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We report that spin current transport across Pt/ferromagnet (FM) interfaces as measured by the spin torques
exerted on the FM is strongly dependent on the type and the thickness of the FM layer and on post-deposition
processing protocols. By employing both harmonic voltage measurements and spin-torque ferromagnetic
resonance measurements, we find that the efficiency of the Pt spin Hall effect in exerting a dampinglike spin torque
on the FM corresponds to an effective spin Hall ratio ranging from <0.05 to >0.10 under different interfacial
conditions. The “internal” spin Hall ratio of the Pt thin films used in this study, after taking the interfacial spin
transmission factor into account, is estimated to be ~0.30. This suggests that a careful engineering of Pt/FM
interfaces can improve the spin Hall torque efficiency of Pt-based spintronic devices. We also note that the
dependence on temperature for both vector components of the spin Hall torque is strongly dependent on the
details of the Pt/FM interface, and that measurements of magnetic damping as a function of FM layer thickness
are not generally reliable for determining the true effective spin mixing conductance for the interface.
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The spin Hall effect (SHE) [1,2] causes an electrical current
density J, flowing through a material with strong spin-orbit
interactions to generate a transverse spin current density J.
The amplitude of J; is characterized by the spin Hall ratio (or
spin Hall angle) 6sy = (2¢/h)J;/ J.. The most straightforward
way to determine a lower bound [3] Oé‘g on the spin Hall
ratio in normal metal (NM) systems is to measure the current-
dependent torque that is exerted on an adjacent ferromagnet
(FM) when spin current flows to the NM/FM interface. This
spin torque is also currently the most technologically promis-
ing aspect of the SHE. Research has shown [4,5] that there
are two different components of torque that can be observed
in this case: a “dampinglike” torque Tpp o J,7it X (& x 7i),
where 1 is the orientation of the ferromagnetic moment, and
a “fieldlike” torque Tg. o< —J,& x 7. The determination via
pr, measurements of a large 657 ~ 0.07, in Pt/FM thin film
bilayers [3,6,7], and the subsequent observation of even larger,
“giant” spin Hall ratio for high resistivity Ta (amorphous or
B-phase Ta), [658] ~ 0.12 [8], and B-W, |655| &~ 0.33 [9,10],
have opened up a very active area for research and technology
development. There is of course the possibility of an additional
source of spin-orbit torques that could arise from a spin-orbit
interaction of the applied current at the NM/FM interface
[11-14]. However, it has also been demonstrated that both
spin-orbit torques decrease when a spacer layer is inserted
between the heavy metal and the FM [10,15]. This strongly
suggests that the spin current generated by the SHE in the NM
is the principal origin of these effects in most cases including Pt
[16], although certainly the interface plays an essential role in
determining the strength and character of the resultant torques,
as we discuss here.
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As indicated above, measurement of the spin torque that
is exerted on any particular FM layer by a J, flowing in the
adjacent NM provides only a lower bound on the strength
of the J; that is generated internally in the NM [7]. This
is because the spin transmission probability of the NM/FM
interface will generally be less than unity. This reduction
in interfacial spin transparency may arise from at least two
effects. First, theoretical studies indicate there will be spin
backflow (SBF) even from a well-ordered, abrupt interface
whose strength depends on the “spin-mixing conductance”
G™ of the interface relative to the spin conductance of the
NM Gnum [13]. Second, if the interface is formed in such a
manner that there is an interfacial layer in which there is an
enhanced rate of spin scattering, this can result in spin memory
loss (SML) [17,18], which may also reduce the transmitted
spin current. This enhanced spin scattering could be due to
intermixing and disorder at the NM/FM interface or perhaps
to a magnetic proximity effect in the first few layers of the Pt
[19]. Whether SBF or SML is the dominant factor, or whether
both factors are important, this reduction in the transmitted spin
current can be characterized, as suggested above, by defining
a dampinglike spin torque efficiency &pr, and also a fieldlike
torque efficiency &g, for a particular NM/FM interface, such
that £pp, must be less than or equal to the “internal” spin Hall
angle Osy that quantifies the spin current generated within
the NM. The accumulating reports [20-25] that &pp can be
quite variable for Pt/FM systems, and in some cases is >0.07,
strongly suggest that the composition and preparation of the
Pt/FM bilayer is playing a major role in determining the spin
torque efficiency and also, as discussed below and in recent
works [26,27], that the internal spin Hall ratio of Pt is likely
significantly greater than the lower bound initially reported,
Gé“g = 0.07 [3]. If this is correct it points to the opportunity
to develop interface-engineering protocols that might better
maximize &py, for applications.

In the absence of significant SML, recent calculations utiliz-
ing the drift-diffusion approximation [13,28] have determined
that the effects of spin backflow should reduce the spin torque
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efficiencies as
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Here the spin conductance of the NM Gny = onm/As,NM»
where onm and Agnm represent the conductivity and the
spin diffusion length, respectively, and dny is the NM
layer thickness. GV is the bare spin-mixing conductance of
the interface [29,30]. If we assume dnmv > Asnm and that
ReG™ > ImG™ as is expected to be the case for NM/FM
interfaces with a sufficiently thick FM [30], then from Eq. (1)
we have

Epr, = Osu(2G™ /Grw)/(1 +2GM /Gam)

= Osu(2G ¥ /Gxm) = Osu T, )
|

[cosh(dnm/Asnm) — 1]
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where Ggf% =GN /(1 +2G"/Gnm) is the effective spin
mixing conductance and Tj = ZGQf% /Gnwm describes the in-
terfacial spin transparency. Values of Ggf% for the Pt/permalloy
(Py) interface have been reported recently ranging from
Ggff =0.6 x 10 to 1.2 x 10" Q' m~2 [26,31-33]. If we
use previously determined parameter values: &pp. ~ 0.07 (for
dp; > Aspo)s Aspe ~ 1.4 nm [3], and op ~ 5 x 10° Q' m™!
[3], Eq. (2) indicates that the interfacial spin transparency is in
the range between Ti, & 0.34 and T;,, =~ 0.67 and the internal
spin Hall angle of Pt is between 0.10 < 6sy < 0.20, which is
of course a substantial range of variation.

If there is a significant interfacial region “I” between the
NM and FM layers where there is strong spin scattering,
then Egs. (1) and (2) do not provide an accurate description
of the spin current flow. If the interfacial region can be at
least approximately modeled as a separate layer of thickness
t;, and if we make the assumption that the spin Hall effect
occurs only in the bulk of the NM, Eq. (1) can be adapted
(see Supplemental Material [34]) for two normal metal layers
(assuming ReG™Y > ImG ™),

26N

EDL = USH

Here A is the spin diffusion length in the interfacial layer
and ng[ is the combined spin conductance of the two metal
layers, given as [35] (note that there is a factor of two difference

between here and Ref. [30] in the definition of Gey)

|:GI coth(dnm/Asnm) + G COth(tI/)‘«s,I)i|
'L Gy coth(dnm /s xm) coth(tr/As1) + Grn |

“

Since in general it is not possible to measure # and A
directly, the spin flip parameter § = #;/) is used to quantify
SML in multilayer NM /FM systems. In the limit where dxy >
Asnm Eq. (3) simplifies to

G/

ext

1 2GM
épL = Osu . - :
(Gnm/Gr) sinh(8) + cosh(d) (Gl +2G 1Y)
(5a)
Alternatively we can write this as
1 "y
&pL = Osp—— 2G o, (5b)

G sinh(§) + Gnm cosh(d)

where G = G™ /(1 +2G ™ /G. ). A value of § = 0.9 has
recently been reported for the SML of sputter-deposited Pt/Co
multilayers from a low temperature giant magnetoresistance
study [36]. If such a strong SML is present in a Pt/FM bilayer
system where the antidamping spin torque efficiency has been
measured to be £&pp, & 0.07 then again this indicates that the
internal spin Hall ratio of Pt can be quite high, with the exact
value indicated by this value of &p depending on the spin
conductances of the two normal metal layers, Gy and Gnmepy).

Here we report quantitative measurements of the damping-
like and fieldlike torques exerted by the SHE-generated spin

Gy cosh(dnm/As,nm) sinh(tr/As 1) + Gam cosh(tr /A 1) sinh(dam /As am) (1 +2GT /Gl

3

(

currents acting on thin Co and CoFe layers placed in contact
with Pt thin film microstrips. We have studied both perpendic-
ularly magnetized (PM) structures and in-plane magnetized
(IPM) structures, measuring the spin-torque efficiencies by
the harmonic response technique [4,5,37] (PM cases) and
by spin-torque ferromagnetic resonance (ST-FMR) [7] (IPM
cases). We observed variations in the spin torque efficiencies
that depend on the magnetic properties and thickness of the
FM layer, and on post-growth thermal processing protocols.
Depending on the choice of the FM and the nature of the
interface, we find that &£p for the Pt/FM system can vary
from <0.05 to >0.10, with the latter results substantially
enhancing the potential value of Pt for three-terminal spin
Hall device applications, see, e.g., [27,38,39]. We also find
that the measurement of the FMR linewidth as a function of
the FM thickness of the samples studied here gives results for
the apparent effective spin mixing conductance of the interface
that are quite variable, and in some cases unphysical. This can
make determination of the spin transparency of the Pt/FM
interface from spin pumping measurements problematic.
However, in some cases Ggé is reasonably close to theoretical
predictions and then the combined measurement of &pp and
Ggff indicates that the internal spin Hall ratio of Pt is between
0.2 and 0.3.

I. SAMPLE PREPARATION

Since there appears to be considerable variation in the
spin torque efficiency reported in the literature recently for
similar Pt/FM systems [20-25] the details of the deposition
process may be important. The multilayer films for this
investigation were produced by direct current (dc) sputtering
(rf magnetron for the insulating layers) from 2-in. planar
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magnetron sources onto thermally oxidized Si substrates in

= —~
a vacuum system with a base pressure <4 x 1078 Torr. The ;% § E ;2: (TE
target tf) substrate separation was app.roxirn’ately 18 cm. This % E g & £ - Pl
separation together with an oblique orientation of the target to S E§ f‘a’ Z;E
the substrate resulted in a low deposition rate of ~0.01 nm/s 2235 2
(Ta: 0.0135nm/s, Pt: 0.017 nm/s, Co: 0.0064 nm/s, CoFe: é’b.z §n & 2
0.0092nm/s) with dc sputtering conditions of 2 mTorr g E . 5 g T =93
Ar and 30 W power. We prepared six series of samples: 25 f £ g - SSsS9
(A) ||Ta(2)/Pt(4)/Co(tc,)/MgO(2)/Ta(1) with 0.5 < tco < EFEX S Y
13nm, (B) [|Ta(2)/Pt(4)/CosoFeso(icore)/MgO(2)/Ta(l) SERN° <
with 0.4 < fcope < 1.1 nm, and with the samples vacuum 2 g QE) E R
annealed at 350°C for 30 min, (C) ||CosoFeso(tcore)/Pt(4) 2 & gzé 5 % ~ <
with 1 < fcore < 9 nm, (D) ||CosoFeso(fcore)/Pt(4) with 1 < s2%= | 2] £E =53¢
. L < [<\I"e) © o @
fcore < 9 nm, and with the samples vacuum annealed at g9 g = - =
350°C for 30 min, (E) ||Ta(2)/Pt(4)/Co(tco)/MgO(2)/Ta(1) FEE 2 <
with 2 < fco < 9 nm, and (F) ||MgO(1.6)/Co(tc,)/Pt(4) with g 2 = E ~
2 < tco < 9 nm. The numbers in the parentheses represent ;z)b 253 g
the nominal thicknesses of the sputtered films, in nm, and g § = ug a S & XARLF
|| represents the oxidized Si substrate. The Ta base layer g g ‘g % ) -—e e e =9
in series (A), (B), and (E) was employed as a seeding f éﬁ 5"% >
and smoothing layer, as we have found that it results in = S22 .
much stronger perpendicular magnetic anisotropy (PMA) E = %“ﬁ g o
than exhibited by Pt/Co layers deposited without the Ta B % = %% g
seed layer. The as-deposited series (A) showed strong PMA < 2 § s 2 % % § § § E
without any further annealing for 0.6 < #¢, < 1.3 nm. Series = § 2 g 'g* ) - o - = =
(B) required an annealing temperature of 350°C for 1 h to £ é g % 2l =
obtain PMA, for 0.5 < fcore < 0.7 nm. Series (C), (D), (E), 2 S E s
and (F) all exhibited in-plane magnetic anisotropy over their ESE32 & T
. . . . . . L e = O <t S O o O
entire thickness range, but with some significant differences SeETS A=) a3 SERRRSE
in the variation of the strength of the demagnetization field s E 5 8 g £
with thickness between these series, as we will discuss further % £ é % 5
below. The specifications of the different series of samples are 2 £ § 2 QE‘ 2 5:3 5:5
listed in Table I. & % g g% 2 c? w® oo
fggsg|lg| Ec ECEE
II. MAGNETIC PROPERTIES AND SPIN TOR P g‘) 2 ‘%) 2 E é E é E é‘ é‘
: QUE TELzE| 2] €% 2E8<8
EFFICIENCIES OF PM Pt/FM SERIES § £ EE) g = s £ 4 5 4 g
The magnetic properties of our sputtered Co and CoFe films 55 £ g % =
in series (A) and (B) are summarized in Fig. 1. We measured § f §n 8 g § DA o o o o
the FM layer thickness dependence of the magnetization SSEg g = b+ LA
by superconducting quantum interference device (SQUID) g g % a_]'g - e e
magnetometry. As shown in Fig. 1(a), the as-deposited Co 8 2o o=y _
[series (A)] has a saturation magnetization M, = 1084 £+ B 3 V;,—:% ° =
50 emu/cm® and an apparent magnetic dead layer thickness 2 E o 2 § g
of tp = 0.26 = 0.04 nm as estimated from the slope and the kS g QE) f § o Q )
intercept of the linear fit, respectively. Such dead layers may 4 % g = 'i = ) =
arise from some intermixing of the FM and normal metal g gg g ol é § é
layers [40] and/or from some oxidation of FM surface during £o 4 9 g1l 213 S, %j S ~
the deposition of the oxide layer [41]. We also measured jé E Y E g % = = s 3
. . O O 172} S~ & o oo A
the temperature (7)) dependence of magnetization for the = 22535 | 5 5 TE g g3 =
fco = 1 nm sample, which is shown in Fig. 1(b). Although the s ‘;% g z z| & s B iﬁ °>‘ °>‘ s §
magnetization of Co increases while decreasing temperature £t z29og “|z200 %2203
from 300 to 100 K, the variation is less than 10%, consis- E £ § = 5 = g g %D é/; é/; g S
tent with behavior expected of a smooth, three-dimensional 2ET = E g & & o & & 2
magnetic system with a high Curie temperature. As shown in < § 525 é @ § = &8 :‘j/ %
Fig. 1(c), for the thin as-deposited CoFe films [series (B)] we ; 2 ié 2‘) SEELLUCUE =
found M, = 1720 & 70 emu/cm’ and no apparent magnetic = 252
dead layer. However, an apparent magnetic dead layer of S £ § s E 8
tp = 0.34 £ 0.02 nm is formed after the annealing process, é g 5 B E <@ o @ Qo

and the apparent saturation magnetization (from the slope of
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FIG. 1. (Color online) (a) The magnetic moment per unit area
as a function of sputtered Co thickness in Pt/Co/MgO samples.
(b) Temperature dependence of the magnetic moment per unit area
in a Pt/Co/MgO sample with 1 nm of Co. (c) The magnetic moment
per unit area as a function of sputtered CoFe thickness in both
as-deposited (blue squares) and annealed (red triangles) Pt/Co/MgO
samples. (d) Temperature dependence of the magnetic moment per
unit area in an annealed Pt/CoFe/MgO sample with 0.6 nm of
CoFe. The effective magnetic anisotropy energy density in terms
of Keistell (e) for as-deposited Pt/Co/MgO as a function of effective
Co thickness and (f) for annealed Pt/CoFe/MgO as a function of
effective CoFe thickness. K; indicates the interfacial anisotropy
energy obtained from the intercept of the linear fit (solid lines).

the linear fit) increases to My = 2884 4 60 emu/cm3, though
the de facto total magnetic moment decreases. The temperature
dependence of the magnetic moment of the annealed CoFe
layers is also significantly different from that of the Co
case, with the moment increasing strongly upon cooling to
low temperature. For example, as shown in Fig. 1(d) the
moment per unit area of the fcope = 0.6 nm film increases
by ~50% upon cooling from 300 to 100 K. This corresponds
to a quite reasonable low 7 saturation magnetization M ~
1800 emu/cm? if we assume an effective thickness of 0.6 nm.
This suggests the absence of a significant dead layer at low T
and seems to support the possibility that the room temperature
dead layer is due to intermixing of the Pt and CoFe.

We also characterized the magnetic anisotropy energy
density K. in both the as-deposited Co series (A) and
annealed CoFe series (B) samples [42], as summarized in
Figs. 1(e) and 1(f). We performed linear fits to Keﬁ‘t;g[ Vs tl%f\f[
(with tlﬁiff = tpm — tp) in the large-thickness linear regime,
which corresponds to the regime of relaxed lattice strain
in the FM layer [43], to estimate the interfacial anisotropy
energy K, from the intercept: K, = 1.10 & 0.13 erg/cm? for
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FIG. 2. (Color online) (a) The dampinglike (fieldlike) torque
efficiency &pr ) of Pt from as-deposited Pt/Co/MgO series (A)
samples as a function of Co thickness. Representative error bars
due to the device-to-device variation are shown on the data from
samples with 1.3 nm of Co. Smaller error bars for other data
represent the uncertainties due to fitting. (b) &pr ) of Pt from a
representative Pt(4)/Co(1)/MgO(2) series (A) sample as a function
of temperature 7'. The blue squares and the red triangles represent data
for the dampinglike torque and from fieldlike torque, respectively. For
comparison, a dashed line is shown in (b) to indicate the sign and the
magnitude of the Oersted field expressed in terms of a spin torque
efficiency.

Co series (A) and K; = 0.88 & 0.15 erg/cm? for annealed
CoFe series (B).

To evaluate &pp, and &g for the PMA samples, series (A)
and (B), we patterned those thin films into micrometer-sized
Hall-bar structures, and measured the harmonic response (HR)
of the anomalous Hall voltage of these samples to a low
frequency (=10 Hz) alternating current passed through the
bilayer to determine the effective antidamping and fieldlike
torques 7p. and 7, or equivalently the longitudinal and
transverse effective fields [H; o &épLJ.(6 x m) and Hp
&pL J. 6] exerted on the perpendicular magnetization [4,5,37].
From this and the measured saturation magnetization M(T")
of Co and CoFe, the (temperature dependent) spin torque
efficiencies &pp (T) and &g (T) can be obtained by (modified
from Khvalkovskiy et al. [44])

2 H
EpLL)(T) = (%)47TMS(T)IF"£§1( ;(T)). (6)

e

In Fig. 2(a) we show both the dampinglike and fieldlike
spin-torque efficiencies at room temperature as determined by
HR measurements and Eq. (6) for the series (A) Pt/Co/MgO
samples. The former increases from &pp, ~ 0.01 to &pp, &~ 0.12
as the Co thickness increases from 0.6 to 0.9 nm. The latter,
although considerably smaller, shows a similar behavior,
increasing from &g &~ 0.00 for fc, = 0.6 nm to & ~ 0.03
at the thick Co limit fc, > 1.0 nm. The maximum value for
&pL that we have obtained here is approximately double, or
more, compared to the values reported by early ST-FMR
on samples with much thicker Py layers (=4 nm) [3,7]
and also by inverse spin Hall effect (ISHE)-spin pumping
measurements of comparatively thick IPM Pt/Py bilayers
[45,46]. This value &pr, ~ 0.12 is also larger than that obtained
from PM Pt/CoFe (0.6 nm)/MgO structures using the same
HR technique (épp = 0.06) [47] and from magnetic reversal
studies on annealed PM Pt/Co/MgO layers formed without a
templating Ta seed layer (§p, &~ 0.07) [48]. However, recent
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ISHE studies of IPM Pt/Py and Pt/YIG have respectively
reported &pp. =~ 0.12 [23] and &pp, &~ 0.10 [22], and an even
higher value &p;, = 0.16 was found recently for Pt/Co/AlO,
from HR measurements in the PM case [5]. Using ST-FMR
measurements on in-plane magnetized samples, Zhang et al.
also estimated &pp, & 0.11 for Pt/Co bilayer structures [26].

In seeking an explanation for the variation of &pr, (and
&pL) with ¢, in the series (A) samples, we speculate that
it may be necessary for the Co film to reach a critical
magnetic thickness, ~0.6 nm, to attain the full spin transfer
torque [49], and the 0.26 nm magnetic dead layer could
be playing a role, as well. However, it is also interesting
to note that sputter-deposited Ta(seed)/(Pt/Co), multilayers
have been reported to be structurally coherent, with a (111)
normal texture in the ultrathin Co limit, but when the Co
becomes thicker than ~1nm the elastic strain due to the
~10% lattice mismatch can no longer be supported and the
interface relaxes via the formation of misfit dislocations, and
the Co and Pt layers become incoherent [43]. The magnetic
anisotropy behavior of our sputtered Ta(seed)/Pt/Co/MgO
heterostructures is consistent with that of Ref. [43] where
a thickness-dependent magnetoelastic effect associated with
interfacial strain [see Fig. 1(e)] reflects this transition from a
strained to a relaxed Co layer. Thus the increase we observe
for both &pp, and &gpp. as a function of increasing ¢, might
therefore be related, at least in part, to the transition from a
strained and coherent (111) Pt/Co interface to a relaxed and
incoherent (111) one. Given Eq. (1), our results also suggest
that the increase in the &pp ) with Co thickness could be
associated with an increase in GV relative to Gp, as the Pt/Co
interface transitions from a highly strained, coherent (111)
interface to a relaxed, incoherent (111) interface, although to
our knowledge a calculation of G for such Pt/Co interfaces
has not yet been reported.

To further examine how the character of the Pt/FM interface
can change the behavior of &pp and &g for systems with
PMA, we also performed HR measurements on the annealed
Pt/CoFe/MgO series (B) samples. The resulting &p, and &g,
are shown in Fig. 3(a) as a function of the CoFe thickness coe.-
The first distinct difference compared to the Pt/Co/MgO case
is that the magnitude of §py. and &gy, are both high, 20.15 for the
thinnest layers, fcore = 0.5 nm, but they decrease as a function
of increasing #cope, With &g, decreasing more rapidly. A second
difference is that the sign of &g is now reversed, negative
in our convention, opposing the Oersted field generated by
current flow in the Pt. While both the as-deposited Pt/Co and
annealed Pt/CoFe PM samples exhibit an apparent magnetic
dead layer (0.26 and 0.34 nm, respectively), x-ray diffraction
studies on Pt/Co and Pt/CoFe bilayers, where for signal to
noise purposes the FM layers are somewhat thicker (=2 nm),
indicate a significant difference between the two systems: The
as-deposited Pt/Co bilayer exhibits only (111) texture, while
the annealed Pt/CoFe bilayer shows both a Pt (111) normal
texture as well as a (110) component that we attribute to the
CoFe [34]. Therefore, for the annealed series (B) samples we
have a Pt (111)/CoFe (110) interface, unlike the as-deposited
series (A) that possesses aPt(111)/Co(111)) interface. Also, as
we discuss in the following section, spin torque and damping
measurements on thicker IPM Pt/CoFe samples that also
have been annealed, series (D), indicate the presence of
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FIG. 3. (Color online) (a) The dampinglike (fieldlike) torque
efficiency &p ) of Pt from Pt/CoFe/MgO series (B) samples
annealed at 350 °C as a function of CoFe thickness. The blue squares
and the red triangles represent data for the dampinglike torque and the
fieldlike torque, respectively. The data for 1 nm of CoFe were obtained
from ST-FMR measurements on IPM samples, while the rest were
obtained from HR measurements on PM samples. (b) &pp 1) of Pt
from a representative Pt(4)/CoFe(0.6)/MgO(2) series (B) sample as
a function of temperature 7. For comparison, a dashed line is shown
to indicate the sign and the magnitude of the Oersted field in terms
of a spin torque efficiency.

some significant spin memory loss at the interface of the
annealed samples, presumably due to intermixing driven by
the annealing process. Perhaps the degree of this intermixing
depends, in the limit of a thin CoFe layer, on its thickness.
While the temperature dependence of the spin-orbit torques
of these PMA samples is not the main focus of this paper,
that behavior does reveal a third difference between the spin
torque behavior of the unannealed Pt/Co PMA series (A) and
that of the annealed Pt/CoFe PMA series (B). We performed
HR measurements as a function of 7 on one of the samples
from series (A), namely Ta(2)/Pt(4)/Co(1)/MgO(2)/Ta(1).
As shown in Fig. 2(b), no significant 7" dependence was found
for either component of torque down to 7 = 50 K. This is
strikingly different from the annealed Pt/CoFe PMA samples
in series (B). Figure 3(b) shows the corresponding results for
a Pt(4)/CoFe(0.6)/MgO(2)/Ta(1) sample; both components
of spin torque efficiency vary quasilinearly with temperature
down to T ~ 50K and then more slowly reach their limiting
values at =25 K. The variation of &g is far stronger than
that of &€py , so that &g, becomes essentially zero by T = 25K,
whereas &pp & 0.07 in the low T regime. Previous studies
have reported a wide range of behaviors for the temperature
dependence for the spin torque efficiency in Pt/FM samples.
Previous experiments on the Ta/CoFeB/MgO system [50,51]
found results qualitatively similar to our series (B) devices,
with a fieldlike component even stronger than ours (at 7 =
300K) and possessing a strong 7' dependence, while the T
dependence of the dampinglike component was weaker, but
still significant. On the other hand, spin Hall magnetoresistance
measurements of Pt/ YIG bilayer samples [21] have indicated
avalue &pp. ~ 0.10 that is approximately independent of T for
T > 100 K, much like our series (A) samples, although this
agreement may be fortuitous since the interfacial electronic
structure for Pt/YIG is certainly quite different from that of
Pt/Co although the spin mixing conductance has been reported
to be similar for a wide variety of Pt/FM interfaces [25].
These differences clearly indicate that the nature of spin
transport at the annealed Pt/CoFe interface [series (B)] is
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significantly different from that of the as-deposited Pt/Co
interface [series (A)]. Our finding that &g is comparable to
&pr in the annealed Pt/CoFe case is of course not immediately
consistent with a SHE origin for both spin torque components
since calculations find that ReG'™ >» ImG™ for NM/FM
interfaces, even when some disorder is included [30], unless
for some reason a disordered interface requires a thicker FM
to reach the expected ReG™ > ImG '} regime. However, it
is also not yet clear how either a Rashba-like effect at the
NM/FM or FM/oxide interface [11,52], or the SHE, can
provide a mechanism to explain the strong 7 dependence of
tp, for what is most likely a disordered Pt/CoFe interface.

III. MAGNETIC PROPERTIES AND SPIN TORQUE
EFFICIENCIES OF IPM Pt/FM SERIES

In Fig. 4 we summarize the magnetization properties of
the thick, IPM CoFe/Pt series (C) and series (D), and the
thick IPM Co series (E) and series (F) samples. Figure 4(a)
shows the FM layer thickness dependence of the magnetization
of the as-deposited CoFe/Pt series (C) and the annealed
CoFe/Pt series (D) samples, where here the data were taken
by vibrating sample magnetometry (VSM). The linear fit to
the series (C) data yields 7p = 0.30 £0.10 nm and M, =
1560 4 40 emu/(:m3 . For series (D), the annealed samples,
a much thicker magnetic dead layer was found, with ¢p =
0.70 £ 0.10 nm and M, = 1820 4 40 emu/cm?. The increase
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FIG. 4. (Color online) (a) The magnetic moment per unit area as
a function of CoFe thickness in IPM as-deposited CoFe/Pt series (C)
(blue squares) and annealed CoFe /Pt series (D) (red circles) samples.
(b) The effective magnetic anisotropy energy density of as-deposited
CoFe/Pt series (C) (blue squares) and annealed CoFe/Pt series (D)
(red circles) samples plotted in terms of K&l as a function
of effective CoFe thickness 7. The red open circles represent
data from annealed PM Pt/CoFe/MgO series (B) samples. (c) The
magnetic moment per unit area as a function of Co thickness in
Ta/Pt/Co/MgO/Ta series (E) (red circles) and MgO/Co/Pt series
(F) (blue squares) samples. (d) The effective magnetic anisotropy
energy density of Ta/Pt/Co/MgO/Ta series (E) (red circles) and
MgO/Co/Pt series (F) (blue squares) samples plotted in terms of
Kgitc, as a function of effective Co thickness teff
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of the magnetic dead layer thickness as well as the saturation
magnetization after the annealing process is similar to the trend
found in the thinner CoFe case [series (B)]. We determined the
effective demagnetization field 47 M. of the series (C) and
series (D) samples via the Kittel formula from the spin torque
ferromagnetic resonance (ST-FMR) frequency. From this we
calculated the effective magnetic anisotropy energy density of
the as-deposited (C) and annealed CoFe/Pt samples (D) and
plot the results in Fig. 4(b) in terms of KefftC;Fe as a function
of tsfﬁ The plot indicates that the interfacial anisotropy energy
density of the IPM as-deposited CoFe/Pt films, as estimated
from the intercept of the linear fit [42], is K. » deposited _ () 48 +
0.17 erg/cm?. After annealing and the increase of the apparent
dead layer this anisotropy slightly increases to K@mealed —
0.52 £ 0.21 erg/cm?. The change of the slope for linear fits in
Fig. 4(b) corresponds to the change of saturation magnetization
term, i.e., =27 M; 2 [42], after annealing. For reference, the
results from the annealed Pt/CoFe/MgO series (B) samples
with perpendicular magnetic anisotropy, as determined by
SQUID magnetometry, are also plotted on the same figure,
which indicate a small enhancement of K, with the addition
of the CoFe/MgO interface. We show the FM layer thickness
dependence of the magnetization of the Pt/Co/MgO series
(E) and the MgO/Co /Pt series (F) samples in Fig. 4(c), again
as determined by VSM. The linear fit to the series (E) data
yields rp = 0.39 £ 0.09 nm and M, = 1290 4+ 20 emu/cm’.
For the Co films grown on a MgO seed layer, the data
indicate a slightly thicker dead layer, tp = 0.5 £ 0.2 nm,
and slightly lower M, = 1270 & 30 emu/cm’. Finally, in
Fig. 4(d) we plot K&t vs 1€ as determined from ST-FMR
measurement of the Pt/Co/MgO series (E) films and of the
MgO/Co/Pt series (F) films. The much higher value of the
interfacial anisotropy energy that we observed when the Co
is deposited on top of the Pt [series (E)], than in the opposite
case [series (F)], K+"/° = 1.70 & 0.07 erg/cm? vs K™ =
0.84 £ 0.10 erg/cm?, suggests a considerably different Pt/Co
interface in the two different series, consistent with previous
work [53].

Since the HR measurements are mainly suitable for devices
with PMA, to further examine the modifications that can occur
in interfacial spin transport due to changes in the details of
the Pt/FM interface in the thicker FM regime (fpv = 1 nm),
we carried out ST-FMR measurements on micrometer-sized
barlike structures patterned out of series (C) and (D) IPM
CoFe/Pt samples, and series (E) and series (F) IPM Pt/Co
samples. In the former case we studied samples with and
without annealing at 350 °C.

In our research group’s first paper on ST-FMR using
samples with thick (=4 nm) Py layers [7], we utilized a
so-called self-calibrated analysis in which we assumed that
the only contribution to &r. comes from the current-induced
Oersted field. In this case the amplitude of the antisymmetric
component (A) ST-FMR resonance can be used to calibrate
the current density in the NM, and &pp. can then be related
in a simple way to the ratio S/A, where S is the amplitude
of the symmetric component of the resonance. However, it
is now understood that in some HM/FM samples there can
exist a significant spin-orbit-induced fieldlike torque g, in
addition to the Oersted-field 7o, so that this self-calibrated
analysis fails, giving a false impression that the antidamping
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spin-torque efficiency depends strongly on the FM layer
thickness [15,54]. One way to correct the analysis is through
a separate calibration of the microwave current in the sample
using a network analyzer [55]. Here we introduce an even
simpler approach: measuring the dependence of the ST-FMR
amplitude ratio S/A on the FM layer thickness and using an
analysis which takes into account explicitly the possibility
of a spin-orbit-generated contribution to &g (in addition to
the Oersted field). Specifically, we analyze the quantity &gy,
defined from the ST-FMR §/ A ratio as

S (e
EPMR = Z(ﬁ)‘lnMst]S{\f[dNM\/ 1+ @rMes/Ho). (7)

The relative amplitudes of the symmetric and antisymmetric
components of the ST-FMR resonance can be related to the
underlying spin-orbit and Oersted-field torques according to
(modified from Liu et al. [7])

§_ h &Ly
2e 4 Mt

®)

and

A = (Hr + Hoe)V/T + (47 Mgt/ Ho)
h Jt J%d,
= st | Je ZNM>\/1+(4nMeff/Ho). ©)

B <2e 4 Mty

Here tliilf\f[, dams, 4t Mege, Hy, Jeff, Hr o 151, and Hpe X Toe
represent the effective thickness of FM layer, the thickness
of NM layer, the effective demagnetization field of the FM
layer, the ferromagnetic resonance field, the rf charge current
density in the NM layer, the rf effective field (from the rf
current-induced fieldlike torque 7gr ), and the rf Oersted field,
respectively. Hy is the magnitude of the external magnetic
field applied in-plane. For samples with g <70, (i.€., H <
Hoe), £pvr should be independent of tgﬁ and one will have
Epvr = &pL. However, when tg is significant compared to
Toe, then &mvr will depend on £ (since Hr oc &p /1l
while Ho. is independent of tlif{\f[), and &pvr Will then differ
from &pp. In general, this thickness dependence should be
most significant for thin ferromagnetic layers, <2—3nm.
Rearranging Eqgs. (7)-(9) we expect

L_L<1+h&—l‘>_ (10)

MR &DL e 4 Mtehdam

Under the assumption that the values of £p. and &g, do not
depend strongly on tg,, for FM layers thicker than 1 nm (which
provides good fits in most, but not all cases), &p;. and &r can
then be determined by comparing the measured dependence
of EpMRr ON gy to Eq (10).

For our as-deposited CoFe/Pt bilayers (C), this ST-FMR
analysis yields &pvr =& 0.10 with no significant #c.pe depen-
dency for 1 < fcope < 7 nm [Fig. 5(a)], indicating that g, is
negligible in these as-deposited samples. On the other hand,
Epmr Of the annealed TPM Pt/CoFe bilayers (D) exhibits
a sign change at fcopre & 1.5 nm (associated with a sign
change in the antisymmetric component of the ST-FMR
signal), consistent with the presence of both a fieldlike
spin-orbit torque and an Oersted torque with opposite signs
and changing relative magnitudes. Performing a linear fit to
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FIG. 5. (Color online) (a) The ST-FMR apparent spin torque
efficiency &pvr of Pt from IPM CoFe/Pt series (C) and (D) samples
as a function of CoFe thickness. The blue and red dashed lines serve
as guides to the eye for the as-deposited and annealed CoFe/Pt data,
respectively. (b) The inverse of the ST-FMR apparent spin torque
efficiency 1/&mur as a function of the inverse of the effective CoFe
layer thickness 1/, for the series (C) and (D) samples, with linear
fits. (c) Epmr Of Pt from IPM Ta/Pt/Co/MgO series (E) samples and
MgO/Co/Ptseries (F) samples as a function of Co thickness. The blue
and red dashed lines serve as guides to the eye for the MgO/Co/Pt
and Ta/Pt/Co/MgO data, respectively. (d) The inverse of the ST-FMR
apparent spin torque efficiency 1/&gur, for the Ta/Pt/Co/MgO series

(E) samples as a function of 1/&T. The solid line represents a linear fit.

1/&pmr vs 1/ téf)fFe, where téf)fFe represents an effective thickness

of CoFe layer excluding the thickness of the magnetic
dead layer, and using Eq. (10) we find Egidepomd =0.10%
0.005 and £5P*" = _0.004 4+ 0.002, while &gmeled —
0.077 £ 0.005 and g3 = —0.011 = 0.003. The substan-
tial changes in &p;, and &g with annealing demonstrate the
sensitivity of the interfacial spin transport to the details of
the composition and processing of the NM/FM interface. As
discussed below this may be related to the formation of a SML
layer upon annealing.

In Fig. 5(c) we plot &pmr as determined from ST-FMR
for the series (E) Pt/Co/MgO samples as a function of #c,,
and also for the “inverted” series (F) MgO/Co/Pt samples.
The thicker samples of series (E) show &pyr & 0.1, similar to
the as-deposited CoFe/Pt [series (C)] result while the tc, =
2 and 3 nm samples in series (E) have an even higher &pyr ~
0.18. This could be indicating the presence of a significant
fieldlike torque for the two thinner Co layers, or possibly there
is some interfacial structure change in the thin film limit that
results in an enhanced &pp, but more work will be required
to confirm that. The series (F) samples exhibit a épyr with a
substantial variation at small 7c, that is characteristic of the
presence of a strong fieldlike torque. A linear fit to a plot of
1/&pvr against 1/ tgtot for the thinner samples from this series

[see Fig. 5(d)] indicates that &5/ “/™€° = 0.064 + 0.005 and
gn/CMEO — 0,029 4+ 0.001.

Inspection of Fig. 5(d) reveals that for the Pt/Co/MgO
series (E) samples the antidamping spin-torque efficiency
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appears to decrease once fc, > Snm. We do not have a
satisfactory explanation for this behavior but we do note that
x-ray diffraction [34] indicates that the crystalline orientation
of the Co transitions from a (111) normal orientation for the
thinner layers, the same as that of the Pt layer, to having
a significant component with the (110) orientation once the
Co thickness exceeds 5 nm. Perhaps the change in crystal
orientation is a cause for a reduction in &y, in the thick
limit. For our MgO/Co/Pt series (F) films the x-ray spectra
predominately exhibit the (111) peak at ~40°, with this peak
being much broader than for the series (E) films. This may be
indicative of thickness dependent strain in the textured films
grown on MgO in comparison to the Co films grown on Pt.
In the series (F) film there is only a weak signal indicative of
some small (110) Co grains, and only in the thicker samples.

IV. MAGNETIC DAMPING AND SPIN-PUMPING
ANALYSIS

The harmonic response behavior of the PM samples and
ST-FMR results from the IPM samples demonstrate that
the antidamping spin torque efficiency of Pt/FM systems is
variable, but it can be rather high in some cases, &p;. > 0.10,
consistent with other recent reports [5,23,26,27]. This raises
the question as to what is the internal spin Hall ratio of
sputter-deposited Pt thin films and, if high, as to whether the
spin transparency of Pt/FM interfaces can be enhanced to take
greater advantage of this for spin torque applications. We can
attempt to examine the question by determining the effective
spin-mixing conductance and hence the spin transparency for
the different the IPM Pt/FM samples by analyzing the effective
magnetic damping constant «, as calculated from the variation
of the linewidth of the ST-FMR signals as a function of applied
field [7]. As is the case for the ST-FMR determination of the
spin torque efficiencies, the damping results are also rather
variable between the different IPM series.

In Fig. 6(a) we show o for both the as-deposited and
annealed CoFe/Pt, series (C) and series (D) samples. In both
cases « increases with decreasing fcope, but the increase is
much more pronounced for the annealed samples, with the
thinnest annealed CoFe sample having a damping constant
about five times larger than its as-deposited counterpart.
According to the theory of spin pumping, the enhancement
of o with the placement of a NM next to FM layer can, in
the absence of significant SML, be related to the effective
spin-mixing conductance [56,57]

4 Mgrelt 4y Mgr&lt
sl = —p e —a) = — A D)
where ¢!t = Ggf#(h/ez) and M;, &, ap, and y = 1.76 x
10" s~ T~! represent the saturation magnetization, the ef-
fective thickness, the intrinsic damping constant, and the
gyromagnetic ratio of the FM layer, respectively. (We note
that the assumption of the free electron value for y introduces
some error, <5%, into the results of the analysis here, but
this does not have a significant impact on the conclusions
presented below.) By plotting « against 1/ téf,fFe, as shown
in Fig. 6(b), and performing linear fits based on Eq. (11),

we obtain gl o = (9.8 £0.2) x 10 m™2 and o =
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FIG. 6. (Color online) (a) and (b) The damping constant « of
CoFe from the as-deposited CoFe/Pt series (C) samples (blue
squares) and annealed CoFe/Pt series (D) samples (red circles) as
a function of (a) CoFe thickness and (b) the inverse of the effective
CoFe thickness 1/¢&T. . The solid lines represent linear fits. (c) and
(d) The damping constant o of Co from the Ta/Pt/Co/MgO series
(E) samples (red circles) and from the MgO,/Co/Pt series (F) samples
(blue squares) as a function of (c) Co thickness and (d) the inverse of
the effective Co thickness 1/¢&. The solid lines represent linear fits
to the data in the thick Co regime (&% > 3 nm).

0.009 £ 0.001 for our as-deposited CoFe/Pt series (C). This
value of g;c% is at the low end of the range of values
reported previously for Pt/Co interfaces [58,59]. In the limit
of ReG™ > ImG", the bare spin-mixing conductance G ¥
can be further calculated from ggf% by taking the spin back flow

at the NM/FM interface into account, with [57]
(), T
% (%)geﬁ' Ggf%

2?; - (eh_?)ge% coth (%) C1- 2G2ff“/GPt‘

GW = (12)

Using dp; = 4nm, Agp &~ L4nm [3], and the mea-
sured Pt conductivity op, = 3.2 x 10° Q' m~!, we find that
Gh (0.57 £0.02) x 10" Q' m~2. This result for

thze]:S gf)%(;;lﬁixing conductance is comparable to the result of a
model calculation G™ = 0.59 x 10" Q~! m~2 for the Co/Pt
interface [13] and a first-principals calculation of the Sharvin
conductance of Pt Gg, = 0.68 x 10" Q' m~2 [60,61]. We
can then estimate the internal spin Hall angle of Pt 65 with
Eq. (1) by using this Gl o cq and the measured gl deposited
(since |&épr| > |&pL| in the as-deposited case this implies
that for these samples we indeed have ReG™ > ImG™).
This yields Hé’ﬁ = 0.33 £ 0.05, which is larger than but still
comparable to the estimation from previous Pt/Py results. We
note that the estimated thickness of the magnetic dead layer 7
will affect the estimation of 6g}; to some degree. For instance,
without the consideration of 7 in our as-deposited CoFe films
the same analysis will yield 9&1 = 0.21 £ 0.04.

The situation is quite different for the annealed CoFe/Pt
series (C) samples. As also shown in Fig. 6(b), while in the limit
of a very thick CoFe layer the annealed films have essentially
the same intrinsic damping oy =~ 0.009, the variation of
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damping with 1/¢&T. is much stronger in the annealed case. A

linear fit to the data indicates ggf% annealed ¥ 5.1 X 10" m~2 (or

Gl ~1.98 x 10" Q' m~2), about five times the value as for
the as-deposited case. If we attempt to apply Eq. (12) together
with this value of ggf% annealed» the Tesult is what appears to be
an unphysical value for G'¥. This is because Gl > Gp(/2
for op, = 3.2 x 10° Q' m~! with Aspt = 1.4 nm and thus
G™ < 0. If we assume a quite high electrical conductivity
op ~ 5.6 x 10° Q7' m~!, in combination with a short spin
diffusion length ~1.4 nm, that could result in Ggf% < Gp/2
and hence a positive G'+. However since one musthave G4 >
Ggf% in all cases for a drift diffusion analysis, this requires
that G™ > 1.98 x 10'> Q! m~2. This is considerably greater
than expected from calculations [60,61] and thus is, we
conclude, essentially as unphysical as a negative value.

The two IPM sets of Co samples, Pt/Co/MgO series (E)
and MgO/Co/Pt series (F), also exhibit enhanced damping
nominally indicative of a quite high geTf%, as shown in Fig. 6(c).
In both cases a plot of o as a function of 1/¢&T can be
reasonably well fit by a straight line for the thicker samples,
& > 3 nm [Fig. 6(d)], yielding g/ ~ 5.1 x 10" m™2 for
the series (E) samples and gl ~ 5.3 x 10'° m~2 for series
(F). These are again about five times the value as for the
as-deposited series (C) samples. For & < 3 nm both series
show an even more rapid increase in damping with 1/ tgf)f Such
enhanced damping in very thin Co layers has been reported
previously [62]. We note that the increase is greater for the
Pt/Co/MgO series (E), which is the one of the two series
that has the stronger interfacial anisotropy energy density [see
Fig. 4(d)] so this increase may be associated with that interface
effect, or perhaps simply be a consequence of the reduced
anisotropy. Finally, we note that two recent studies of Pt/Co
bilayer samples have also reported high spin-mixing conduc-
tances ggf% ~ 8 x 10" m2 [17] and ggf% ~ 3.96 x 10" m~2
[26]. Again these values of g;ﬁ for our Pt/Co samples and
those of the other works cited here, indicate either a negative or
atbest a very large positive bare spin-mixing conductance G1V.

Our conclusion is that the large values for g;ﬁ (and hence
either very high or negative apparent values for G'V) extracted
from the thickness dependent damping measurements for the
Pt/Co series (E) and (F), and for the annealed CoFe /Pt series
(D), are the result of some mechanism other than spin pumping
into Pt through an abrupt, reasonably well ordered Pt/FM
interface. One possibility we have considered is whether there
is a significant SML at the interface of these Pt/FM bilayers
that greatly enhances the effective spin conductance G_,. The
presence of a SML layer, or at least interfacial disorder, in the
annealed CoFe case seems consistent with the fact that the av-
erage resistivity of both the CoFe and Pt layers, as determined
from conductance measurements of the bilayer films made as a
function of 7 g, increases upon annealing [34]. The resistivity

of the 4 nm Pt layer changes from pp " = 31.3 u Qcm to
pamealed — 32 8 1 Q cm, while the resistivity of CoFe changes

more substantially from péso_lfzown =40.7 n Qcmto pg‘(‘)'l‘%alcd =

48.2 pu 2 cm which suggests increased disorder in the CoFe or
some diffusion of Pt into the CoFe near the interface. However,
if we assume that 951[-1 ~ 0.3, as indicated by the ST-FMR
results from the as-deposited CoFe samples, and use the result
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from the annealed CoFe samples that &31%ed = (0.077, then
we find that the trilayer model that yields Egs. (3)—(5) can
only provide a self-consistent solution if the spin mixing
conductance for the CoFe/I interface is at least approximately
ten times the Sharvin conductance of Pt [34], which again
is unphysical. We conclude that the enhanced damping in
this case cannot be due solely to spin pumping into and
through a disordered interfacial layer between the CoFe and
the Pt. A second alternative to consider is whether there is
also strong spin scattering at the CoFe/SiO, interface of the
annealed series (D) samples, perhaps associated in part with the
enhancement of the dead layer thickness (from 0.3 to 0.7 nm)
that is observed in those samples. In this case there still must be
some enhanced spin scattering SML at the CoFe /Pt interface
to account for the spin current attenuation there leading to the

reduced spin torque efficiency ég‘f‘e“led = 0.077 in comparison

to the as-deposited result ’g‘ﬁideposned = 0.10. If we assume

Eq. (5) is applicable to this situation and that G; & Gyp, then a
SML parameter §~1.9 can account for the reduced spin torque
efficiency for the annealed CoFe/Pt series (D) case.

Turning to the series (F) MgO/Co/Pt samples that have
an ST-FMR response that indicates a constant £€p;, & 0.1 over
a Co thickness of 4 to 9 nm, we consider whether the high
value of gl ~ 5.3 x 10! m~2 obtained from the damping
measurements could be due to SML at the Co/Pt interface
or to the t; = 0.5 0.2 dead layer that may be located in
whole or in part at the MgO/Co interface. If we employ
the SML parameters obtained from a recent low temperature
giant magnetoresistance study of Pt/Co multilayers, § =
0.9 and G; ~ 1.2 x 10" @' m~2 [36], with our measured
value ggf# ~ 5.3 x 10" m~2, we obtain from Eq. (5b) sy ~
1.1 &ép. to 1.6 &pr, depending on the assumed conductivity
of the Pt (op ~ 3.2 x 10° to 5.5 x 10° Q' m~!). However,
this value for Gy together with the measured ggf% once again
requires [Eq. (5)] the unphysical result that the spin-mixing
conductance for this system be negative. If alternatively we
conclude that the damping measurement here is not an accurate
determination of ggf% and assume instead that the spin mixing
conductance of the Co/Pt interface is approximately the same
as we determined for the as-deposited CoFe/Pt interface,
Glreasdeposica = 057 x 101 @~ m~2, then with these SML
parameters and the measured &ép;, ~ 0.1 Eq. (5) predicts that
05 ~ 0.73, a very high value which is not consistent with the
as-deposited CoFe/Pt or previously reported Py/Pt results.
We conclude (a) that any SML at our Co/Pt interfaces is
considerably less than that specified by the value § = 0.9 found
in the previous low temperature magnetoresistance study [36],
and in addition, (b) that the determination of ggff from the FMR
damping measurements is not always reliable. Our tentative
explanation for the latter finding is that there must often
be additional magnetic damping associated with one of or
both of the FM interfaces in the Pt/FM samples, over and
above the mechanism of spin pumping into the Pt. This extra
magnetic damping might be generated at the surface of the FM
opposite to the Pt layer or might be due to intermixing of Pt
impurities within the magnetic layer near the FM /Pt interface.
We do observe a correlation between the existence of enhanced
damping and the presence of a magnetic dead layer in these
samples (see Table I); in particular the interfacial damping
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is greatly reduced in the as-deposited series (C) samples in
which the apparent dead layer is smallest. The dead layer in
the series (E) and (F) samples perhaps arises from some limited
oxidation of the Co [41] facing the MgO, or some intermixing
with the oxide during sputtering.

V. SUMMARY AND CONCLUSIONS

We have shown that there can be substantial variation in
the efficiencies &pr, and &pp of a current flowing in a Pt
layer for exerting spin-orbit-induced torques on an adjacent
FM layer via the spin Hall effect. For PM Pt/Co/MgO and
Pt/CoFe/MgO (annealed) samples there is strong dependence
on the FM thickness, with the results differing between the
as-deposited Co samples and the annealed CoFe samples
(in the latter case annealing was necessary to obtain PM).
For our PM Pt/Co/MgO series (A) samples the highest
&pL &~ 0.12 is obtained in the thicker, ~1nm, limit. For our
annealed Pt/CoFe/MgO series (B) samples &pp (and &pp)
drops substantially with increasing thickness, possibly due
to increasing spin memory loss at an increasingly disordered
Pt/CoFe interface.

For the in-plane-magnetized samples the efficiencies of
the spin-orbit torques vary substantially as a function of heat
treatment (CoFe /Pt samples), and as a function of base layer
and deposition order (Pt/Co samples). For the as-deposited
CoFe/Pt series (C) samples we have “well-behaved” ST-

FMR results indicating Egidepomd ~ (0.10 and only a quite

small é;idepomd ~ —0.004. Annealing the CoFe /Pt samples
reduces &, and increases &, . For the Pt/Co series of IPM
samples the ST-FMR behavior differs when the Co layer
is deposited on Pt [series (E)] and MgO [series (F)]. The
latter MgO/Co/Pt series (F) samples exhibit &épp, > 0.10, with
the highest values being in the samples with the thinner Co
and a very small & . In contrast, the Pt/Co/MgO series (E)
samples exhibit a reduced &pp. & 0.065 and a stronger fieldlike
torque component, together with magnetic anisotropy behavior
indicative of a strong interfacial magnetic energy density.
The spin torque measurements reported here set a lower
bound on 95{_[, the internal spin Hall angle of Pt with
highest values &p;, =~ 0.10—0.12 being obtained from the PM
Pt/Co/MgO series (A) samples and the as-deposited CoFe /Pt
series (C) samples. However, to relate these measured spin
torque efficiencies to the actual internal spin Hall ratio of the
Pt requires a quantification of the spin transparency of the
interface. To obtain that we utilized in-plane-magnetized sam-
ples and attempted to determine the spin mixing conductance
of the interface from spin pumping measurements. For the as-
deposited CoFe /Pt samples we measured a low effective spin-
mixing conductance ggff’as_deposited =9.8 x 10" m~2, which s
in reasonable accord with that calculated from first principles
for Pt interfaces. If we assume no SML loss in the as-deposited
CoFe/Pt case and a spin conductance for the Pt as calculated
assuming the average conductivity of our Pt layer and A, p; ~
1.4 nm, we obtain 65; ~ 0.33. Of course any SML would only
increase the amplitude of the true internal spin Hall angle.
When we use spin pumping measurements to determine
the effective spin mixing conductance of the annealed CoFe /Pt
samples, series (D), and the two types of Co/Pt samples, series
(E) and series (F), the values we obtain, ggfﬁ >3 x 10" m~2,
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appear to be unphysical in that they require that either the
spin mixing conductance of the interface be much more than
the calculated Sharvin conductance of Pt or, alternatively, that
there is a strong spin memory loss at the interface. However,
this latter alternative, in combination with the measured value
of the spin torque efficiency, e.g., &pr. &~ 0.1 for the series (F)
Co/Pt samples, requires that the spin Hall ratio of Pt > 0.3.
This is not consistent with the as-deposited CoFe/Pt result.
This suggests an alternative source of surface (interface)
enhanced damping, leading to an overestimate of the true g;ﬁ.
Possible sources of this extra interfacial damping are mixing
of Pt into the FM, and also some of the magnetic dead layer
being on the opposite, oxide, surface of the FM. In support of
this latter possibility we note that the samples with the high
apparent ggff also exhibit arelatively thick magnetic dead layer.

Finally, we note that our conclusion that 65, ~ 0.3 is quite
different from a recent determination of the internal spin Hall
angle of Pt based on an inverse spin Hall effect experiment
951‘{ = 0.056 [17]. We do not have a good explanation for this
strong disagreement but we do see that in Ref. [17] the reported
effective spin-mixing conductance for the Co/Pt interface is
ggffas_deposned =8 x 10" m2, much higher than the value we
obtain for the as-deposited CoFe/Pt samples that have the
cleanest ST-FMR results, and an overestimation of the spin
mixing conductance would lead to an underestimation of 65
in an inverse spin Hall effect experiment.

Whatever the final resolution of the origin of these different
experimental results, the demonstration here that the spin
torque efficiency of both PM and IPM Pt/FM bilayers can,
in some instances, be &p;, & 0.10—0.12 is quite promising for
applications utilizing the SHE to generate spin torque. This
work further demonstrates that the structure and quality of the
NM/FM interface can play a critical role in determining the
spin torque efficiency. Finally, our results, taken in total with
other recent results [20-25], indicate that, depending on the
exact spin conductance of the Pt film, the “internal” spin Hall
angle of Pt could be as high as Ggf_l ~ 0.30 or even greater.
This suggests that more effective and more energy-efficient
spintronic devices might be realized by careful Pt/FM interfa-
cial engineering, perhaps surpassing the overall performance
of much more resistive spin Hall metals having large values
of Osy (for instance B-Ta [8,63] and B-W [9,10,64,65]). Of
course this then raises the interesting question as to whether
the internal spin Hall angle of those latter two materials may
also be higher than their measured spin torque efficiencies,
or 05 Further research may indeed prove this to be the case.
However, we note that since the spin conductances of 8-Ta and
B-W both appear to be much lower than that of Pt, as indicated
by their low ggff that is estimated from ST-FMR experiments
with these metals, the spin transparency of either a 8-Ta/FM
[8] and B-W/FM [66] interface is likely to be closer to unity
than that of a Pt/FM interface, and hence the measured 655
closer to the true internal value.
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