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Current density distribution in a spin valve determined through in situ
conductance measurements
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The sheet conductances of top-pinned spin valves and single-material films were méasitted

as the thin-film layers were grown. The data were fit to a Boltzmann transport calculation. The
electrical conductivity and electron mean free paths were determined for each material by measuring
thein situ conductance of thick single-material films. The electron transmission probabilities were
deduced for each interface from the theoretical fits to the multilayer data. From these interfacial
transport parameters the ratio of current density to electric field, or effective conductivity, was
calculated as a function of position for the completed spin valve. It was found that the distribution
of current in the spin valve was not very sensitive to the overall amount of diffuse scattering at the
interfaces. [DOI: 10.1063/1.1703842

Spin valve devices are currently used in magnetic respin dependent, in this letter the calculation has been simpli-
cording read heads for magnetic data storage applications. Taed by averaging over the two spins. In this model an elec-
function as a read head, the magnetization of the free layer dfon approaching an interface may be transmitted without
the spin valve must rotate in response to the magnetic fielbeing scattered, specularly reflected back with no change in
applied by the recording medium. This requires a low freesmomentum parallel to the interface, or diffusely scattered in
layer coercivity and the correct zero-field state of the freea random direction. The sum of the probabilities for these
layer. The distribution of current in a spin valve affects howoutcomes must equal one, leaving two independent param-
much magnetic field is produced by the current in the freeeters. In addition, the probabilities of transmission and
layer of the spin valve. This magnetic field biases the freespecular reflection may differ for electrons approaching an
layer and must be taken into consideration for engineeringnterface from the top or the bottom of a multilayer. This
spin valve devices. means that, in principle, four independent parameters are

Understanding and controlling interfacial properties isnecessary to describe each interface. The number of param-
important to optimize spin valve magnetoresistance. Creatingters used to describe the multilayer was greatly reduced by
specular interfaces on the outer surfaces of the spin valveaking two assumptions. The first assumption was that elec-
trilayer can increase the giant magnetoresistaf@®IR).!  trons did not specularly reflect from metal-metal interfaces.
Optimizing the GMR requires a knowledge of the degrees oft would be difficult to have as low a conductance as was
specular and diffuse scattering at all of the interfaces. measured if there were significant specular reflection in the

The measured spin valves had a structure ofsTam)— interior of the spin valve. The second simplifying assumption
NiggFeys (5 nm—-CaygFey; (L nm)—Cu (tc)-Co e s (2 was that the transmission probability for an electron travel-
nm)—Ru (0.6 nm—Caqy oFey ; (1.5 nm—Irg-Mng g (8 nm—Ta  ing either up or down through an interface was equal. This
(5 nm) wheret, equaled 2, 3, 4, 5, or 6 nm. The spin valvesmeans one parameter, transmission probability, describes
were sputter deposited on oxidiz€t00) Si substrates. The each interface. In general specular surfaces on the outside of
base pressure was lower than XX B0 ® Pa. The deposition a spin valve will increase the GMRDiffuse scattering on
rates ranged from 0.025 to 0.1 nm/s. The maximum changeither the outer surfaces or the interior of the spin valve will
in resistance with fieldAR/R, ranged between 5.3% for the lower the GMR.
spin valve with a 3-nm-thick Cu spacer layer and 2.6% for  The bulk transport properties of the materials used in the
the spin valve with a 6-nm-thick Cu spacer layer. spin valves were found by growing relatively thick layers

The conductance was measured with a four-probe vaand measuring the asymptotic conductivity. The data used to
der Pauw techniqué.During deposition a data point was obtain the bulk conductivities are shown in Fig. 1. The mean
taken every second, corresponding to 0.025-0.1 nm ofree paths of the electrons in each material are proportional
growth depending on the deposition rate. The change in coro the bulk conductivity of the material. A value of 9
ductance for the deposition of a single monolayer of metal isx 10° () nn? was taken for the proportionality constant be-
well over the minimum sensitivity of 138107 Q™! for  tween the electron mean free paths and the conductivities of
the measurement. Fe, Co, Ni, and Cd*

The conductance measurements were fitted to a spin- The measured sheet conductance as a function of layer
independent Boltzmann transport equati®TE) calcu-  thickness for five different spin valves is shown in Fig. 2.
lation® While the bulk and interfacial scattering rates areThe most striking feature of the data is the initial drop in

conductance as CoFe is added onto Cu. This is not due to
“Author to whom correspondence should be addressed; electronic mailSlanding of the CoFe on the Cu. If that were the case, then
mccallum@Dboulder.nist.gov as the CoFe islands coalesced, the conductance loss due to
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TABLE I. Bulk and surface parameters used in BTE calculation.

0.16 — Cu
— Mean
S 012 o Conductivity (1 cm)~* free path p, vacuum T, upper T, lower
@
[+
= Ta 0.007 0.4 nm 0 0 0
g 008 CoFe NiFe/Ta 0.020 1.8 nm 0 1 0
g 0.04 — NiFe 0.045 4.0 nm 0 0.5 1
8 7 NiFe CoFe 0.046 4.1 nm 0.3 0.3 0.5
0.00 — Cul 0.080 7.2 nm 0.8 1 0.3
I ] I J Cu2 0.180 16.2 nm 0.8 0.35 1
0 5 10 15 20 CoFe 0.056 5.0 nm 0.5 0 0.35
Thickness (nm) Ru/CoFe 0.026 1.8 nm 0 0 0
FIG. 1. Conductance as a function of thickness deposited for relatively thicl M 0.010 0.8 nm 0 0 0

: . . ) 0.007 0.4 nm 0 0 0
layers of material. The materials are deposited with the same underlayers as
are in a spin valve so that the growth conditions are the same.

islands would be regained. The conductance loss due to the The drop in conductance as CoFe is added onto Cu re-
CoFe-on-Cu interface remains in the completed structureduires that the sum of the diffuse scattering at the Cu/CoFe
The drop in conductance is the most difficult feature in theBnd CoFe/vacuum interfaces be greater than the amount of
data to explain, and the most likely to give information aboutdiffuse scattering at the Cu/vacuum interface. The fact that
the active part of the spin valve. the conductance does not rise or fall as Cu is added onto
The drop in conductance has been attributed to inhererféoFe indicates that the sum of the diffuse scattering at the
properties of the CoFe and Cu materials. This ignores anfr0Fe/Cu and Cu/vacuum interfaces must be about the same
difference between the interface where CoFe is added ont@s the amount of scattering at the CoFe/vacuum interface.
Cu (Cu/CoFe interfaceand the interface where Cu is added Using these observations it is deduced that the Cu/vacuum
onto CoFe(CoFe/Cu interface Whereas, experimen?aﬂmd interface is at least partially specular and that the CoFe/Cu,
theoreticdi studies have shown that there is more intermix-Cu/CoFe, and CoFe/vacuum interfaces have more diffuse
ing at the Cu/CoFe interface than at the CoFe/Cu interfacescattering.
the drop in conductance as CoFe is added onto Cu has been The low conductivities and short electron mean free
seen by several groups:®If intermixing plays a critical role ~ paths of Ta and IrMn layers mean that changes in the diffuse
in the amount of diffuse scattering at the interfaces betweefcattering at these interfaces cause little change in
CoFe and Cu, then variations in deposition conditions thagonductancé. Therefore, the surface parameters of the Ta
change the amount of intermixing would influence the dropand IrMn interfaces are not well determined from this mea-
in conductance as CoFe is added onto Cu. Attributing théurement. However, these parameters have little effect on the
interface parameters to intrinsic material properties meansurrent in the interior active layers of the spin valve, which
that there must be the same amount of diffuse scattering @&ccounts for most of the current in the structure.
the Cu/CoFe interface as at the CoFe/Cu interface. The low conductance and relatively large conductivity in
The drop in conductance as CoFe is added onto Cu wa$e NiFe layer indicate that there is significant diffuse scat-
modeled by Bailey, Wang, and Tsymbal using a realistictering at the NiFe interfaces. However, completely diffuse
band-structure calculationThe advantage of that approach scattering on both interfaces of the NiFe layer does not lower
is that it has few adjustable parameters. However, it does ndhe conductance to the values seen in the data. In order to fit
give very intuitive information about the effect of each inter- the data it must be assumed that the first 2 nm of the NiFe
face on the electron transport. The Boltzmann transporhas a lower conductivity. This is consistent with intermixing
model should be able to mimic the physics modeled by thef Ta into the NiFe, creating a magnetically dead layer with

realistic band-structure calculation. a lower conductivity®
The Cu layer also has a low conductance compared with
0.10 its conductivity. A high amount of specular scattering at the
CoFe Ru CoFe /Ta Cu-vacuum interface is necessary to fit the drop in conduc-
__0.08- \ | et TR tance seen as CoFe is added onto Cu. To fit the conductance
o /f o5 1M while maintaining the required amount of specular scattering
"o 0.06- e 4 nm at the vacuum interface, the Cu was modeled with a lower
g - : 3nm conductivity in the first 2.5 nm. A possible cause for lower
‘g 0.044 = t.,=2nm conductivity in the first Cu deposited is if that material were
° not as smooth as subsequently deposited material.
8 0.02- The Ru is only 0.6 nm thick in these spin valves. This is
~NiFe not thick enough to model as a layer using the Boltzmann
0.00 T

transport equation. Here the Ru layer is modeled as part of
the CoFe layer above the Ru. The drop in conductance as Ru
is added onto CoFe was modeled by dropping the metal-
FIG. 2. Conductance as a function of the thickness measured as the films aizeacyum SpeCUIan_ty .down to zero after Ru Wz.is added and
deposited, for spin valves with varying Cu spacer layer thicknesses. Th&@ving no transmission thrOUQh the CoFe/Ru ||_"|terface. The
materials with the higher slopes have greater conductivities. conductivity of the CoFe deposited onto the Ru is lower than
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FIG. 3. Measured sheet conductance for a top-pinned spin valve with a Ta NiFe CoFe Cu GoFeCoFe [fMn Ta

3-nm-thick Cu spacer layer and the calculated fit to that data.

FIG. 5. The calculated percentage of the total current in a spin valve in each

. . layer for three different sets of interface transmission probabilities. One
that of the CoFe deposited onto Cu and NiFe. calculation of the percentage of current in each layer is from the set of

Using these arguments, a set of parameters was deduc@gkrface transmission probabilities from the fit to the conductance data. The

for the bulk and interfacial properties of the layers in the spinnext calculation of the relative amounts of current in each layer is from
. . having no transmission probability at any interface in the spin valve. The

valve. These parameters are_dISplayed In Tat,’le I T_he Ca‘Iclﬂhird calculation of the percentage of current in each layer is from having
lated co.ndu.ctance as a fgnctlon of the deposited thickness ggmplete transmission through each interface.
plotted in Fig. 3 along with the measured conductance as a .
function of thickness for a spin valve Wit 3 nm Culayer. amqqnt of total cur.rent in each layer was calc.ula_ted for two
All curves in Fig. 2 are well fitted with the same set of additional cases: first, for no electron transmission through

parameters. This significantly adds assurance to the validit§"y Of the metal-metal interfaces, and second, for the case
of the interface parameters found. yvhere there was 100% el_ectron transmission thro_ugh_ each
The bulk and interface parameters deduced from thénte_rface. The results of this calcu_latlon are shown in Flg. 5.
measurements of conductance as a function of thickness cifnile the conductance of the spin valve changes consider-
be used to calculate a current density in the complete@Ply for these different parameter sets, the fraction of the
multilayer. The results of this calculation are shown in Fig. 4.t0tal current in each layer is not extremely sensitive to the
The decreased current density near the interfaces is due gyerall amount of scattering at the interfaces of the
diffuse scattering. The materials with higher conductivity Multilayer. .
have longer electron mean free paths, and the effects of their 10 SUmmarize, measurements of the conductance taken
interfaces extend farther into the material. The ratio of cur2S many different spin valve structures were sputter depos-
rent density to electric field is significantly lower than the ited showed where electron scattering occurred. This infor-

bulk conductivity for the layers such as NiFe and Cu, withMation about the scattering, in the form of transmission
high bulk conductivities. prot_)ab|llt|es for_the interfaces, was used to cal_culate the ef-
The effective conductivity was integrated over the thick-€Ctive conductivity as a function of position in the com-
ness of each layer to find the fraction of the total current inP!et€d spin valve. By calculating the effective conductivity
that layer. To see how sensitive the fraction of total current ifor different overall amounts of scattering at the interfaces, it

each layer is to changes in the interface parameters, tH¥@s found that the effective conductivity was not a strong
function of the overall amount of scattering. This adds assur-

ance that the ratio of current density to electric field calcu-
lated for the spin valve structure is accurate.
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