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We have observed 90� magnetic coupling in a NiFe/FeMn/biased NiFe multilayer system using

polarized neutron reflectometry. Magnetometry results show magnetic switching for both the

biased and free NiFe layers, the latter of which reverses at low applied fields. As these

measurements are only capable of providing information about the total magnetization within a

sample, polarized neutron reflectometry was used to investigate the reversal behavior of the NiFe

layers individually. Both the non-spin-flip and spin-flip neutron reflectometry signals were tracked

around the free NiFe layer hysteresis loop and were used to detail the evolution of the magnetiza-

tion during reversal. At low magnetic fields near the free NiFe coercive field, a large spin-flip signal

was observed, indicating magnetization aligned perpendicular to both the applied field and pinned

layer. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890355]

I. INTRODUCTION

Since the advent of giant magnetoresistance based mag-

netic memory devices, spin valve (SV) structures have

played an important role in technological applications of

magnetic materials. SVs consist of a layered free ferromag-

net (FM)/nonmagnetic material/biased FM/antiferromagnet

(AFM) geometry, and it is desirable that these sensors have

linear, non-hysteretic, and reversible resistive responses to

external magnetic fields. In order to accomplish this, these

systems must be designed so that the magnetization within

the free FM layer is perpendicularly oriented to the magnet-

ization within the biased FM layer.1

Many avenues towards developing SVs with perpendic-

ular in-plane magnetization configurations have relied on

complex sensor designs,2–5 which can be disadvantageous

for the optimization of these devices. A promising approach

to simplify the construction of SVs while achieving perpen-

dicular magnetizations is through exchange bias systems, via

FM/AFM/FM trilayer structures6–8 or through similar tri-

layers with ferrimagnetic spacers.9,10 However, many AFM

and ferrimagnets require complicated growth conditions for

incorporation into SV devices. Liu et al. have recently put

forth work on SVs constructed with NiFe FM layers sepa-

rated by an AFM spacer layer of Ir25Mn75 (IrMn),1 an addi-

tional layer of which is also used to pin the biased NiFe layer

through exchange bias. The advantage of these SVs is that

both NiFe and IrMn are commonly used materials in layered

industrial magnetic devices, with IrMn inducing strong

exchange bias and exhibiting good thermal stability.11 In

principle, similar multilayer stacks with any other conven-

tional AFM and FM materials can exhibit such a 90� cou-

pling, and should also be directly applied to magnetic tunnel

junctions for linear sensor applications and thus are techno-

logically very important. Here, we aim to investigate the

coupling between the free and biased NiFe layers in a multi-

layer system that forms a component of the SVs originally

presented by Liu et al.1 (See Fig. 1 in Ref. 1).

For the systems noted above, previous experiments have

reported on the observation of perpendicular coupling

between free and biased FM layers at zero field. The major-

ity of these results, however, have relied on bulk magnetom-

etry measurements. While magnetometry is a powerful

technique, it is only capable of providing information about

the total magnetization within a sample along the direction

of the applied field. Polarized neutron reflectometry (PNR) is

capable of resolving both the nuclear and magnetic structures

of magnetic thin films and layers.12,13 PNR allows access to

the in-plane magnetization vectors both along and perpendic-

ular to the applied field as a function of layer depth. Using

PNR enabled us to make a direct measurement of perpendic-

ular coupling that unambiguously identifies the orientations

of the free and biased FM layers and investigate the reversal

mechanisms that enable this behavior.

II. EXPERIMENT

The NiFe/FeMn/pinned NiFe multilayer presented here

was grown on water-cooled thermally oxidized Si substrate

in a multisource sputtering chamber. A diagram of the lay-

ered structure is shown in Fig. 1. During growth, a field of

roughly 30 mT was applied in the film plane to induce an

easy axis in the ferromagnetic layers. The top NiFe layer

a)Electronic mail: sara.callori@ansto.gov.au
b)Electronic mail: jwcai@aphy.iphy.ac.cn
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was pinned by a FM/AFM Co50Fe50/Ir25Mn75 (CoFe/IrMn)

bilayer. Below the pinning stack, a free NiFe layer was sepa-

rated from the stack by a thin spacer layer Fe50Mn50 (FeMn),

another typical AFM. A Ta buffer layer was deposited prior

to the NiFe stack and was used to promote [111] texture to

avoid a three-dimensional growth mode of NiFe. An addi-

tional Ta layer capped the structure to prevent oxidation.

Magnetometry measurements were conducted using a

vibrating sample magnetometer at room temperature and are

shown in Fig. 2. M-H hysteresis measurements were used to

choose appropriate areas of investigation for the PNR stud-

ies. The biased FM NiFe (and CoFe) layers are exchange bi-

ased through interactions with the AFM IrMn, clearly seen

as a shift in the hysteresis. The reversal of the biased layer

can be seen between �60 mT and �30 mT, below which the

magnetization of this layer remains pinned. The minor hys-

teresis loop at low fields (boxed area in Fig. 2(a), and

expanded in 2(b)) shows the reversal of the free NiFe layer.

It is expected that during these reversal, 90� coupling

between the biased and free NiFe layers will manifest.

PNR was performed on the PLATYPUS reflectometer

at the OPAL reactor at ANSTO.14,15 PNR utilizes the same

principles as x-ray reflectometry. Neutrons, however, inter-

act with both the nuclear and spin components of the mate-

rial under investigation. By selecting the spin polarizations

of both the incoming and the detected neutrons using proper

polarized neutron optical elements,15 information about the

size and direction of the magnetization within thin layers

can be obtained. For non-spin-flip (NSF) PNR, the incom-

ing and detected neutrons have the same polarization (Rþþ

or R��), and magnetization that is parallel or antiparallel to

the neutron spins and external magnetic field can be

observed. Spin-flip (SF) PNR measures incoming and

detected neutrons with opposite spin states (Rþ� or R�þ)

and is capable of detecting magnetization that is perpendic-

ular to the neutron polarization established by the external

field direction. Specular PNR is limited, however, in that it

can only measure sample magnetization lying within the

film plane and cannot detect magnetization perpendicular to

the film. Therefore, together both NSF and SF PNR can be

used to obtain the full in-plane magnetization vectors of

magnetic layers as a function of depth. Modelling and least

squares refinement were performed using the Simulreflec16

software package.

III. RESULTS AND DISCUSSION

PNR scans at a saturating field of �1 T were first per-

formed in order to obtain a nuclear scattering length density

(SLD) profile and saturation magnetization profile of the

multilayer. The experimental PNR results and fits at �1 T

are shown in Fig. 3(a). As expected, no SF signal was

detected, since it is evident from the magnetic hysteresis that

at high applied fields all layer magnetizations saturate and

align parallel to the field. The nuclear and magnetic SLD

profiles used to obtain these values are shown in Fig. 3(b)

and the resulting magnetization profile across the multilayer

is shown in Fig. 3(c). The nuclear SLDs of both NiFe layers

(9.1� 10� 6 Å�2) and the CoFe layer (2.5� 10 � 6 Å�2) cor-

respond to SLDs expected considering the atomic densities

and scattering lengths of both materials. The free NiFe layer

was observed to have a magnetization of 1.0 lB/f.u. and the

biased NiFe magnetization was 0.9 lB/f.u., both of which are

roughly equal to the literature bulk value of 0.95 lB/f.u.17

The biased CoFe layer magnetization was found to be

2.6 lB/f.u. We identified an interfacial layer between biased

NiFe and CoFe. At this interface, the nuclear SLD remained

that of NiFe but the magnetization increased; since the

nuclear SLD of CoFe is lower than NiFe despite a larger

FIG. 1. Schematic of the NiFe/FeMn/biased NiFe multilayer structure. The

numbers in parentheses are the thickness of each layer.

FIG. 2. The entire magnetic hysteresis loop of the multilayer is shown in (a).

The boxed area shows the minor loop associated with the free NiFe layer

switching and is expanded in (b). Quick tracking PNR scans were made

around the minor loop and the red stars represent the applied fields at which

full PNR profiles were made.

033909-2 Callori et al. J. Appl. Phys. 116, 033909 (2014)
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magnetization, the increased interfacial moment likely arises

from a small level of CoFe intermixing at the NiFe interface.

In order to get a qualitative understanding of the free NiFe

layer behavior, we tracked one NSF channel (R��) and the SF

signal (R�þ) at low scattering vectors, Qz, around the minor

hysteresis loop from a negative (�15 mT) to a positive (5 mT)

applied field. For this entire field range, the magnetization of

the biased NiFe and CoFe layers is oriented parallel to the pos-

itive applied field direction. Both the NSF and SF tracking

results are shown in Fig. 4(a), with integrated intensities over a

section of the scans in Fig. 4(b). For the R�� channel, the

overall nature of the curve is retained in the range from

�15 mT to �1.5 mT, only deviating at 2.5 mT. This indicates

that the projection of the free NiFe magnetization remains

aligned in the negative direction until an applied field between

�1.5 mT and 2.5 mT. For the R�þ SF curves, the SF signal

increases from �15 mT to �1.5 mT, after which it decreases.

This indicates an increase and eventual decrease in the magnet-

ization component perpendicular to the applied field. A simple

model of the free NiFe magnetization rotation described by

these results is shown in Fig. 4(c), where the free NiFe moment

rotates away from the applied field axis, eventually becoming

perpendicular with the applied field at around �1.5 mT,

where the maximum spin-flip signal was observed. Alternative

models of reversal, such as the formation of domains or an

out-of-plane spin flip are not viable models, as neither scenario

would result in the observation of a strong SF signal.

While tracking the magnetic reversal with the low Qz

PNR signal enabled a qualitative description of the free NiFe

magnetization under low fields with respect to the applied

field direction, full PNR analysis was performed in order

firmly establish the magnetization vectors of all the magnetic

layers as a function of field. The Rþþ, R��, and R�þ spin

channels were monitored at �20 mT, �8 mT, �2.5 mT, and

2.5 mT (as indicated by the red stars in Fig. 2). For these

scans, the nuclear SLD profile obtained from the �1 T scan

was fixed during fitting, such that only the magnetization val-

ues (magnitude and direction) for the free NiFe, biased NiFe

and CoFe, and interfacial layers were free parameters. The

data and the fitted models are shown in Fig. 5. The solid and

dashed arrows in each plot represent the determined direc-

tions of the magnetization in the x-y plane of the sample for

the biased and free layers, respectively.

Fig. 5 shows the reflectometry results for small applied

fields around the free NiFe layer hysteresis loop. The data at

each field were successfully modeled using the saturation

magnetization magnitude for each layer (free NiFe: 1lB/f.u.,

FIG. 3. (a) The non-spin-flip PNR data and fits in the saturated state of the

sample. The arrows represent the directions of the biased and free layer mag-

netizations in the x-y plane of the film. (b) The SLD profile used to fit the

data. The solid black line shows the nuclear SLD and the dashed lines show

the magnetic SLD. (c) The layer magnetization profile across the sample. In

(b) and (c), z is the distance from the underlying SiO2 layer.

FIG. 4. (a) Tracking scans of the R�� non-spin-flip and R�þ spin-flip chan-

nels around the free NiFe hysteresis loop. (b) Integrated intensity for the

area between the black vertical lines in (a) from �15 mT to 5 mT. (c) A

model of the behavior of the free NiFe magnetization vector (dotted arrow)

during reversal. The magnetic field is applied along the x direction.

033909-3 Callori et al. J. Appl. Phys. 116, 033909 (2014)
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biased NiFe: 0.9lB/f.u., biased CoFe: 2.6lB/f.u.) and only

the sizes of the components parallel and perpendicular to the

applied field were varied. For the smaller fields, only the low

Qz SF signal (R� þ) is displayed, which is due to low count-

ing statistics in the high Qz region, resulting in large error

bars at high Qz. However, as can be seen in Fig. 5, the pri-

mary information needed to fit the SF signal, particularly the

intensity that gives the magnitude of the magnetization per-

pendicular to the field, can be found at low Qz. The SF sig-

nals for each field can be used to measure the magnitude of

the magnetization component perpendicular to the applied

field. While the SF channel alone cannot uniquely determine

the exact magnetization vector of each layer, the perpendicu-

lar component can be combined with the component of the

magnetization parallel (or antiparallel) to the applied field

modeled from the NSF signal in order to ascertain the mag-

netization size and direction of each layer.

Fig. 5(a) shows the �20 mT PNR curves only for the

NSF channels, as no SF signal was observed at this field (see

Fig. 4(a)). At �20 mT, the biased NiFe and CoFe layer mag-

netizations have reversed and are now parallel to the positive

field direction and the free NiFe layer has not begun to

undergo magnetic reversal so it remains aligned in the nega-

tive field direction. Compared with the saturated state

detailed above, the magnitude of the free NiFe layer remains

the same and those of the biased NiFe and CoFe layers are

slightly reduced, indicating that they have not completely

reversed (compare also with Fig. 2(a)). At �8 mT (Fig.

5(b)), the biased layers have fully reversed, remaining

aligned in the positive field direction with magnetizations

returned to saturation values. The free NiFe magnetization

magnitude is equal to the saturation value but has rotated

from an antiparallel alignment with the positive field, to an

angle of 145� with respect to the positive field and biased

layers. This rotation continues at �2.5 mT (Fig. 5(c)), with

the free NiFe now at 109� with respect to the biased NiFe

and CoFe layers. At 2.5 mT (Fig. 5(d)), the free NiFe mag-

netization has gone through a direction perpendicular to the

applied field and biased layer magnetizations and is orien-

tated at 40� to the positive applied field. The angle of each

layer magnetization with respect to the positive field direc-

tion is shown in Fig. 6.

These detailed magnetization profiles, along with the

tracking scans shown above, demonstrate that during mag-

netic reversal, there is indeed a 90� orientation of the free

and biased FM magnetizations occurring at an applied field

of roughly �1.5 mT. Ideally, for device applications, this

perpendicular orientation should occur at zero field. Here,

however, the free NiFe layer is offset, shifting its hysteresis

in the negative field direction. It is then just a question of en-

gineering the system further to reduce the effect of exchange

bias on the free NiFe layer (perhaps by adding a thicker or

non-magnetic spacer layer between the free and biased FM

layers) in order to produce the desired SV with perpendicular

coupling at zero magnetic field. An addition solution has

been proposed by Liu et al.,1 utilizing a synthetic AFM layer

in a completed SV structure.

IV. CONCLUSIONS

In summary, we presented a direct observation of 90�

coupling between a free FM layer and a biased FM layer in a

NiFe/FeMn/biased NiFe multilayer SV component. Using

PNR, we derived magnetization depth profiles under a range

of applied magnetic fields as well as qualitatively track the

magnetization direction of the free NiFe layer during rever-

sal at low fields. The tracking measurements displayed an

increase and subsequent decrease in the spin-flip signal,

FIG. 5. PNR data and fits taken at �20 mT (a), �8 mT (b), �2.5 mT (c), and

2.5 mT (d). The arrows in each plot represent the magnetization directions

of the free and biased layers in plane of the sample.

FIG. 6. Angle of the free NiFe and biased NiFe and CoFe layers magnetiza-

tions with respect to the positive field direction.
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signifying that the layer magnetization rotated through an

orientation perpendicular to the applied field. Combining

this result with more detailed PNR scans at several fields

around the free FM layer magnetic hysteresis loop defini-

tively showed that at low fields, the biased NiFe magnetiza-

tion remained aligned in the applied field direction, and at

roughly �1.5 mT, the free NiFe magnetization was oriented

at 90� to the biased layer.
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