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Angular momentum transfer torques in spin valves with perpendicular magnetization
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Spin valves incorporating perpendicularly magnetized materials are promising structures for memory elements
and high-frequency generators. We report the angular dependence of the spin-transfer torque in spin valves with
perpendicular equilibrium magnetization computed by first-principles circuit theory and compare results with
experiments by Rippard et al. [Phys. Rev. B 81, 014426 (2010)] on the CoFe|Cu|CoNi system. Furthermore, we
predict a nonmonotonous (wavy) spin-transfer torque when the Cu spacer is replaced by a Ru layer.
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I. INTRODUCTION

A current can be used to read out the information in
magnetic-memory devices by the giant magnetoresistance.
Magnetic random access memory technology has become
scalable by writing information using the current-induced
spin-transfer torques (STTs).!™ The critical electric current
density j. necessary to switch a magnetic layer in a spin-valve
structure is an all-important figure of merit in this case. The in-
troduction of materials with perpendicular magnetocrystalline
anisotropies that force the equilibrium magnetization out of
the plane,’ has helped to reduce j..%®

Co|Ni multilayers are an interesting system with perpen-
dicular anisotropy,®”!? with a higher polarization and less
spin-flip scattering than, for example, a CoPt alloy.!! Rippard
et al.'? studied current-induced high-frequency generation in
structures with a perpendicularly polarized (Co|Ni), mul-
tilayer serving as the switchable magnet and an in-plane
magnetized Co layer as a polarizer. The output power of
such a device depends sensitively on the asymmetry of the
angular-dependent STT when the magnetization of the free
layer is reversed.">!3 By generating an rf output by a dc
current in a spin valve in which the free layer is magnetized
normal to the polarizing layer, Rippard et al. parametrized
the skewness of the torque as a function of the magnetization
angle.'? Koyama et al.'* measured high-speed current-induced
domain-wall velocities (40 m/s) in magnetic perpendicular
Co|Ni multilayers with a current-in-plane configuration. An-
other interesting materials system is Co|Ru,'>!'® which also
displays perpendicular magnetic anisotropy.'”

Semiclassical theories'®!” that combine a quantum treat-
ment of the interface scattering and diffusion treatment of
bulk scattering, in general, explain experiments on magnetic
metallic multilayers well.> Here, we report calculations of
the STTs of spin valves containing perpendicularly oriented
ferromagnetic (F) materials based on magnetoelectronics
circuit theory using interface transport parameters computed
by first principles. The spin-orbit coupling is the origin
of the magnetic crystalline anisotropy and perpendicular
magnetization. However, the experimental spin-dependent
interface resistances for not too heavy elements can be
reproduced by parameter-free calculations without taking the
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t,20 which will, therefore, be

spin-orbit interaction into accoun
disregarded in the following.

Here, we study the angular-dependent STT in Co;Ni,-
based (the subscripts refer to the number of atomic lay-
ers) spin valves by circuit theory in combination with
first-principles calculations. First, we present results for
Co|Cu|(CoNi,),Co;|Cu(111) structures, where the sub-
scripts 1 and x again indicate the number of atomic
layers, while y is the number of stacks and compare
them with experiments.'”> Next, we report large and wavy
angular-dependent STTs for Co|Ru|(Co;Ni;),Co;|Ru(111)
spin valves, which therefore, might be very efficient high-
frequency generators.

In Sec. II, we introduce our method to calculate the STTs
in spin valves in terms of the spin-mixing conductances
of the interfaces computed from first principles, including
corrections for the magnetically active bulk material and the
diffusive environment. In Sec. III, we present results for the
spin-mixing conductances for the two types of spin valves with
perpendicular magnetic anisotropy and compute the angular
dependence of STTs by magnetoelectronic circuit theory. We
summarize our results in Sec. I'V.

II. SPIN-MIXING CONDUCTANCE IN A DIFFUSIVE
ENVIRONMENT

The STT due to a current bias [ in F|normal
-metal|F (F|N|F) spin valves in which the magnetizations are
at an angle 6 can be computed analytically by circuit theory??!
and, assuming structural symmetry, can be parametrized as'3

RiIpP A sin @

O = 4e A cos2(0/2) + A~'sin2(6/2)’

ey

where the asymmetry parameter can be expressed in
terms of the parameters of the NI|F interface as A =
|iil/v/(1 — P1)Re i, where 7j = 2G4, /(G4 + G) is the nor-
malized effective spin-mixing conductance and P = (G —
G l)/(GT +G 1) is the conductance polarization. Here,
GT, G 1» and GT , are the spin-dependent and spin-mixing
conductances, respectively, where the tilde indicates that they
have been Schep corrected for a diffusive environment and
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FIG. 1. (Color online) Scheme of asymmetric F1|N|F2|N spin
valves with perpendicular magnetization F2 used in the calculations.

include the effects of the magnetically active contact regions
close to the interface. In deriving Eq. (1), spin flip in the normal
layer has been disregarded. When the spin-flip diffusion length
in the magnetic layers is much longer than the bulk layer
thickness,?

11 +1e2 prode) L1 1 @
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where o is the spin index, drny is the thickness of the F

or the N layer, p is the bulk resistivity (for a single spin),
and Ag is the pillar cross section. The G*"’s are Sharvin

conductances, Gy = I(e2/h)trt;tT, G, = (ez/h)trtiti, and
Gy = (ez/h)tr(l — rTTrl), where t () (r4(,)) are the matrices

3
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of the transmission (reflection) coefficients of the phase-
coherent region of the N|F contact as seen from the N and
at the Fermi energy. I is an M x M unit matrix, where M
is the number of conducting channels in N. The third term
on the right-hand side of the last two equations is the Schep
correction, while the second terms correct for the magnetically
active bulk regions. When the F layer is much thicker than
the spin-flip diffusion length /¥, the latter should replace d
in Eq. (2). With the spin-orbit interaction, we also ignore
intrinsic spin-flip scattering at the interfaces. The F layers are
assumed sufficiently thick such that the mixing transmission
contribution may be disregarded.”> Note that Eq. (1) only
holds for structurally symmetric spin valves. In the following,
we use the general expression in which the left and right
interface parameters differ, as shown in Fig. 1 but do not list
the expressions explicitly here (see Refs. 21,23-25).

In our calculations, the atomic potentials were determined
in the framework of the tight-binding (TB) linear muffin-tin-
orbital (MTO) method?® based on density functional theory in
the local-density approximation and an exchange-correlation
potential parametrized by von Barth and Hedin.?” The self-
consistent crystal potentials were used as an input to a
TB-MTO wave-function-matching calculation, from which we
obtained the transmission and reflection at the interfaces. The
calculations are carried out with a k; mesh density equivalent
to more than 3600 k; mesh points in the two-dimensional
Brillouin zone corresponding to the interface unit cell. The
technical details can be found in Ref. 28. Table I compiles our
results for various interface conductances including the bulk
corrections due to magnetically active regions.

TABLE 1. Parameters for clean (disordered) interfaces (in units of 105 Q~'m™?). X,, = (Co;Ni,),Coy; ¥, = (Co;Nis),; fcc Cu and Ru
have Sharvin conductances of G, = 0.55 x 10" @' m ™’ and G}/, s, = 0.98 x 10" ' m ™", respectively. Gteerr = 047 and Gy p) | =
1.09 x 10'5 ©~!'m” for majority and minority spins, respectively, in fcc Co. For hex Ru’s, Giahexy = 0-80 x 107 Q! m~~ and Co with a hex
Ru structure Gi{g(hcxm = 0.40, and Ggg(hcx)y , = 0.80 x 105 Q'm™> for majority and minority spins, respectively. A magnetically active bulk
region correction is implemented for the normalized spin polarization P and relative mixing conductance 7j. For the Cu|Co interface, we use

dco = 5 nm (Ref. 12) and bulk resistivity pc, = 60 £ nm with spin asymmetry 8 = 0.46, which results in pl, = 81 2nmand p¢, = 219 2nm
(Ref. 31). We use a spin diffusion length of [$? = 60 nm.

System G, G, Re Gy, ImGy, P il
Cu|X;|Cu 0.41(0.41) 0.35(0.19) 0.55(0.54) —0.02(-0.03) 0.25(0.69) 0.85(1.1)
Cu|X;3|Cu 0.41(0.41) 0.32(0.18) 0.56(0.54) —0.03(—0.03) 0.36(0.72) 0.96(1.1)
Cu|X4|Cu 0.41(0.41) 0.31(0.16) 0.56(0.54) —0.03(—0.03) 0.39(0.75) 0.98(1.2)
Cu|Xs|Cu 0.41(0.41) 0.30(0.15) 0.55(0.54) —0.03(-0.03) 0.42(0.77) 0.97(1.2)
Cu|Y>|Cu 0.39(0.40) 0.30(0.21) 0.40(0.54) —0.02(-0.03) 0.34(0.62) 0.62(1.2)
Cu|Y3|Cu 0.39(0.39) 0.26(0.19) 0.39(0.54) —0.02(-0.03) 0.46(0.64) 0.66(1.3)
Cu|Y4|Cu 0.39(0.39) 0.24(0.17) 0.40(0.54) —0.01(-0.03) 0.52(0.69) 0.71(1.3)
Ru|Co 0.32(0.29) 0.58(0.53) 0.92(0.88) 0.001(0.02) —0.15(=0.17) 8.9(8.7)
Ru|X;,|Ru 0.25(0.25) 0.36(0.31) 1.03(0.94) —0.02(0.02) —0.26(—0.15) 4.8(4.6)
Ru| X3|Ru 0.25(0.25) 0.35(0.27) 1.03(0.94) —0.02(0.02) —0.24(-0.05) 495.1)
Ru|X4|Ru 0.25(0.25) 0.33(0.23) 1.03(0.94) —0.02(0.02) —0.19(0.06) 5.2(5.7)
Ru|X5|Ru 0.25(0.25) 0.31(0.22) 1.03(0.94) —0.02(0.02) —0.15(0.08) 5.5(5.8)
Ru|Xs|Ru 0.25(0.25) 0.32(0.20) 1.03(0.94) —0.02(0.02) —0.19(0.14) 5.2(6.2)
hex-Ru|Co 0.20(0.23) 0.53(0.32) 0.83(0.71) —0.01(0.01) —0.28(—0.19) 10(7.9)
Cu|Co* 0.42(0.42) 0.36(0.33) 0.41(0.55) 0.01(0.03) 0.51(0.54) 1.2(2.0)

4Reference 30.
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III. Co;Ni,|Cu AND Co;Ni;|Ru MULTILAYERS

We first focus on the Co|Ni multilayers, which we treat
as phase-coherent regions, i.e., we compute the scattering
matrix of the entire multilayers, which is then treated in
the circuit theory of conventional spin valves just like a
single interface. We present the spin-dependent and mixing
conductances of Cu|X,,|Cu with [X,, = (Co;Ni,),Co,]. Here,
the Cu leads on both sides are semi-infinite. X, denotes
n repetitions of the Co;Ni, multilayer unit. As in the
experiments,'? a Co atomic layer is added for better contact
with the Cu reservoirs. Since samples have been grown by
sputtering, we take interface disorder into account, which,
in general, is well modeled by a 2 monolayer 50%—50%
interfacial alloy (Co;Niy), — ([Cop.5Nig s]Ni[Cog.sNig 5]),.2
Spin-flip scattering at the Co|Ni interface will suppress any
benefits of an even larger number of Co|Ni interfaces.?’
Therefore, here, we present only calculations with n < 5. The
computed dimensionless mixing conductance 7j is also listed in
the table.

In the fcc crystal structure, Co and Ni have nearly identical
band structures for the majority spin, which results in very
transparent Co|Ni interfaces. The majority spin conductance,
therefore, stays nearly constant with increasing n. For minority
spin electrons, the scattering at the Co|Ni interface is much
stronger. Consequently, the minority spin conductance de-
creases rapidly with an increasing number of Co|Ni interfaces.

Figure 2 shows the angular-dependent STT exerted
on the right-hand side of F1|Cu|(Co;Niy)sCo;|Cu (F1 =
Co,CogoFe;() spin valves with intermixed interfaces calcu-

F1]Cu|(Co,Ni,).Co.|Cu
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E
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FIG. 2. (Color online) Comparison of computed and exper-
imental (Ref. 12) angular-dependent STTs in F1|Cu|(Co;Niy)s
Co;|Cu (F1 = Co,CogyFe,,) spin valves with 2 monolayer 50%—-50%
intermixed interfaces. For Co as a fixed lead, we vary the thickness
dco from 5 to 20 nm. When using CogoFeq as a fixed layer, we use
dcogyFe;, = 2.5 nm, resistivity pcogyre;, = 154 @ nm (Ref. 29), and
Co|Cu interface parameters. The dark area indicates the experimental
results parametrized by Slonczewski’s formula with A = 1.3 and
A =1.7. Calculations are carried out by circuit theory for an
asymmetric spin valve with first-principles interface parameters using
the Schep correction including the contribution from the magnetically
active region of the bulk F as described in the text.
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FIG. 3. (Color online) Angular-dependent STTs in Co|Cu
|(CoyNi,),Co;|Cu and Co|Cu|(CoyNi3),Co;|Cu spin valves with
dco = 5 nm.

lated by our first-principles circuit theory and compared with
the experimental result.'> For pure Co as a fixed lead, we vary
dco from 5 to 20 nm and find that the angular-dependent STT
falls into the experimental range'? estimated by Slonczewski’s
formula for symmetric spin valves with A = 1.3 and 1.7.
Experimentally, CoggFe; is used as a fixed layer. Its spin-flip
diffusion length is shorter than that of Co, but its resistivity is
also higher, so there is not much difference when compared
with a Co polarizer. We assume that the interface is not
affected. We plot the results of CoFe in Fig. 2 with dcg,Fe,, =
2.5nm (Refs. 31 and 32), and pcogre,, = 154 2nm and
is very similar to pure Co with dc, = 5 nm. The results
for Co|Cu|(CoiNi,),Co;|Cu from x =2 to 3 and y =2-5
are shown in Fig. 3. We observe large differences between
epitaxial and disordered samples but only weak dependences
on xand y. The results for epitaxial (disordered) samples fall
into the range of Slonczewski’s A = 1.05-1.15 (1.4-1.5).

The experimental results were parametrized by Eq. (1) for
a structurally symmetric spin valve, whereas, our results were
based on the theory for asymmetric structures.”’ We suggest
that, in future experiments, Slonczewski’s formula should be
replaced by a more accurate parametrization.

Another interesting material with perpendicular magnetic
anisotropy is Co|Ru. Experimentally, both hcp(0001) (Ref. 33)
and fcc(111) (Ref. 34) structures have been reported. Despite
the large lattice mismatch between Co and Ru, hcp Co|Ru
could be grown epitaxially, and the magnetic anisotropy
depends on the thickness of the Co layer.> However, the
metastable structure relaxes to a more stable one after
annealing.’> Co|Ru|Co with a metastable fcc(111) struc-
ture has also been reported.>® Here, we present systematic
calculations of the transport properties of Co|Ru pillars
with different structure and lattice constants as listed in
Table II.

For epitaxial samples, we show results for an fcc(111)
texture with lattice parameters for Ru, Co, and its average.
The lattice parameter along the growth direction is varied to
keep the atomic volume constant. Both spin polarization and
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TABLE II. Comparison of the calculated spin polarization P (we
use dc, = 5 nm) and specific interface resistances AR = A/G of
clean (disordered) Co|Ru for different lattice parameters from the
experiment.

System Lattice P AR (1075 Qm?)
fee(111) Ru —0.12(=0.05) 056 (0.83)
fec(111) Co —0.14 (—0.20) 0.67 (0.93)
fee(111) (Ru+Co)/2 —0.09 (—0.02) 0.60 (0.87)
fee(111) Matching®  —0.15 (=0.17)  0.75 (0.86)
hep(0001) Rub —0.55(=039)  0.78 (0.69)
hep(0001) Matching® —0.28 (—0.19) 0.93 (0.98)
Experiment** -0.2 0.5

aThe 14 x 14 Co matched to 13 x 13 Ru.?37
Cobalt’s atomic volume expanded to that of Ru.

specific resistance are close to the experimental values,** but
considering the large lattice distortion (7.3%—14%), this may
be accidental.

For the epitaxial hcp(0001) texture, our calculations yield
very high spin polarizations P = —39 to —55% for both clean
and dirty interfaces when Co adopts the Ru structure and
lattice constants as reported®® and small specific resistances
AR = A/G = 0.69-0.78 x 10~'> Q@ m?>. Here and below, P
and G have been Schep corrected with a magnetically
active layer thickness dc, = 5 nm. Note that the structure is
metastable, and under annealing, Co is expected to return to
its normal lattice parameter.

To simulate sputtering conditions, a 14 x 14 Co is matched
to a 13 x 13 Ru lateral supercell for both fcc(111) and
hep(0001), leading to a spin polarization of P = —15%
and a specific resistance of AR = 0.75 x 10~ Qm? for a
clean fcc(111) texture, and P = —28% and AR = 0.93 x
10713 Q@ m? for a clean hep(0001) texture. A 50%—50% inter-
face alloy has little effect on the fcc(111) texture but leads to a
reduced P = —19% for the hcp(0001) texture. The measured
spin polarization for the Co|Ru interface is P = —20% with
specific resistance AR = 0.5 x 10715 Q@ m? (Ref. 34).

In Table I, we observe that, in contrast to the Co|Cu inter-
face, Co|Ru has a negative spin polarization for both fcc(111)
and hep(0001) orientations. Interesting is the relatively large
dimensionless mixing conductance 7. The predicted very
large mixing conductance implies a large skewness of the
angular-dependent STT, which makes this material promising
for applications in high-frequency generators.

Figure 4 gives the angular dependent T7T/I in
Co|Ru|FM|Ru(111) spin valves. Here, disorder is modeled
again by 2 monolayers of a 50%—50% interface alloy (to rather
small effect), and Schep and magnetic bulk corrections have
been implemented. When fitted by Slonczewski’s formula,
the STT on the soft Co;Ni, multilayer in the strongly
asymmetric spin valve Co|Ru|(Co;Niy),Co;|Ru(111) shows
a large variation in skewness in terms of the parameter
A = 0.5-2.0. The maximum of the angular-dependent spin
torque is shifted gradually from a low angle to a high angle
when the thickness of Co;Ni, increases from two to six
periods. When Co serves as the free layer, the (modulus
of the) angular-dependent torkance shows two peaks and a
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FIG. 4. (Color online) Angular-dependent torkance 7/ on
the right-side F in disordered Ru-based spin valves with X, =
(Co;yNiy),Co;. The Co and Ru buffer layers are assumed to be much
thicker than the spin-diffusion lengths /S? and [R! so that the Schep
correction includes the bulk scattering for the latter length scales (see
Ref. 39). We disregard the bulk scattering in the Ru spacer, which
should be allowed for the small thickness of 8 monolayers (2.21 nm)
considered.

compensation point when the thickness of Co;Ni, increases
from three to five periods. This shape can be understood in
terms of the spin accumulation in the N spacer in the parallel
configuration,*” which is accompanied by a nonmonotonic
angular magnetoresistance. This behavior has been observed
in Py|Cu|Co and has been dubbed wavy torques.*!**?

IV. SUMMARY

We studied the angular-dependent STTs for materi-
als with magnetization normal to the interfaces by cir-
cuit theory in combination with first-principles calcula-
tions. An interesting angular-dependent STT is found in
the Co|Ru|(CoNi;),Co;|Ru(111) spin valve. Moreover, a
wavy angular-dependent STT acts on the Co layer in
Co|Ru|(Co;Ni,),Co;|Ru(111) structures. When CoNi is
the free layer, we expect very efficient high-frequency
generation.
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