
PHYSICAL REVIEW B, VOLUME 65, 144428
Reliable prediction of giant magnetoresistance characteristics
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We present a combined theoretical approach to the giant magnetoresistance~GMR! effect in magnetic
multilayers which is able to provide good agreement with experimentally obtained GMR characteristics. This
approach is based on a quantum statistical treatment, using as input the numerically determined orientation of
the magnetic moments in the magnetic layers. It may be applied to determine spin-dependent transport prop-
erties, and to predict GMR characteristics for specific applications.

DOI: 10.1103/PhysRevB.65.144428 PACS number~s!: 75.70.Pa, 72.25.Ba, 73.21.Ac, 75.30.Et
a-
e
re

lid

t

s
d
b
ch
re
e
ic
s

t,

o

m

o
yer

ach
an
it.
cent
as

r-

ory
in
in
e

s a
that

free
c-

rent

e

11.

es,
Antiferromagnetic coupling in ferromagnetic/par
magnetic-sandwich layers results in a magnetoresistanc
unusually high magnitude. This so-called giant magneto
sistance~GMR! is one of the transport phenomena in so
state physics which has stimulated widespread research
tivities over the past decade due to its fundamental interes
well as its application potential~e.g., see Ref. 1!. Ab initio
calculations~e.g., Ref. 2! based on realistic band structure
as well as a variety of other models3–6 have been develope
to provide a physical understanding of the GMR effect. O
viously, a reliable knowledge of the predictive power of su
calculations would be highly desirable. We have, therefo
performed a joined experimental and theoretical study to
plore the ability of a quantum statistical treatment to pred
the GMR of multilayered systems. As prototypes we cho
magnetron sputtered ‘‘combination multilayers’’~CML’s! of
type

Py1.8 nm//$@Cu1.8 nm/Py1.6 nm#N /@Cu0.9 nm/Py1.6 nm#N%Y

~with Py5Ni81Fe19) because of the following reasons. Firs
it has been shown experimentally7,8 that the GMR of these
CML’s are free of hysteresis and depend very distinctly
the value ofN. Whereas CML’s withN51 are basically
averaging over the two underlying base syste
$Cu0.9 nm/Py1.6 nm%N at the first and$Cu1.8 nm/Py1.6 nm%N at
the second antiferromagnetic coupling maximum (AFCM),
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the CML with N>2 results in a superposition of the tw
base systems weighted by the fraction of their double la
conductance. Secondly, numerical calculations9 have been
performed to explore the magnetic reversal process of e
individual magnetic layer of these CML’s on the basis of
extended Stoner-Wohlfarth model in the single domain lim
Thus, the field dependence of the angles between adja
magnetization vectors is known and can directly be used
input for the quantum statistical calculation of the GMR ve
sus field characteristics.

Our model is based on the quantum statistical the
which was originally developed to describe the GMR
trilayered systems10 and treats the transport properties with
the Kubo linear response formalism. It is assumed that ths
electrons provide the main contribution to the current a
consequence of their lower effective mass compared to
of the d electrons. A free-electron model is used for thes
electrons, however, the exchange splitting of thed band and
s-d scattering is taken into account. Therefore, the mean-
path of the conductings electrons depends on the spin dire
tion due tos-d scattering and the differentd-electron density
of states at the Fermi level, calculated by using the cohe
potential approximation~CPA!. A difficult but necessary task
within the Kubo linear response formalism is to find th
correct Green function~GF! matching at the interfaces. A
review of some matching techniques can be found in Ref.
In our work we apply the variation-of-constant method12 to
construct a GF with continuous derivatives at the interfac
enabling us to solve the differential equation
F S ]2

]z2 1~kFn!22k22En
(0)D S 1 0

0 1
D 2En

(1)S cosg n singn

singn 2cosgn

D GFGn
↑↑~z,z8! Gn

↑↓~z,z8!

Gn
↓↑~z,z8! Gn

↓↓~z,z8!
G5

2Ma0

\2 d~z2z8!S 1 0

0 1
D .

~1!
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The anglegn between the magnetization of the n-th ferr
magnetic layer and the quantization axis is provided by
numerical calculations~magnetization vectors are in th
layer planes!, kFn is the Fermi momentum in thenth layer,
a0 is the lattice constant,m the electron mass, andk the
in-plane momentum. The corresponding energies can
written as

En
(0)5

1

2
~S↑1S↓!, En

(1)5
1

2
~S↑2S↓!, ~2!

where the exchange splitting of thes electrons with spins is
determined by the real part of the electron self-energySs,
and their inverse lifetime is proportional to the imagina
part. WhereasEn

(1)Þ0 for all ferromagnetic layers,En
(1)50

for the Cu spacers. Details concerning the solution of Eq~1!
are presented elsewhere13.

A direct comparison of measured and calculated GM
characteristics at room temperature of the two underly
base systems $Cu0.9 nm/Py1.6 nm%N at the first and
$Cu1.8 nm/Py1.6 nm%N at the second afcm is given in Fig. 1
The absolute difference between calculated and meas
GMR amplitudes is 3.2 and 3.3 %, respectively, whereas
saturation fields are in good agreement. The latter feature
consequence of using the numerically obtainedgn as input
quantities. To achieve this good match between meas
and calculated GMR characteristics the spin-depend
mean-free paths for the spin-up and spin-down electron
Py were assumed to belPy

↑ 56.1 nm andlPy
↓ 50.9 nm, re-

spectively, and the mean-free path in Cu wasl533 nm.
These values are 33, 50, and 46 %, respectively, larger
those determined by Gurneyet al.14 for spin valve structures
using the classical solution of the Boltzmann transport eq

FIG. 1. Room temperature GMR vs field dependence of m
sured Py1.8 nm//$Cu0.9 nm/Py1.6 nm%40 ~black line! and
Py1.8 nm//$Cu1.8 nm/Py1.6 nm%40 ~gray line! multilayers at the first
and second antiferromagnetic coupling maximum, similar to Fig
in Ref. 7. In comparison the corresponding quantum statistical
culations for@Py1.6 nm/Cu0.9 nm#3 Py1.6 nm ~black circles! and for
@Py1.6 nm/Cu1.8 nm#3 Py1.6 nm ~gray circles! are shown. The trans
port parameters used arelPy

↑ 56.1 nm, lPy
↓ 50.9 nm, lCu5lCu

↑

5lCu
↓ 533 nm, andkFPy

↑ 5kFPy
↓ 5kFCu50.1 nm21.
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tion, or extracted from measured resistivities by using
free electron model. This difference may reflect a sma
degree of shunting in our multilayers due to the special s
valve structure in Ref. 14, and a less diffusive scattering
to smoother interfaces. The Fermi vectors used for spin
and spin-down electrons in Py as well as for the electron
Cu were set tokF50.1 nm21 each. This is very close to th
value of kF

RKKY50.116 nm21 of the electrons responsibl
for the RKKY interaction in these multilayers, estimate
from the aliasing effect as described by the relation15

L5U 1

S p

kF
RKKY D 2

n

d111
CuU21

~3!

with n51, taking into account the measured GMR oscil
tion wavelength ofL50.9 nm ~Ref. 16! and assuming a
dominant@111# growth direction. These transport paramete
were also used to calculate the GMR characteristics of C
structures as discussed below.

Figure 2 confirms that the measured GMR vs field cu
for N51 ~see Fig. 1! is basically the average of the two ba
systems at the first and second AFCM. The correspond
bilinear coupling constantsJL were determined from the ex
perimental curves by means of Eq.~4! ~see Ref. 16! which
relatesJL to the thicknesstPy of the Py layer, their saturation
magnetizationMPy and the saturation field

Hsaturation
experiment5

4JL

MPytPy
. ~4!

Table I shows that indeedJL(N51)50.5@JL(tCu50.9 nm)
1JL(tCu51.8 nm)#. This behavior can easily be understoo
by implying a dominating nearest-neighbor interaction

-

1
l-

FIG. 2. Measured room temperature GMR vs field depe
ence of Py1.8 nm//$@Cu1.8 nm/Py1.6 nm#1 /@Cu0.9 nm/Py1.6 nm#1%20

~black line!, together with the one of the underlying bas
systems Py1.8 nm//$Cu0.9 nm/Py1.6 nm%40 ~gray line! and
Py1.8 nm//$Cu1.8 nm/Py1.6 nm%40 ~gray dotted line! multilayers at the
first and second antiferromagnetic coupling maximum, sim
to Fig. 1 in Ref. 7. In comparison the corresponding quant
statistical calculations for @Py1.6 nm/Cu1.8 nm#1@Py1.6 nm/
Cu0.9 nm#1Py1.6 nm ~black circles! are shown. The transport param
eters used arelPy

↑ 56.1 nm, lPy
↓ 50.9 nm, lCu5lCu

↑ 5lCu
↓

533 nm andkFPy
↑ 5kFPy

↓ 5kFCu50.1 nm21.
8-2
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this CML structure, in which every Py layer is strong
coupled to the nearest ferromagnetic layers but wea
coupled to the next-nearest layers. Thus, the resul
effective coupling constant is the average of the tw
To prove this assumption, we have performedab initio elec-
tronic structure calculations to determine the behavior ofJL
in Py1.8 nm//$@Cu1.8 nm/Py1.6 nm#1/@Cu0.9 nm/Py1.6 nm#1%20
~structure C!, Py1.8 nm//$Cu0.9 nm/Py1.6 nm%40 ~structure A!
and Py1.8 nm//$Cu1.8 nm/Py1.6 nm%40 ~structure B!. To avoid
the numerical effort of a CPA calculation for disordered P
we considered Co/Cu multilayers instead, but used ident
structure parameters regarding stacking sequence, l
thickness, and number of repeats as in the experimen
realized$Py/Cu% multilayers. The large number of atoms
the supercell required a recently developed linear-sca
electronic structure calculation scheme~screend-Korringa-
Kohn-Rostoker method17,18!. The coupling phenomenon i
the structures A, B, and C has been treated by comparing
total energiesEN,a of their magnetic configurations with a
magnetic moments in parallel or antiparallel. We focussed
the nearest-neighbor coupling between adjacent magn
layers and used a Heisenberg model to calculateEN for the
two magnetic configurations from which theJL can then be
extracted:

EN5 (
i , j

t5uRW i2RW j u

JL~ t !MiM j . ~5!

These values are listed in Table I. Although the absol
values are two orders of magnitude larger than the exp
mentally determined ones, they confirm the relations
JL(C)50.5@JL(A)1JL(B)#. The much larger calculated ab
solute values of the coupling constants may be due to
treatment of$Co/Cu%—instead of$Py/Cu% multilayers and by
chemical disorder or roughness at the interfaces19,20 which
can significantly lower the coupling strength. The result
our quantum statistical calculation is displayed in Fig. 2. T
difference between the experimental and the calculated G
amplitude is only about 1%, and the field dependencies
in excellent agreement. The fact that a minimum layer
quence of@Py1.6 nm/Cu1.8 nm#1@Py1.6 nm/Cu0.9 nm#1Py1.6 nm
is sufficient in these calculations to match the GMR char
teristics of the whole Py1.8 nm//$@Cu1.8 nm/Py1.6 nm#1 /
@Cu0.9 nm/Py1.6 nm#1%20 multilayer stack can again be take
as an indication of the dominating nearest-neighbor c
pling. From simple geometrical considerations the CM
characteristics forN>2 should reflect the three contribution
from the structures A and B and the mixed case C, sca
with (N21)/2N for A and B and 1/N for C. Hence, the latter

TABLE I. Comparison of calculated and measured coupl
strengthsJL .

Structure Experimental Calculate

Py1.8 nm//$Cu0.9 nm/Py1.6 nm%40 0.021 mJ/m2 1.76 mJ/m2

Py1.8 nm//$Cu1.8 nm/Py1.6 nm%40 1.5131023 mJ/m2 0.31 mJ/m2

Py1.8 nm//$@Cu1.8 nm/Py1.6 nm#1 /
@Cu0.9 nm/Py1.6 nm#1%20

0.071 mJ/m2 1.03 mJ/m2
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should vanish with increasingN. Therefore, CML with large
N can be understood as a well separated two-block sys
consisting of @Py1.6 nm/Cu1.8 nm#N //@Py1.6 nm/Cu0.9 nm#N .
For comparison the experimentally obtained GMR charac
istics of the CML withN52 is shown in Fig. 3. As can be
seen clearly, there is no indication of three contributio
Instead, the saturation fields of the structures A and B can
identified at 103.8 and 5.9 mT, respectively. The lack o
visible C contribution can be understood with the help of t
numerically calculated magnetization angles: It turns o
that the magnetization C is either not switching at all or it
switching together with the magnetization of the neighbor
layers; hence it is not detected. The quantum statistical
culation is again in good agreement with the experimen
curve.

In summary, it has been shown that a quantum statist
treatment, together with the numerically determined orien
tion of magnetic moments, is a very powerful tool to reliab
predict the GMR characteristics even of complex multila
ered structures.Ab initio electronic structure calculation
confirmed that the interplay of adjacent but different antif
romagnetic exchange couplings in these CML is physica
based on a dominant nearest-neighbor interaction. The g
agreement of experimental and calculated GMR characte
tics suggests to use this combined approach~i! to ‘‘measure’’
spin-dependent transport properties such as mean-free p
and Fermi vectors and~ii ! to employ it to reliably design and
predict GMR characteristics for specific applications.
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FIG. 3. Measured room temperature GMR characteristics
Py1.8 nm//$@Cu1.8 nm/Py1.6 nm#2 /@Cu0.9 nm/Py1.6 nm#2%10 ~black
line! similar to Fig. 2~a! in Ref. 7, and for comparison the
corresponding quantum statistical calculations
@Py1.6 nm/Cu1.8 nm#2@Py1.6 nm/Cu0.9 nm#2Py1.6 nm ~black circles!.
The transport parameters used arelPy

↑ 56.1 nm, lPy
↓ 50.9 nm,

lCu5lCu
↑ 5lCu

↓ 533 nm, andkFPy
↑ 5kFPy

↓ 5kFCu50.1 nm21.
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