] K.-i. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa,
and E. Saitoh, Observation of longitudinal spin-Seebeck
effect in magnetic insulators, Appl. Phys. Lett. 97, 172505
(2010).

[9] S.Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang, J. Wu,
T. Y. Chen, J. Q. Xiao, and C. L. Chien, Transport Magnetic
Proximity Effects in Platinum, Phys. Rev. Lett. 109, 107204
(2012).

[10] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Conversion
of spin current into charge current at room temperature:
Inverse spin-Hall effect, Appl. Phys. Lett. 88, 182509 (2006).

[11] C. Hahn, G. de Loubens, V. V. Naletov, J. Ben Youssef, O.
Klein, and M. Viret, Conduction of spin currents through
insulating antiferromagnetic oxides, Europhys. Lett. 108,
57005 (2014).

[12] J.B.S. Mendes, R.O. Cunha, O. Alves Santos, P.R.T.
Ribeiro, F.L.A. Machado, R.L. Rodriguez-Sudrez, A.
Azevedo, and S. M. Rezende, Large inverse spin Hall effect
in the antiferromagnetic metal Ir,yMng,, Phys. Rev. B 89,
140406(R) (2014).

[13] H. Wang, C. Du, P.C. Hammel, and F. Yang, Antiferro-
magnonic Spin Transport from Y3;FesO;, into NiO, Phys.
Rev. Lett. 113, 097202 (2014).

[14] H. Wang, C. Du, P. C. Hammel, and F. Yang, Spin transport
in antiferromagnetic insulators mediated by magnetic cor-
relations, Phys. Rev. B 91, 220410(R) (2015).

[15] T. Moriyama, S. Takei, M. Nagata, Y. Yoshimura, N.
Matsuzaki, T. Terashima, Y. Tserkovnyak, and T. Ono,
Anti-damping spin transfer torque through epitaxial nickel
oxide, Appl. Phys. Lett. 106, 162406 (2015).

[16] S. Takei, T. Moriyama, T. Ono, and Y. Tserkovnyak,
Antiferromagnet-mediated spin transfer between a metal
and a ferromagnet, Phys. Rev. B 92, 020409(R) (2015).

[17] Z. Qiu, J. Li, D. Hou, E. Arenholz, A. T. N’Diaye, A. Tan,
K. Uchida, K. Sato, Y. Tserkovnyak, Z.Q. Qiu, and E.
Saitoh, Electric probe for spin transition and fluctuation,
arXiv:1505.03926v2.

[18] L. Frangou, S. Oyarzin, S. Auffret, L. Vila, S. Gambarelli,
and V. Baltz, Enhanced Spin Pumping Efficiency in
Antiferromagnetic IrMn Thin Films around the Magnetic
Phase Transition, Phys. Rev. Lett. 116, 077203 (2016).

[19] T. Kampfrath, A. Sell, G. Klatt, A. Pashkin, S. Mihrlein, T.
Dekorsy, M. Wolf, M. Fiebig, A. Leitenstorfer, and R.
Huber, Coherent terahertz control of antiferromagnetic spin
waves, Nat. Photonics §, 31 (2011).

186601-5


http://dx.doi.org/10.1103/PhysRevLett.83.1834
http://dx.doi.org/10.1103/PhysRevLett.83.1834
http://dx.doi.org/10.1103/PhysRevLett.85.393
http://dx.doi.org/10.1103/PhysRevLett.98.156601
http://dx.doi.org/10.1103/PhysRevLett.98.156601
http://dx.doi.org/10.1103/PhysRevLett.70.2142
http://dx.doi.org/10.1103/PhysRevLett.70.2142
http://dx.doi.org/10.1038/35066533
http://dx.doi.org/10.1038/35066533
http://dx.doi.org/10.1103/PhysRevLett.87.217204
http://dx.doi.org/10.1103/PhysRevLett.87.217204
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1103/PhysRevLett.88.117601
http://dx.doi.org/10.1063/1.3507386
http://dx.doi.org/10.1063/1.3507386
http://dx.doi.org/10.1103/PhysRevLett.109.107204
http://dx.doi.org/10.1103/PhysRevLett.109.107204
http://dx.doi.org/10.1063/1.2199473
http://dx.doi.org/10.1209/0295-5075/108/57005
http://dx.doi.org/10.1209/0295-5075/108/57005
http://dx.doi.org/10.1103/PhysRevB.89.140406
http://dx.doi.org/10.1103/PhysRevB.89.140406
http://dx.doi.org/10.1103/PhysRevLett.113.097202
http://dx.doi.org/10.1103/PhysRevLett.113.097202
http://dx.doi.org/10.1103/PhysRevB.91.220410
http://dx.doi.org/10.1063/1.4918990
http://dx.doi.org/10.1103/PhysRevB.92.020409
http://arXiv.org/abs/1505.03926v2
http://dx.doi.org/10.1103/PhysRevLett.116.077203
http://dx.doi.org/10.1038/nphoton.2010.259

PRL 116, 186601 (2016)

PHYSICAL REVIEW LETTERS

week ending
6 MAY 2016

[20] P. W. Palmberg, R. E. DeWames, and L. A. Vredevoe, Direct
Observation of Coherent Exchange Scattering by Low-
Energy Electron Diffraction from Antiferromagnetic NiO,
Phys. Rev. Lett. 21, 682 (1968).

[21] C.H. Du, H. L. Wang, Y. Pu, T. L. Meyer, P. M. Woodward,
F. Y. Yang, and P. C. Hammel, Probing the Spin Pumping
Mechanism: Exchange Coupling with Exponential Decay
in Y3FesO,,/Barrier/Pt Heterostructures, Phys. Rev. Lett.
111, 247202 (2013).

[22] T. Ambrose and C.L. Chien, Finite-Size Effects and
Uncompensated Magnetization in Thin Antiferromagnetic
CoO Layers, Phys. Rev. Lett. 76, 1743 (1996).

[23] D. Alders, L.H. Tjeng, F.C. Voogt, T. Hibma, G.A.
Sawatzky, C. T. Chen, J. Vogel, M. Sacchi, and S. Iacobucci,
Temperature and thickness dependence of magnetic mo-
ments in NiO epitaxial films, Phys. Rev. B 57, 11623 (1998).

[24] T. Ambrose and C.L. Chien, Dependence of exchange
coupling on antiferromagnetic layer thickness in NiFe/CoO
bilayers, J. Appl. Phys. 83, 6822 (1998).

[25] Z. Y. Liu and S. Adenwalla, Closely linear temperature
dependence of exchange bias and coercivity in out-of-plane
exchange-biased [Pt/Col;/NiO(11 A) multilayer, J. Appl.
Phys. 94, 1105 (2003).

[26] J. Xiao, G.E.W. Bauer, K. Uchida, E. Saitoh, and
S. Maekawa, Theory of magnon-driven spin Seebeck effect,
Phys. Rev. B 81, 214418 (2010).

[27] S.S.-L. Zhang and S. Zhang, Spin convertance at magnetic
interfaces, Phys. Rev. B 86, 214424 (2012).

[28] Y. Ohnuma, H. Adachi, E. Saitoh, and S. Maekawa,
Enhanced dc spin pumping into a fluctuating ferromagnet
near Tc, Phys. Rev. B 89, 174417 (2014).

[29] T. Chatterji, G.J. Mclntyre, and P.-A. Lindgard, Antiferro-
magnetic phase transition and spin correlations in NiO,
Phys. Rev. B 79, 172403 (2009).

[30] H. Wang, C. H. Du, Y. Pu, R. Adur, P. C. Hammel, and F. Y.
Yang, Scaling of Spin Hall Angle in 3d, 4d, and 5d Metals
from Y;Fes0,,/Metal Spin Pumping, Phys. Rev. Lett. 112,
197201 (2014).

[31] C. Du, H. Wang, F. Yang, and P. C. Hammel, Enhancement
of Pure Spin Currents in Spin Pumping Y;FesO;,/Cu/
Metal Trilayers through Spin Conductance Matching, Phys.
Rev. Applied 1, 044004 (2014).

[32] C. Du, H. Wang, F. Yang, and P. C. Hammel, Systematic
variation of spin-orbit coupling with d-orbital filling: Large
inverse spin Hall effect in 34 transition metals, Phys. Rev. B
90, 140407(R) (2014).

[33] L. Ma, H.A. Zhou, L. Wang, X.L. Fan, W.J. Fan,
D.S. Xue, K. Xia, G.Y. Guo, and S.M. Zhou, Spin
orbit coupling controlled spin pumping effect, arXiv:1508
.00352v3.

[34] S.M. Rezende, R. L. Rodriguez-Sudrez, and A. Azevedo,
Diffusive magnonic spin transport in antiferromagnetic
insulators, Phys. Rev. B 93, 054412 (2016).

[35] S. Okamoto, Spin injection and spin transport in para-
magnetic insulators, Phys. Rev. B 93, 064421 (2016).

186601-6


http://dx.doi.org/10.1103/PhysRevLett.21.682
http://dx.doi.org/10.1103/PhysRevLett.111.247202
http://dx.doi.org/10.1103/PhysRevLett.111.247202
http://dx.doi.org/10.1103/PhysRevLett.76.1743
http://dx.doi.org/10.1103/PhysRevB.57.11623
http://dx.doi.org/10.1063/1.367863
http://dx.doi.org/10.1063/1.1582378
http://dx.doi.org/10.1063/1.1582378
http://dx.doi.org/10.1103/PhysRevB.81.214418
http://dx.doi.org/10.1103/PhysRevB.86.214424
http://dx.doi.org/10.1103/PhysRevB.89.174417
http://dx.doi.org/10.1103/PhysRevB.79.172403
http://dx.doi.org/10.1103/PhysRevLett.112.197201
http://dx.doi.org/10.1103/PhysRevLett.112.197201
http://dx.doi.org/10.1103/PhysRevApplied.1.044004
http://dx.doi.org/10.1103/PhysRevApplied.1.044004
http://dx.doi.org/10.1103/PhysRevB.90.140407
http://dx.doi.org/10.1103/PhysRevB.90.140407
http://arXiv.org/abs/1508.00352v3
http://arXiv.org/abs/1508.00352v3
http://dx.doi.org/10.1103/PhysRevB.93.054412
http://dx.doi.org/10.1103/PhysRevB.93.064421

