
RAPID COMMUNICATIONS

PHYSICAL REVIEW B, VOLUME 63, 220405~R!
Impurity scattering from d-layers in giant magnetoresistance systems
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~Received 2 February 2001; published 23 May 2001!

The properties of the archetypal Co/Cu giant magnetoresistance~GMR! spin-valve structure have been
modified by the insertion of very thin~submonolayer! d-layers of various elements at different points within
the Co layers, and at the Co/Cu interface. Different effects are observed depending on the nature of the
impurity, its position within the periodic table, and its location within the spin valve. The GMR can be strongly
enhanced or suppressed for various specific combinations of these parameters, giving insight into the micro-
scopic mechanisms giving rise to the GMR. In particular, the doping of Fe and Ni into the spin valve close to,
but not at the interface, leads to an increase in GMR, as does the introduction of Cu, a nonmagnetic impurity,
into the Co layers.

DOI: 10.1103/PhysRevB.63.220405 PACS number~s!: 75.70.Pa, 73.20.At
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Ever since the development of the first transistor, so
state science and technology has sought a proper descri
of the details of electronic transport in heterostructures. T
past few years have seen a remarkably high level of acti
in the area of magnetic heterostructures on the nanom
scale, not least in the area of giant magnetoresista
~GMR!,1 observed in ultrathin layered structures featuri
transition-metal ferromagnets that can have the relative
entation of their layer moments altered by a magnetic fie
The broad physical picture describing GMR is that it aris
from spin-dependent scattering, so that parallel or antipa
lel magnetic layer moments correspond to aligned or a
aligned filters for the spin-polarized current. Approach
to the theory based on the Boltzmann formalism2,3 can give a
good phenomenological description of the basic effe
Early quantum pictures used a free-electron-like band, ev
ating the Kubo formula for the case of spin-dependent s
tering potentials.4,5 More recent theoretical treatments ha
emphasized the importance of the electronic structure to
GMR,6–10 which yield a better quantitative agreement w
experiment.

Nevertheless these theories only consider pairs of ma
als ~e.g., Fe/Cr, Co/Cu!, limiting the understanding of more
complex experimental structures. One area of conten
is the microscopic location of the spin-depende
scattering—in the bulk or at the interface of the ferroma
netic layers. It has been attempted to get directly at the
croscopic origin of the GMR by deliberately doping wi
impurities. This was reported for Fe/Cr multilayers using
few different dopants placed at the interface.11,12 The
different impurities have been characterized by the scatte
spin asymmetrya, defined as the ratio of spin↑ to spin ↓
scattering from the impurityr↓ /r↑ ,13–15 an essentially phe
nomenological parameter—only in the last few years h
attempts been made to determinea from electronic band-
structure calculations.16 Similar interfacial doping experi-
ments were reported by Shinjo.17 Nevertheless these exper
ments were carried out using AF coupled superlattic
complicating the interpretation, as the AF state is ill defin
and is easily degraded by the insertion of the dopants, le
ing to a loss of GMR merely due to loss of AF alignment18

Meanwhile Vouilleet al. have studied the effects of dopin
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various elements into the magnetic layers
alloys19—although this varied thea of the dopants, deter
mining the relative bulk and interface contributions of the
scatterers is model dependent.

A noteworthy theoretical treatment of the both the po
tion and spin asymmetry (a) properties of impurities in
Co/Cu multilayers has been given by Zahnet al.20 Using the
tight-binding Korringa-Kohn-Rostoker technique they we
able to calculate the local density of states21 and hence the
effect of the impurity scatterers on the GMR. In this wa
direct conclusions can be drawn about the relative imp
tance of bulk and interface scattering. However, these id
have not been tested at all stringently by any of the exp
ments cited above.

In this paper we wish to address these issues, reportin
experiments in which we have systematically doped arc
typal Co/Cu spin valves by the insertion ofd-layers of vari-
ous elements to localize scattering with a certain value ofa.
The use of spin valves removes the difficulties in ensurin
proper AF alignment, as we always have a clear distinct
between parallel (↑↑) and antiparallel (↑↓) moment align-
ments, so we can be certain to have measured the full G
amplitude, defined as (r↑↓2r↑↑)/r↑↑ . The previous experi-
ments used only a few impurities. We have prepared a m
larger set of samples to systematically study the depende
of the GMR on the changes in the electronic structure cau
by the introduction of a wide variety of different dopants.
addition ourd-doping technique yields important informa
tion on the position dependence of the impurities that can
be obtained by forming alloys or interfacial layers alone. W
have observed long-ranged interactions between severa
ferent impurities and the interfacial spin-dependent scat
ing, over distances up to an order of magnitude greater t
those previously reported22 or predicted.23

The samples were deposited by dc magnetron sputte
in a computer controlled custom vacuum system with a b
pressure of 231028 Torr. The substrates were pieces c
from a ~001! Si wafer, the working gas was 3.0 mTorr of A
and typical deposition rates were;3 Å s21. The substrates
are heat sunk during deposition so that the temperature
not rise by more than a few °C above ambient. Magneto
©2001 The American Physical Society05-1
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FIG. 1. Position dependence of the giant magnetoresistance for various transition metal impurities in the Co layer of the spin v
the top of each panel any availablea data from Ref. 13 are given for comparison. The graph width represents the Co layer thicknesx
increases in each graph we move from the Co/Cu interface to the outermost surface of the Co layers.
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sistance was measured by a standard dc four-probe me
at room temperature. The sample structure comprises t
elements found in a typical spin valve—two Co layers se
rated by Cu, with an FeMn pinning layer. The impuri
d-layer is inserted into the Co at different points so that
overall structure is as follows: Si substrate / Ta~50! /
Co(25-x) / X / Co(x) / Cu~30! / Co(x) / X / Co(25-x) /
FeMn~80! / Ta~25!; all thicknesses are given in Å. Since bo
the Ta and FeMn have resistivities of much greater than
mVcm, we should expect most of the in-plane conduction
take place in the GMR active Co/Cu/Co sandwich. In
cases the amount of impurity corresponds to a few tenth
a monolayer—we used standard conditions of 0.5 s dep
tion using a power density of 1 W/cm2. In some cases the
introduction of thed-layer close to the Co/FeMn interfac
reduced the exchange bias to the point where the↑↓ state
cannot be accessed; such data points have been omitted
all the figures that we present.

Structural changes have been noted in similar exp
ments: the use of submonolayer amounts of impurities
surfactants24,25can change the resistivity as they alter grow
modes while floating out of the film on the growth front. W
have tested for such effects and not found them: there is l
change in the observed GMR if we restrict ourselves t
d-layer in only one or other Co layer. Since thed-layer is
being moved, in sequential samples, in opposite directi
through the stack in these two cases the effects cannot be
to changes due to its floating out, as surfactant effects
only occur in layers deposited after thed-layer.

Other structural effects might affect the GMR by chan
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ing, e.g., the grain size or the interfacial roughness. Sepa
Co/Cu multilayer samples with suchd-layers in the Co have
been thoroughly characterized by synchrotron x-ray diffr
tion and reflectometry.26 No significant or systematic varia
tions in crystallography, grain size, or interfacial roughne
or grading were found for Cr, Ta, Pd, or Cu dopants, a r
resentative sample of those we investigate in the pre
work. Moreover, no systematic or significant variation in t
sheet resistance of the samples was found, so that the ov
scattering is largely unaffected by the presence of
d-layers, only the spin-dependent scattering leading to G
is affected.

In Fig. 1 the GMR is plotted against the position of th
dopantd-layer for a variety of elements from the central pa
of the transition metal block. Firstly the reader should no
that the graph for Co is quite flat at;4.5%, and this can be
regarded as the control experiment—ad-layer of Co was
inserted into both Co layers. This modest value is due to
thinness of the Co layers compared to those used in de
applications.27 It is immediately evident that it is not possibl
to increase the GMR of a Co/Cu structure by puttingany
other impurity at the interface, previously thought to be th
part of the structure most susceptible to changes in chem
species.22

On the other hand, certain impurities will increase t
GMR when placedwithin the Co, contrary to commonly held
views about the pre-eminence of the interfaces for GM
The neighboring plots for Ni and Fe show a similar behavi
both curves show a pronounced rise in GMR when
d-layer is placed just behind, but not at, the interface. T
5-2
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effect is larger for Ni—almost 50% higher. One possib
interpretation is that thed-layer forms a second highly effec
tive spin-filter just behind the first filter of the Co/Cu inte
face. Although no value is reported in Ref. 13 for Ni, th
value of aFe512 given for Fe in Co leads one to suppo
that the value ofaNi must also be@1, and likely to be even
higher still than the value for Fe.

The effects of Cu impurities are also of particular intere
When close to the interface there is little effect, or a sm
suppression, due presumably to the artificial creation o
more interdiffused, alloyed interfacial layer. However, on
the Cu is deep inside the layer we see an enhanced G
somewhat unexpected in the light of the fact that these
nonmagnetic impurities. An obvious comparison here is w
the large bulk spin anisotropy in the resistivity of Ni laye
doped with Cu observed by Vouilleet al.19

Within the group of noble metals, the GMR is lower fo
Ag impurities than for Cu, and lower still for Au. The be
havior is consistent with greater spin-orbit scattering—
heavier elements flip spins more readily, mixing the s
current channels. A comparison with, for example, Pd and
is consistent; the GMR recovers more rapidly as Pd is mo
away from the Co/Cu interface. Both these elements, w
strong Stoner susceptibility enhancements in the bulk,
readily polarized by the Co matrix, leading to little loss
GMR.

On the other hand the graphs for Cr, Mo, Ru, Ta, and
all show that the insertion of thed-layer at the interface
almost totally suppresses the GMR. As the impurity
moved back into the Co the GMR rises in a roughly line
fashion. For Ru and Ta the GMR appears to plateau w
the dopant is;10 and 20 Å from the interface, respectivel
This is exactly the behavior expected given the importa
attached to interfacial scattering, but the length scale
greater than that of only;2.5 Å previously reported when
Co d-layers were inserted into NiFe,22 suggesting that the
lengthscales involved in discussions of interfacial or b
scattering must be highly material system dependent. Fo
of these materials but Ta, the reporteda value is,1. The
value ofaTa51.23 appears to be an overestimate.

The data for Mn, V, and Nb also look similar. Thes
elements havea values reported.1, and we see that th
dependence on the position of the dopant layer is quite w
The GMR is suppressed wherever thed-layer is placed.
There is little or no suppression of the GMR when the e
ments Ti or Zr, both witha.1, are introduced into the in
terfacial region of the Co layer. The effects of Hf are anom
lous in this regard, possibly eitheraHf52.5 is an
overestimate, or the high nuclear charge of Hf leads t
large spin-orbit scattering term. This is to be compared w
the results found for Ta.

It is also of interest to pose the question regarding
effects of impurities in the Cu spacer layer. The reade
attention is drawn to Fig. 2, where the GMR of the sp
valves with Co~Cu! impurities in the Cu~Co! layer~s! is pre-
sented. The data for the Cu impurities~solid symbols! is
taken from Fig. 1. As we have seen, the GMR rises as the
moves back into the Co after a small suppression close to
interface. On the other hand, Co impurities in the Cu spa
22040
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strongly reduce the GMR with only a weak position depe
dence unless they are close to the interface. We should
pect that Co atoms or clusters isolated in the Cu should
have ~super!paramagnetically, leading to spin-independe
scattering when averaging over time or position in the fil
as in practical measurements. The decay length of;10 Å is
therefore a direct measure of the range of significant
change interactions for the Co impurities in Cu. Further e
periments with other impurities in the spacer layer are
consistent with the same general picture: a position indep
dent suppression of the GMR due to a shortening of
mean-free path in the crucial spacer layer, unless the im
rity is within two or three atomic sites of the interfacial re
gion, where the impurity can begin to affect nature of t
interfacial scattering.

We find that the experimental results are at odds with
published theoretical predictions of Zahnet al.20 in the fol-
lowing important ways: impurities witha,1 suppress the
GMR, usually to a great extent when at the interface, a
still have a considerable effect when several lattice const
away from the interface; impurities witha.1 sometimes do
provide an enhancement of the GMR, but it is only to
found when they are a few Å behind the Co/Cu interfa
and impurities in the spacer layer have a dramatic effect
lowering the GMR. There are two omissions in the theory
Zahnet al., which may lead to inaccurate predictions: a la
of interband transitions, found to have an important effect
conductivity calculations when realistic levels of disorder a
included;9 and vertex corrections are required for an accur
description of impurity scattering.28

The results of more sophisticated calculations by Bin
et al.,29 are qualitatively much more in accord with the o
servations that we report here. Self-consistently calcula
impurity potentials were used, as well as a more correct
scription of the microscopic transport processes includ
state-dependent relaxation times and proper account take
the scattering-in term. In particular, the predictions of t
change in GMR when moving thed-layers of specific mate-
rials from the interface in to the bulk of the Co show rema
able similarities with the observations and the sign of t
change exhibits strong correlations with the sign of the
change interaction calculated between the local momen
the impurity ion and the Co matrix.

FIG. 2. Dependence of the GMR on the position of Co impu
ties in Cu~open symbols! or Cu impurities in Co~solid symbols!.
x50 corresponds to the position of the Cu/Co interface.
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The comprehensive nature of the data set allows so
general conclusions to be drawn—there are consistent tre
in the data for impurityd dopants witha,1, .1, and.1.
Of course we are comparing our data to published values
a that are themselves rather uncertain, and so anoma
such as the case of Ta are to be expected. The position
pendence of the scattering that leads to the GMR has b
shown to be remarkably rich, and has important implicatio
for what is meant when bulk or interface scattering is d
cussed. Thea value for thed-layer appears to be a functio
of x, as the electronic environment around the impurities w
depend in the distance to the Co/Cu interface. Finally, th
are two striking results, deserving of theoretical explanati
the significant increase in GMR caused by the insertion
22040
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3d ferromagnet dopantsbehindthe Co/Cu interface; and th
marked increase in GMR when a nonmagnetic impurity, C
is embedded deep in the bulk of the Co. As well as sugg
ing possible routes to optimizing GMR materials for devic
any theory found to be capable of reproducing all these
fects must contain the correct physics of GMR at a de
level.
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