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This study investigated theoretically the properties of the spin transfer torque acting on a ferromagnet in a fer-

romagnet-normal metal-antiferromagnet junction. Earlier work showed that the angular dependence of the

spin transfer torque can be a wavy-type if the junction satisfies a special symmetry. This paper reports a sim-

ple model analysis that allows a derivation of the wavy angular dependence without taking advantage of the

symmetry. This result suggests that the wavy angular dependence can appear even when the symmetry is bro-

ken. As an illustration, the angular dependence was calculated as a function of the degree of the compensation

at the normal metal-antiferromagnet interface. The implications of the result for the current-induced magneti-

zation precession are discussed.
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1. Introduction

The exchange of the spin angular momentum between

the conduction electrons and local magnetization gene-

rates the spin transfer torque (STT) [1-3]. The STT pro-

vides an efficient means of controlling magnetic states of

nanostructures and has potential applications toward

memory, logic and microwave devices [4-6]. The early

stage works [7-16] on the STT focused on the effect of

the STT on the F-N-F structure, where “F” and “N” stand

for a ferromagnet and normal metal, respectively. The

current-induced magnetization switching (CIMS) [11, 13]

and current-induced magnetization precession (CIMP)

[10, 12-15] have been demonstrated. Recent studies [17-

26] also addressed the effect of the STT in the F-I-F

magnetic tunneling junction (MTJ), where “I” stands for

an insulator. In particular, the MgO-based MTJ [19-26]

has received special attention owing to its high magneto-

resistance [27-30]. Again both the CIMS [21, 23, 26] and

CIMP [22] have been demonstrated. Various details of

STT physics are under active investigation [31-36] and a

range of extensions are being explored [37-40]. 

Although both the F-N-F and F-I-F structures share the

phenomena of the CIMS and the CIMP, the detailed pro-

perties differ considerably because depending on the struc-

tures, the STT has different current and angular depen-

dences. In the F-N-F structure, the STT T acting on the

free layer magnetization M is described [3] by the follow-

ing 

,  (1)

where P stands for the pinned layer magnetization, I
e
 is

the current flowing through the F-N-F structure, and θ is

the angle between M and P. Here gFNF(θ) is given approxi-

mately [3] by q/(A+Bcosθ), where q, A, B are constants.

On the other hand, in the F-I-F structure, the STT T

acting on the free layer magnetization M is described

[17, 18] as follows: 

, (2)

where, in contrast to Eq. (1), the so-called perpendicular

STT in the direction of M×P is also present and compar-

able in magnitude to the in-plane STT in the direction of

M×(M×P). Both gin-plane(θ) and gperp(θ) are believed to be

1 [17, 18, 20], whereas the voltage dependences fin-plane(V)

and fperp(V) of the in-plane and perpendicular STTs are

less clear. In particular, there is ongoing debate [19-21,

23-26] regarding the voltage dependence of the perpen-

dicular STT.

This study examined the STT in the F-N-AF structure

(Fig. 1), where AF stands for the antiferromagnet. It was

predicted theoretically [41, 42, 45-47] that the STT effects

also arise in magnetic nanostructures containing an AF

T=I
e
gFNF θ( )M M P×( )×

T=fin-plane V( )gin-plane θ( )M M P×( )× +fperp V( )ggerp θ( )M P×
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layer, and some effects have been indeed observed experi-

mentally [43, 44]. A theoretical study [46] reported that

when the magnetic configuration at the N-AF interface is

completely compensated and thus possesses a certain

special symmetry, the angular dependence of the STT

acting on the F layer is a wavy-type (Fig. 2). Based on

simple model analysis, the present study suggests that the

angular dependence of the STT in the F-N-AF structure

can still be a wavy-type for more general types of mag-

netic ordering at the N-AF interface, which does not

possess the special symmetry used in Ref. [46]. In this

sense, the present study generalizes Ref. [46]. Section 2

presents the theoretical analysis, which gives insights into

properties of the STT in the F-N-AF structure. Section 3

discusses the implications of the results. As discussed in

Sec. 3, the wavy STT may have considerable merit over

the conventional angular dependences in the F-N-F struc-

ture or the F-I-F structure because it allows the CIMP

without an external magnetic field. Section 4 concludes

this paper.

2. Angular Dependence of F-N-AF Structure

This section addresses the angular dependence of the

STT acting on the F layer in the F-N-AF structure. The F-

N-AF structure with a completely compensated AF layer

was first considered [Fig. 1(a)]. Reference [46] reported

that the STT T acting on the F layer in the F-N-AF struc-

ture can be given by Eq. (1) with P replaced by the Neel

vector N [Fig. 1(a)] and gFNF(θ) replaced by gFNAF(θ),

,  (3)

where θ is the angle between M and N, and 

gFNAF θ( ) =
g̃FNAF θ( )

sinθ
----------------------

g̃FNAF θ( )

Fig. 1. Schematic diagram of the F-N-AF structure. (a) The

AF layer is completely compensated in the sense that the vec-

tor sum of the magnetization at the N-AF interface is zero. (b)

The AF layer is partially compensated because the vector sum

of the magnetization at the N-AF interface is not zero. (c) A

model of the F-N-AF structure, where the AF layer is modeled

by ferromagnetic regions with alternating magnetizations P1

and P2.

Fig. 2. The angular dependence of the STT acting on the F layer in the F-N-AF structure. Each curve shows the dependence for dif-

ferent degrees of compensation in the AF layer. The weighting factor w1, which parameterizes the degree of compensation in the

AF layer, varies from 1.0 (top curve) to 0.0 (bottom curve) in steps of 0.1. Note that the graphs for w1=0.4, 0.5, 0.6 exhibit a sign

change. Therefore, in a certain range of w1 near the complete compensation point (w1=0.5), the dependence is of the wavy-type. For

simplicity, the graphs are provided for only one polarity of the current bias. The sign of the STT should be reversed when the cur-

rent bias direction is reversed. In this figure, the approximation [3] gFNF(θ)=q/(A+Bcosθ) is used with q=1, A=1, and B/A=0.4. The

horizontal axis represents θ1/π and the vertical axis represents f(θ1)≡ sinθ1[w1gFNF(θ1)−w2gFNF(π−θ1)].
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has the series expansion form,

. (4)

Here  is the expansion coefficient. A striking predic-

tion of Eq. (4) is that gFNAF(θ) vanishes at θ = π/2. This is

in contrast to the results obtained for the F-N-F or F-I-F

structures, where the STT vanishes only at two angles,

θ = 0 and π. Therefore, the magnitude of the STT in the

F-N-AF structure follows a wavy behavior in Fig. 2 with

sign reversal occurring at θ = π/2. Here the positive and

negative signs suggest that the direction of the STT is

parallel and anti-parallel to M×(M×N), respectively.

In Ref. [46], Eq. (4) was derived from the symmetry of

the completely compensated AF without a disorder; the

system remains invariant when the local magnetization in

the AF layer is reversed and subsequently translated later-

ally by half of the lattice constant l of the Neel ordering

[Fig. 1(a)]. Although the derivation is elegant, it does not

allow a generalization to a more generic AF, e.g. partially

compensated AF, because the symmetry does not exist in

general situations. An alternative method, which does not

take advantage of the symmetry, is needed to generalize

this result. For accurate and quantitative predictions of the

STT in the F-N-AF structure, extensive first principles

calculations are probably needed. This paper is confined

instead to a much simpler model analysis. Although this

analysis is not reliable on a quantitative level, it still

captures the qualitative behavior of the STT correctly. In

this simple analysis, a general AF layer [Fig. 1(b)] was

modeled as an alternating sequence of F regions with the

magnetization direction of each F region alternating in

sequence [Fig. 1(c)]. Let P1 and P2 (P2 = −P1) denote the

alternating magnetization directions of the F regions in

the AF layer. The core assumption of this simple analysis

was to assume that the total STT T can be expressed as

the sum of two contributions, one representing the STT

for the FNF structure with the pinned layer magnetization

P1 and the other representing the STT for the FNF struc-

ture with the pinned layer magnetization P2. Depending

on the degree of compensation in the AF layer, the

relative weighting of P1 and P2 will vary. For a general

AF layer, the weighting consideration leads to 

,  (5)

for the STT T acting on the F layer in the F-N-AF

structure. Here the weighting factors w1 and w2 (w1 + w2

= 1) parameterize the relative weightings of the P1- and

P2-magnetized areas at the N-AF interface. The angles θ1
and θ2 denote the angles between M and P1 and between

M and P2, respectively. Although Eq. (5) is not exact, it

still captures the essential qualitative properties. For

example, in the limiting case, w1 = 1, w2 = 0, the result

should reduce to that of the F-N-F structure, which is

indeed the case. In the limiting case, w1 = w2 = 1/2, Eq.

(5) should reproduce the result in Ref. [46] for the F-N-

AF structure with a completely compensated AF layer. To

confirm this, one utilizes the relations, P2 = −P1 and

θ2 = π−θ1, to obtain

. (6)

Note that  is the counterpart of

gFNAF(θ) in Eq. (3). It is trivial to verify that 

 satisfies the following three properties; (i)

 vanishes when θ2 = θ1 = π/2, (ii)

sinθ1  is an odd function of θ1, and

(iii) sinθ1  is a periodic function of

θ1 with the period π. Properties (ii) and (iii) can be

confirmed by utilizing the properties that gFNF(θ) is an

even function of θ and periodic with a period 2π. The

properties (ii) and (iii) guarantee that sinθ1 −

 can be expanded as a sum of sin2nθ1, just

like  in Eq. (4). This demonstrates that the

simple model captures the core properties of both the F-

N-F structure and F-N-AF structure with a completely

compensated AF layer.

For a general AF layer, the degree of the compensation

varies, suggesting that w1 can vary from 0 (complete

uncompensation) to 1 (also complete uncompensation)

through 1/2 (complete compensation). Figure 2 shows the

magnitude of T as a function of the angle θ1 for selected

values of w1. Again the positive and negative signs sug-

gest that T is parallel and antiparallel to M×(M×P1). Note

that in a finite range of w1 near 1/2, the angular depen-

dence exhibits sign reversal and the angular dependence

becomes a wavy-type. Compared to Ref. [46], where the

wavy angular dependence is derived from the special

symmetry that exists only at the complete compensation

point (w1=1/2), this simple model analysis shows that the

wavy angular dependence can be obtained without using

the symmetry. This suggests that the wavy angular

dependence should be robust with respect to various types

of irregularities, such as atomic disorders in the N-AF

interface, magnetic disorders within the AF layer provid-

ed they are not too strong. This is the main result of this

paper.

3. Discussion

The property of the CIMP depends critically on the

angular dependence of the STT. One of the most impor-

g̃FNAF θ( )=  
n 1=

∞

∑ g̃
n
sin 2nθ( )

g̃
n

T=w1IegFNF θ1( )M M P1×( )× +w2IegFNF θ2( )M M P2×( )×

T=I
e

gFNF θ1( ) gFNF π−θ1( )–

2
------------------------------------------------------M M P1×( )×

gFNF θ1( ) gFNF π−θ1( )–[ ]/2

[gFNF θ1( )

gFNF π−θ1( )– ]/2

gFNF θ1( ) gFNF π−θ1( )–[ ]/2

gFNF θ1( ) gFNF π−θ1( )–[ ]/2

gFNF θ1( ) gFNF π−θ1( )–[ ]/2

[gFNF θ1( )

gFNF π−θ1( )]/2

g̃FNAF θ( )
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tant technical goals in view of microwave generation

from magnetic nanostructures is to achieve a CIMP

without an external magnetic field. This is believed to be

difficult for conventional F-N-F and F-I-F structures. One

exceptional case is the reference [48], where the CIMP

without an external magnetic field is realized in the F-N-F

structure. This experimental result was attributed to the

waviness of the STT. Reference [49] argued that the

angular dependence of the STT in a strongly asymmetric

F-N-F structure can become wavy due to the strong

asymmetric spin accumulation pattern in such a structure.

The F-N-F structure used in Ref. [48] indeed possesses

strong asymmetry. Owing to its impact on the application

potential, microwave oscillation generation without an ex-

ternal magnetic field has been pursued [50-54] in various

ways. In this respect, the F-N-AF structure examined in

this paper provides an alternative way to realize the wavy

STT. The presence of an alternative method to realize the

wavy STT enhances the engineering degrees of freedom

in view of device applications.

4. Conclusion

The STT in the F-N-AF structure was examined. The

STT in this structure can have a wavy angular dependence

and the degree of the waviness depends on the degree of

the compensation in the AF layer. The wavy angular depen-

dence of the STT allows the current-induced magnetization

precession even in the absence of an external magnetic

field. Therefore, this result might be useful for the device

designs of microwave generator based on magnetic nano-

structures. Experimental efforts to test the predicted wavy

STT will be needed. A quantitative comparison between

the experimental results and the simplified model in this

paper may have impact on possible device applications.

Furthermore, it may reveal limitations of the simplified

model used in this paper and suggest future directions

towards more reliable quantitative theories of the STT in

the F-N-AF structure.
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