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Correlation between domain structure and magnetoresistance in an active spin-valve element
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In situ experiments in a Lorentz transmission-electron microscope have been performed on spin-valve
elements through which a current is being applied. The ability to simultaneously measure the resistance and
observe the domain structure of the element has allowed us to correlate magnetoresistance with the angle
between the magnetization directions in the ferromagnetic layers. The angles have been obtained from summed
image differential-phase-contrast images of the domains. A model is proposed to calculate the resulting mag-
netoresistance. The calculated data are in good agreement with the experimental magnetoresistance measured
during observation of the magnetization reversal mechanism.
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Numerous studies have been performed over the past
years on systems exhibiting giant magnetoresistance~Ref. 1,
and references therein!, mainly because of their potential us
in information storage systems as magnetoresistive sen
or random access memory~MRAM ! elements. Many of
these devices involve spin-valve~SV! structures and consid
erable effort is still being expended to understand th
behavior.2 A SV consists of two ferromagnetic~FM! layers
separated by a nonmagnetic material. The magnetizatio
one FM layer~pinned layer! is fixed by an adjacent antifer
romagnetic layer~pinning layer! whereas the magnetizatio
in the other FM layer~sense layer! is free to rotate, following
the direction of an external applied magnetic field. Para
~P! and anti-parallel~AP! alignments of the magnetization
of the pinned and sense layers correspond to the minim
and maximum resistance values of the film, respectively.
perimental studies3,4 have shown that the resistivity of SV
multilayers varies linearly with cosu, whereu is the angle
between the magnetization directions of the FM layers
theoretical approach5 has led to the same conclusion by co
sidering a free-electron gas subjected to spin-dependent
tering at the interfaces or/and in the bulk of the layers. C
culations based on a realistic band structure of the Co/Cu
trilayers show just a slight deviation from the cosu
dependence.6

The studies described above consider the average pro
ties of magnetic films but it becomes necessary to study
local variations in properties, which will affect the behavi
of devices whose size becomes smaller and smaller~less than
1 mm! and which can be studied by observation of the d
main structure and local magnetization reversal mechan
One of the most useful techniques for obtaining local m
netic information and correlating this with imperfections
the film structure is Lorentz transmission-electron micr
copy ~LTEM!.7 In situ magnetizing experiments have e
abled magnetization reversal mechanisms to be studied
local level, and more recently this technique has been
plied to specially designed SV devices through which a c
rent is appliedin situ ~i.e., active SV elements!.8 The study
PRB 580163-1829/98/58~2!/591~4!/$15.00
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of active SV elements has provide a new tool for microma
netic investigations; for example, a very recent study of a
element submitted to various current values has cle
shown the effect of the thermal energy, as well as of
magnetic field induced by the sensing current,9 on the rever-
sal mechanism. Quantitative data on the magnetization
tribution within the plane of the film can be extracted usi
the summed image differential phase contrast~SIDPC!
technique—an implementation of LTEM based on Fouca
imaging.10 The purpose of the present work is to obta
quantitative SIDPC images of the domain structure of a
element during reversal of the magnetization in the se
layer, and to calculate the resistance in the element, u
computer modeling, from the contrast of the SIDPC imag
These values are then compared with the experimental
ues of the resistance of the element measured using a
point probe.

The in situ experiments performed in this study require
fabrication of a lithographically-defined device, consisting
a 2 mm3 2 mm silicon substrate supporting a 40-nm-thi
alumina window on which a 10mm 3 70 mm SV element
has been deposited. The structure of the SV film
Ta/NiFe/Cu/Co/NiFe/MnNi/Ta~5/8/3/2/6/25/5 nm!. A 70-Oe
field defined the easy axis during deposition and a po
deposition vacuum anneal at a temperature in exces
220 °C for several hours in a 1-kOe field established a s
able exchange coupling between pinning and pinned lay
by increasing the density of MnNi grains with the tetragon
phase.11 The thin Co film of the pinned layer has been intr
duced to enhance the magnetoresistive properties of the
structure.12 Au contacts deposited at each end of the S
result in an active element 10mm 3 30 mm in size sitting
over an electron transparent alumina window. Details of
fabrication process are given elsewhere.8

In situ magnetizing experiments were carried out using
modified JEOL 4000EX TEM operated at 400 kV and fitt
with an AMG40 low-field objective lens pole piece~residual
field at the specimen position,1 Oe!. A specimen holder,
equipped with magnetizing coils, has been constructed
which the SV device is clamped by two Au-coated pa
making electrical contacts between the device and an ex
R591 © 1998 The American Physical Society
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nal electrical circuit providing controllable currents and rea
ing of the voltage. By monitoring the change in voltage w
change in applied field, the MR curve of the sample could
plotted. The applied field, parallel to the easy axis, w
changed by 1 Oe every 10 s in order to keep constant
time-dependent effects. Quantitative maps of the in-pl
magnetization of the SV element were obtained, with a s
tial resolution of about 8 nm, using the SIDPC techniqu9

The two images in Fig. 1 show thex and y components of
the in-plane magnetization of the SV element for an app
field of 210.26 Oe. Each 232372 image is reduced to
2939 array with each pixel having the average value of
838 pixel area of the original array. Each pixel now corr
sponds to a unit;1 mm2 of the element. Thex andy com-
ponents of the in-plane induction of each unit are prop
tional to the intensities of the corresponding pixels. An arr
map can then be produced with the magnitude and direc
of the magnetization in each unit represented by an arrow
suitable length and direction. By collecting a series
SIDPC images for different applied magnetic field valu
the magnetization reversal of the sense layer could be
lowed.

In the following sections, we will assume that the magn
tization direction of the pinned layer remains constant a
parallel to the easy axis. This assumption is based on the
that the exchange-coupling produced in the NiFe/MnNi
layer system is very high~;500 Oe!, and the range of ap
plied magnetic field used to plot the MR curves is,635 Oe.
Figure 2 shows a set of data recorded during the P-to
reversal of the sense layer magnetization. Figures 2~b!, 2~d!,
2~f!, and 2~h! show scattergrams corresponding to the m
netization maps; all arrows in a map with the same direct
and magnitude correspond to a single point in the sca
gram. A similar series was recorded for the AP-to-P tran
tion ~not shown!. Prior to observing each transition a sat
rating field up to6400 Oe was applied. Each arrow in th
vector maps represents the magnitude and direction of
total in-plane magnetization,MT , of the SV element in a
1 mm2 area. Let the constant magnetization of the pinn
layer beM P . Since the FM layers have the same thickne
~8 nm!, we can assume that the maximum magnetizat
MS , of the sense layer has the same magnitude asM P ~i.e.,

FIG. 1. SIDPC images showing thex andy components of the
in-plane magnetization in the 10mm 3 30 mm SV element in an
applied field of210.26 Oe. The applied field as well as thex axis
are parallel to the long axis of the element. They axis is vertical.
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uM Pu5uMSu5M ). Note however that the presence of a th
Co layer in the pinned layer, and imperfections in the e
change coupling between the pinning and pinned layers
expected to introduce a slight difference betweenuM Pu and
uMSu. The total magnetization of the film for each unit
thenM P1MS , and equals 0 for the AP state and 2M for the
P state. The data in Fig. 2 clearly show the way in which
total magnetization of the SV element decreases from 2M to
0 as the sense layer magnetization switches from the P to
AP configuration.M P is deduced from the P state andMS
equalsMT2M P . Knowing M P andMS for a given applied
field value, the angles between the sense and pinned l
magnetizations can be determined for each unit of the a
defining the SV element.

In order to correlate the angular distributions with me
sured resistances we have developed a model for calcula
the resistance. The model is based on the approximation
the dimensions of the array units are large with respect to
electronic mean-free path and therefore the local resisti
within a unit can be defined by the bulk value of the res
tivity for the system. This approximation allows an equiv
lent circuit model to be used for calculating the resistan
This idea is well known in the conductivity theory of binar
alloys ~see, e.g., Ref. 13!. In the SV films in this study the
resistance of each unit depends on the angleu between the
magnetization of the two FM films. Following the results
Ref. 3–5 we assume that the resistance of a unit chan
linearly with cosu:

r i j 5
1

2
~r P1r AP!1

1

2
~r P2r AP!cosu i j . ~1!

Here indicesi , j denote the unit,i 51, . . .n, j 51, . . .m, andn
andm are the number of subdivisions in the two directio
(n529 andm59); u i j is the angle between the magnetiz
tion directions for the (i , j ) cell andr P andr AP are the resis-
tance values of the unit foru i j 50 andu i j 5p, respectively.

We note that within the equivalent circuit model it is n
possible to subdivide the SV structure in the direction p
pendicular to the layers, because the thicknesses of the la
are comparable to or less than the electronic mean-free p
Our model, therefore, makes no distinction between the
terfacial and bulk scattering, both mechanisms of scatte
being included inr i j . We also assume that there is no tran
verse variation in the electron scattering properties of the
element which is reflected in the fact that bothr P andr AP in
Eq. ~1! are taken to be independent of a particular unit (i , j ).

In order to calculate the net resistance of the system
converted the two-dimensional microstructure into a netw
of resistors by connecting each pair of adjacent units b
resistor as shown in Fig. 3. The conductance of the resi
between the nearest-neighbor units (i , j ) and (k,l ) is deter-
mined by the resistancer i j and r kl of the units and can be
defined in two different ways:

s i j ,kl52~r i j 1r kl!
21 ~2!

for connection in series, and

s i j ,kl5
1

2
~r i j

211r lk
21! ~3!
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FIG. 2. Arrow maps and corresponding scattergrams of the magnetization distribution in the SV element during the P~total magnetization
2M ) to AP ~total magnetization 0! reversal of the magnetization in the sense layer for applied fields of:~a! and ~b! 20.76 Oe,~c! and ~d!
210.26 Oe,~e! and ~f! 215.30 Oe, and~g! and ~h! 221.66 Oe. The data were obtained using the SIDPC technique.
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for connection in parallel. We found, however, that the n
resistance is almost independent of the choice of the con
tion type ~2! or ~3! which is not unusual because of th
relatively small difference betweenr P and r AP.

The current conservation law for this network requir
that

~f i j 2f i 21 j !s i 21 j ,i j 1~f i j 2f i j 21!s i j 21,i j

1~f i j 2f i 11 j !s i j ,i 11 j1~f i j 2f i j 11!s i j ,i j 1150, ~4!

wheref i j is the value of the potential at a node associa
with the unit (i , j ). This is a system of simultaneous equ
tions for the value of the potential at each of the inter
nodes. The potential on the left and right exterior nodes
determined by the boundary conditions:

f0 j50, fn11 j5V; j 51,...,m, ~5!

whereV is the applied voltage. The boundary conditions
the conductance at the top and bottom nodes are

s i0,i150, s im,im1150; i 51,...,n. ~6!
t
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d
-
r
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r

The calculation of the net resistance was performed
two steps. First, we calculated the dimensionless resista
r 0 of the network assuming that all the resistancesr i j are
equal to unity. This resistance served as a normalizing c

FIG. 3. A resistor network used for calculating the resistan
The dashed line shows schematically the array of units used fo
magnetization orientation map.
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stant. Then, using the experimental values of the resista
for parallel and antiparallel configurations,RP andRAP, we
determinedr P and r AP in Eq. ~1! from r P5RP/r 0 and r AP
5RAP/r 0 .

The resistance valuesr i j were found using the array o
anglesu i j determined experimentally. Then, taking into a
count Eqs.~2! or ~3! and Eqs.~5!–~6! and solving system~4!
numerically, we determined the net resistanceR of the com-
plete SV element. Figure 4 shows plots of the resista
versus applied field for reversal of the magnetization of
sense layer in the SV element. The empty squares indi
the resistance values determined using the model desc
above, with the values of cosu taken from the experimen

FIG. 4. Plots of the experimental~empty squares! and calculated
~full circles! values of resistance versus applied field for reversa
the magnetization of the sense layer in the SV element.RP andRAP

are the extremum values recorded for the P and AP alignmen
the magnetic inductions, respectively. See text for explanations
r-

R

.
y

ce
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tally recorded SIDPC maps.RP and RAP are the extremum
values recorded for the P and AP alignments of the magn
induction, respectively. We stress that, since the values oRP

andRAP are known from the experiment, the calculated hy
teresis curve doesnot contain any adjustable parameters. A
can be seen, the agreement between the two sets of da
good, indicating that the model that we have chosen to us
valid for this type of system.

In conclusion, we have successfully shown a correlat
between the domain structure and magnetoresistance of
element by deducing the local resistance of small regi
from the contrast of SIDPC images recorded during mag
tization reversal of the sense layer, and using this as inpu
a computer model. The advantage of such an approach is
all the magnetostatic components due to FM coupling, sh
anisotropy, or even field induced by the sensing current,
included in the observed domain structure and conseque
can be taken into account in our model. Similar experime
on smaller elements are in progress. The proposed mode
calculating the resistance can be used for simulating G
curves in micromagnetic modeling.
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