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Neel “orange-peel” coupling in magnetic tunneling junction devices
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We present measurements of the magnitude oflNerange-peel” coupling due to interface
roughness in a series of magnetic tunneling junction devices. Results from magnetometry and
transport measurements are shown to be in good agreement with the theoretical modsl &i Ne
addition, we have used transmission electron microscopy to directly probe the sample interface
roughness and obtain results consistent with the values obtained by magnetometry and transport
methods. ©2000 American Institute of PhysidsS0003-695(00)00541-§

Due to their great technological promise as potentialmagnetic tunneling junctions, we also used vibrating sample
memory elements and magnetic sensors, magnetic tunnelimgagnetometryVSM) to measure the switching fields and
junctions(MTJs) have been extensively studiedby many bias fields of the free layers. Twelve different bulk samples
academic and industrial groups over the past five years. Oneere examined this way.
of the technological hurdles, which must be dealt with when ~ Magnetic interlayer coupling is significant in MTJs be-
considering such applications, is that of interlayer magneti¢ause of the close proximity of the two magnetic electrodes.
coupling between the electrodes. It is of importance that anyrigure 2 is a schematic showing the interface roughness and
stray magnetic fields affecting the free ferromagnetic layethe fields due to magnetostatiél(;) and Neel (Hy) cou-
be eliminated. It has been previously shdWthat two sepa-  Plings. It has been shown by Usthat while magnetostatic
rate effects tend to produce extraneous magnetic fields in tHeoupling is not negligible for samples of this size, it is pos-
plane of the free layer: magnetostatic coupling due to unSible to separate the two forms of coupling by measuring
compensated poles near the edges anel Nerange-peel” junct_ions of v_arying sizes. From these measurements, we
coupling due to interface roughness, both of which originatéPPtained the interface roughness parameters from trel Ne
in the pinned layer. In this work, we study and quantify thef'eld. strgngths. In the model of &k a sinusoidal ro_ughrlless.
latter effect in MTJs by a variety of methods: directly, via Profile is assumed, and the orange-peel coupling field is
the technique of magnetometry and via magnetotranspoﬂ'ven by

measurement®® and indirectly, by imaging analysis of 72( h?
transmission electron microscopEEM) cross-sectional im- HN:_<F Mgexp —2m2ts/\), 1)
ages of the MTJ layer structure. V2| Me

We studied twelve different samples, all fabricated dur-yhere h and \ are the amplitude and wavelength of the
ing the same sputtering run and with the same layer compQopughness profilésee Fig. 2, tr andt, are the thickness of
sition:  S{100 substrate /Ta/Al/NiFe/FeMn/@B2)/RU/  the free layer and that of the barrier, aktk is the magne-
Co(P1) (pinned/Al ,O5(barrien/NiFe(free)/Al/Ta. However, tization of the free layer.
the thickness of the barrier, free, and pinned layers varied
from sample to sample. Figure 1 shows a representative

TEM cross-sectional image of one of our samples, with layer s
thicknesses labeled. / NiFe 75
Measurements of junction resistance in a two- ALO; 143
dimensional applied magnetic field were conducted as de- Co30
scribed previously:® These measurements were done on Ru?
chips patterned into many rectangular junctions with dimen- Co 60
sions on the order of microns. The resistance versus field MnFe 100
curves correspond directly to the magnetic hysteresis loop of SN[ NiFea
the free layer, allowing us to extract the magnetic switching A1250
fields and bias fields of the free layer. The advantage of this Ta 50
method is that important magnetic parameters can be ob- \ Si0; on Si

tained, regardless of how small the free electrode is. For bulk

FIG. 1. TEM cross-sectional image and layer structure of one representative
¥Electronic mail: schrag@baras.physics.brown.edu sample. Layer thicknesses are given in angstroms.
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TABLE I. Summary of interface roughness parameters for each experimen-
tal approach.

f Method h(A) (R
transport 7.30.5 94+15
VSM 7.1£0.3 100:10

TEM 10.1+3.8 1018

vV

FIG. 2. Schematic depicting the two dominant interlayer coupling mecha:

nisms ‘amplitude and wavelength. The results are shown in Table I,

which reveals that the VSM and magnetotransport measure-

) ) ) ) ments give consistent roughness parameters within the ex-
The inset of Fig. 3 shows a representative hysteresis looBerimentaI errors

in a bulk sample. It is noted that pnly’NIer;oupIing exists in' To further confirm the roughness parameters, we con-
a bulk samp_le, and magnetostatic coupling is zero. The f'elglucted an analysis of cross-sectional TEM imatge=e Fig.
scale used is small enough that only the free layer experiy) ‘rrom the TEM micrograph, we were able to extract the
ences substantial changes in magnetization. Ir_1 analyzing thf‘?)ughness magnitude and wavelength for the barrier inter-
VSM d_ata, we assumed that the swnchmg field could be,e as follows. First, the image was converted into data
approximated by the field at which the resistance value wag,ing rejating the vertical position of the barrier interface as
equal to one half of the maximum observed magnetoresis f,nction of the horizontal distance along the sample. These
tance. For each sample, we extrapolated the coordinates gf, \ere then smoothed and the positions of all local
the two points at which the experimental curves crossed .ima and minima were recorded. Then, the coordinates of
through this resistance value. These two points were theQyiacent minima and maxima were used to extract an effec-
averaged to obtain an approximate eNecoupling field e magnitude and wavelength corresponding to that pair of
strength, which is shown in Fig. 3 as a function of the barr'erpoints. This process was repeated for about 200 peaks and

thickness {;) for three series of samples with different free valleys. These data were then plotted in two histograms and
layer thicknesstg). The three solid lines are the best fits of g to log-normal distributions:

Eqg. (1) to the experimental data. The obtained roughness
amplitude(h) and wavelengttin) are listed in Table I. It can —(Inx— )2
be seen that all experimental data are accounted for by the P(x)= ex;{ > )
Neel equation. V2mo 20

The Neel coupling fields can also be obtained via resis-
tance versus field measurements on patterned micron-sized %
MTJs>® Using Eq. (1), we can also extract the roughness o
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FIG. 3. Orange-peel coupling field values extrapolated from VSM measure- Amplitude (Angstroms)

ments. Solid lines are a fit to the data for different free layer thicknesses.

Inset: sample VSM hysteresis loop showing the magnetic reversal of the freEIG. 4. Histograms indicating the distribution of fitted wavelengths and
layer. The top and bottom dashed lines indicate the saturation magnetizatiamplitudes of the tunneling barrier peaks from digitized TEM pictures. Solid
levels of the free layer while the intermediate line denotes the “half- lines are log-normal fits to the data. Parameters from these fits were used to

switched” state used to extrapolate théeNéeld H . get direct estimates of roughness parameters.
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whereu and o are measures of the mean and standard de- In summary, we have used three independent experimen-
viation of the distribution. These fits are represented by solidal techniques to probe the Blecoupling of magnetic tun-
lines in Fig. 4. The fitted values g& for each histogram neling junction devices. We have obtained the magnitude
were used to give approximate values for the effective waveand wavelength of the idealized sinusoidal interface rough-
length and amplitude of the roughness for the sample imess in each case and have found all of our values to be
guestion(see Table)l Because of the asymmetry of the log- consistent. We believe that these results will facilitate better
normal function, the peaks of the histograms do not corredesign of MTJ-based devices.

spond exactly to these values. ) i ,
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