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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 feef active SV elements has provide a new tool for micromag-
years on systems exhibiting giant magnetoresistéRe€. 1,  netic investigations; for example, a very recent study of a SV
and references therdirmainly because of their potential use €lement submitted to various current values has clearly
in information storage systems as magnetoresistive sensop§own the effect of the thermal energy, as well as of the
or random access memomMRAM) elements. Many of Magnetic field induced by the sensing curréot) the rever-

these devices involve spin-val¢8V) structures and consid- S&l Mechanism. Quantitative data on the magnetization dis-
. ; . .tribution within the plane of the film can be extracted using
erable effort is still being expended to understand their

behavior? A SV consists of two ferromagnetid-M) layers the summed image differential phase contr&SIDPO

: ) J='> technigue—an implementation of LTEM based on Foucault
separated by a honmagnetic material. The magnetization agingl® The purpose of the present work is to obtain

one FM layer(pinned layey is fixed by an adjacent antifer- quantitative SIDPC images of the domain structure of a SV
romagnetic laye(pinning layey whereas the magnetization element during reversal of the magnetization in the sense
in the other FM laye(sense layeris free to rotate, following |ayer, and to calculate the resistance in the element, using
the direction of an external applied magnetic field. Parallecomputer modeling, from the contrast of the SIDPC images.
(P) and anti-parallelAP) alignments of the magnetizations These values are then compared with the experimental val-
of the pinned and sense layers correspond to the minimumes of the resistance of the element measured using a two-
and maximum resistance values of the film, respectively. Expoint probe.
perimental studi€s’ have shown that the resistivity of SV The in situ experiments performed in this study required
multilayers varies linearly with cog& where ¢ is the angle fabrication of a lithographically-defined device, consisting of
between the magnetization directions of the FM layers. Aa 2 mmX 2 mm silicon substrate supporting a 40-nm-thick
theoretical approacthas led to the same conclusion by con- alumina window on which a 1@m x 70 um SV element
sidering a free-electron gas subjected to spin-dependent scd@s been deposited. The structure of the SV film is
tering at the interfaces or/and in the bulk of the layers. Cal-Ta/NiFe/Cu/Co/NiFe/MnNi/T&5/8/3/2/6/25/5 nm A 70-Oe
culations based on a realistic band structure of the Co/Cu/clield defined the easy axis during deposition and a post-
trilayers show just a slight deviation from the ofs deposition vacuum anne.al at a temperature in excess .of
dependencé. 220 °C for several hqurs in a 1—k0g flgld establlshed a suit-
The studies described above consider the average prop ble exche_mge couplm_g betweef? pinning and pinned layers
ties of magnetic films but it becomes necessary to study thp%a'g‘é{f?ﬁg?hﬁgecdoegﬂ]wogih“gngr']r?é"é'T;y\g:tuatgebf;a%?gal
gﬁi\)’iiggwﬁss'en S?;cép;éggfﬁevghsﬂla\(lg: :;fgztng(xszetﬂgxlor duced to enhance the magnetoresistive properties of the SV
. ; . structuret?> Au contacts deposited at each end of the SV
1 wm) and which can be studied by observation of the do

. L -~ result in an active element 10m X 30 um in size sitting
main structure and local magnetization reversal mechanismy ey an electron transparent alumina window. Details of the

One of the most useful techniques for obtaining local magtaprication process are given elsewhre.

netic information and correlating this with imperfections in | sjty magnetizing experiments were carried out using a
the film structure is Lorentz transmission-electron microsmodified JEOL 4000EX TEM operated at 400 kV and fitted
copy (LTEM).” In situ magnetizing experiments have en- with an AMG40 low-field objective lens pole pie¢eesidual
abled magnetization reversal mechanisms to be studied atfgld at the specimen positiotl Oe. A specimen holder,
local level, and more recently this technique has been apesquipped with magnetizing coils, has been constructed in
plied to specially designed SV devices through which a curwhich the SV device is clamped by two Au-coated pads
rent is appliedn situ (i.e., active SV element§ The study making electrical contacts between the device and an exter-
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B,, component [Mp|=|Mg=M). Note however that the presence of a thin
Co layer in the pinned layer, and imperfections in the ex-
change coupling between the pinning and pinned layers are
expected to introduce a slight difference betwéeip| and
[Mg|. The total magnetization of the film for each unit is
thenMp+ Mg, and equals O for the AP state anil Zor the

P state. The data in Fig. 2 clearly show the way in which the
total magnetization of the SV element decreases frivint@

0 as the sense layer magnetization switches from the P to the
AP configurationMp is deduced from the P state aiis
equalsM;—Mp. Knowing Mp andMg for a given applied
field value, the angles between the sense and pinned layer
magnetizations can be determined for each unit of the array
defining the SV element.

In order to correlate the angular distributions with mea-
sured resistances we have developed a model for calculating
the resistance. The model is based on the approximation that
the dimensions of the array units are large with respect to the
electronic mean-free path and therefore the local resistivity
nal electrical circuit providing controllable currents and read-within a unit can be defined by the bulk value of the resis-
ing of the voltage. By monitoring the change in voltage withtivity for the system. This approximation allows an equiva-
change in applied field, the MR curve of the sample could bdent circuit model to be used for calculating the resistance.
plotted. The applied field, parallel to the easy axis, waslhis idea is well known in the conductivity theory of binary
changed by 1 Oe every 10 s in order to keep constant anglloys (see, e.g., Ref. 33In the SV films in this study the
time-dependent effects. Quantitative maps of the in-planéesistance of each unit depends on the amgbetween the
magnetization of the SV element were obtained, with a spamagnetization of the two FM films. Following the results of
tial resolution of about 8 nm, using the SIDPC technidue. Ref. 3—5 we assume that the resistance of a unit changes
The two images in Fig. 1 show theandy components of linearly with cosé:
the in-plane magnetization of the SV element for an applied
field of —10.26 Oe. Each 23272 image is reduced to a
29x9 array with each pixel having the average value of an rij=5 (et ap) +5 (T T ap)COSE); . (1)
8X8 pixel area of the original array. Each pixel now corre-
sponds to a unit-1 um? of the element. Th& andy com-  Here indices,j denote the unit,=1,..n, j=1,..m, andn
ponents of the in-plane induction of each unit are proporandm are the number of subdivisions in the two directions
tional to the intensities of the corresponding pixels. An arrom{n=29 andm=29); ¢, is the angle between the magnetiza-
map can then be produced with the magnitude and directiofion directions for thei(j) cell andrp andr 5p are the resis-
of the magnetization in each unit represented by an arrow dance values of the unit faf;;=0 and6;; =, respectively.
suitable length and direction. By collecting a series of We note that within the equivalent circuit model it is not
SIDPC images for different applied magnetic field valuespossible to subdivide the SV structure in the direction per-
the magnetization reversal of the sense layer could be folpendicular to the layers, because the thicknesses of the layers
lowed. are comparable to or less than the electronic mean-free path.

In the following sections, we will assume that the magne-Our model, therefore, makes no distinction between the in-
tization direction of the pinned layer remains constant anderfacial and bulk scattering, both mechanisms of scattering
parallel to the easy axis. This assumption is based on the fabeing included irr;; . We also assume that there is no trans-
that the exchange-coupling produced in the NiFe/MnNi bi-verse variation in the electron scattering properties of the SV
layer system is very higii~500 O¢, and the range of ap- element which is reflected in the fact that boghandr sp in
plied magnetic field used to plot the MR curves<is=35 Oe.  Eq. (1) are taken to be independent of a particular unit)(
Figure 2 shows a set of data recorded during the P-to-AP In order to calculate the net resistance of the system we
reversal of the sense layer magnetization. Figutes 2(d),  converted the two-dimensional microstructure into a network
2(f), and Zh) show scattergrams corresponding to the magof resistors by connecting each pair of adjacent units by a
netization maps; all arrows in a map with the same directiorresistor as shown in Fig. 3. The conductance of the resistor
and magnitude correspond to a single point in the scatteetween the nearest-neighbor unitsjY and (,l) is deter-
gram. A similar series was recorded for the AP-to-P transiimined by the resistancg; andr,, of the units and can be
tion (not shown. Prior to observing each transition a satu- defined in two different ways:
rating field up to+=400 Oe was applied. Each arrow in the
vector maps represents the magnitude and direction of the aij,k|=2(rij+rk,)*l 2
total in-plane magnetizatioriM, of the SV element in a o ]

1 um? area. Let the constant magnetization of the pinnedOr connection in series, and

layer beMp. Since the FM layers have the same thickness
(8 nm), we can assume that the maximum magnetization,
Mg, of the sense layer has the same magnitudel adi.e.,

FIG. 1. SIDPC images showing theandy components of the
in-plane magnetization in the 1m X 30 um SV element in an
applied field of—10.26 Oe. The applied field as well as thexis
are parallel to the long axis of the element. Thaxis is vertical.

1
Uij,klzi(rij1+r|k1) 3
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FIG. 2. Arrow maps and corresponding scattergrams of the magnetization distribution in the SV element duritgtéhen@gnetization
2M) to AP (total magnetization Oreversal of the magnetization in the sense layer for applied field@o&nd (b) —0.76 Oe,(c) and(d)
—10.26 Oe,(e) and(f) —15.30 Oe, andg) and(h) —21.66 Oe. The data were obtained using the SIDPC technique.

for connection in parallel. We found, however, that the net The calculation of the net resistance was performed in

resistance is almost independent of the choice of the connetwo steps. First, we calculated the dimensionless resistance

tion type (2) or (3) which is not unusual because of the r, of the network assuming that all the resistancgsare

relatively small difference betwearp andr pp. equal to unity. This resistance served as a normalizing con-
The current conservation law for this network requires

that

(dij— bi—1j)oi—1jij T (Pij = dij—1) i - 1jj

+(ij— di+1) Tiji+1j T (Dij— dij+ 1) Tij ij+1=0, (4)

where ¢;; is the value of the potential at a node associated _|
with the unit (,j). This is a system of simultaneous equa-
tions for the value of the potential at each of the interior 0
nodes. The potential on the left and right exterior nodes is
determined by the boundary conditions:

¢0j:O7 ¢n+lj:V; j:]-v"'mv (5)
whereV is the applied voltage. The boundary conditions for T
the conductance at the top and bottom nodes are FIG. 3. A resistor network used for calculating the resistance.

The dashed line shows schematically the array of units used for the
0i0i1=0, Oimim+1=0; i=1,..n. (6) magnetization orientation map.
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54.0 - - ' - - - - tally recorded SIDPC map®p and Rap are the extremum
- ] R values recorded for the P and AP alignments of the magnetic
53.5 [® ) ] AP induction, respectively. We stress that, since the valué¥.of
B\' :‘\ andR,p are known from the experiment, the calculated hys-
530 [ _ ] teresis curve doesot contain any adjustable parameters. As
a \. can be seen, the agreement between the two sets of data is
; 525 [ o b 1 good, indicating that the model that we have chosen to use is
¥ valid for this type of system.
\ In conclusion, we have successfully shown a correlation
201 \DD\; ] between the domain structure and magnetoresistance of a SV
¢ Rp element by deducing the local resistance of small regions
NIRY T . . . . . N from the contrast of SIDPC images recorded during magne-
36 25 20 -15 10 5 0 5 10 tization reversal of the sense layer, and using this as input to
H (Oe) a computer model. The advantage of such an approach is that

all the magnetostatic components due to FM coupling, shape

. . A fanisotroloy, or even field induced by the sensing current, are
(full circles) values of resistance versus applied field for reversal o included in the observed domain structure and consegquent]
the magnetization of the sense layer in the SV elenfenandRap b Ken i . del. Simil q y
are the extremum values recorded for the P and AP alignments dan be taken into account in our model. Similar experiments

the magnetic inductions, respectively. See text for explanations. ON Smal'ler element.s are in progress. The proposed.model for
. ) . calculating the resistance can be used for simulating GMR
stant. Then, using the experimental values of the resistancgrves in micromagnetic modeling.

for parallel and antiparallel configurationR, andRp, we _
determinedrp andr s in Eq. (1) from rp=Rp/ry andr sp This research has been supported by Hewlett-Packard
=Rpp/Ty. Laboratories in Palo Alto through a collaboration with the
The resistance values; were found using the array of Department of Materials in Oxford University. The calcula-
anglesg;; determined experimentally. Then, taking into ac-tions have been performed in the Materials Modeling Labo-
count Eqgs(2) or (3) and Eqs(5)—(6) and solving systen¥) ratory at the Department of Materials, Oxford University.
numerically, we determined the net resistafcef the com-  The authors thank B. Garcia for his help in making the
plete SV element. Figure 4 shows plots of the resistancenasks used for the lithographic procedure. X.P. is grateful to
versus applied field for reversal of the magnetization of theP. Bayle-Guillemaud for her expertise in using the Semper
sense layer in the SV element. The empty squares indicatgrogram. E.Y.T. is grateful to D.G. Pettifor for many discus-
the resistance values determined using the model describeibns. A.K.P.L. wishes to thank the Royal Society for finan-
above, with the values of castaken from the experimen- cial support.

FIG. 4. Plots of the experimentéémpty squaresand calculated
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