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Reliable prediction of giant magnetoresistance characteristics

M. Ye. ZhuravleV'* W. Scheppet,S. Heitmanr, H. Vinzelberg? P. Zahr® I. Mertig,* H. O. Lutz! A. V. Vedyayev>'
G. Reiss: and A. Hitten'
IFakulta fur Physik, Universita Bielefeld, UniversitaStrasse 25, D-33501 Bielefeld, Germany
2IFW Dresden, Helmholtzstrasse 20, D-01069 Dresden, Germany
3Institut fir Theoretische Physik, Technische UniversBaesden, Zellerscher Weg 17, D-01062 Dresden, Germany
“Martin-Luther-Universita Halle-Wittenberg, Von-Seckendorff-Platz 1, D-06099 Halle, Germany
SCEA/Deartement de Recherche Fondamentale sur la Meatondense, SP2M/NM, 38054 Grenoble, France
(Received 25 January 2002; published 1 April 2002

We present a combined theoretical approach to the giant magnetoresig¢&i&d 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.
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Antiferromagnetic  coupling in ferromagnetic/para- the CML with N=2 results in a superposition of the two
magnetic-sandwich layers results in a magnetoresistance bfse systems weighted by the fraction of their double layer
unusually high magnitude. This so-called giant magnetoreconductance. Secondly, numerical calculatfohave been
sistance(GMR) is one of the transport phenomena in solid performed to explore the magnetic reversal process of each
state physics which has stimulated widespread research a@dividual magnetic layer of these CML's on the basis of an
tivities over the past decade due to its fundamental interest &xtended Stoner-Wohlfarth model in the single domain limit.
well as its application potentide.g., see Ref.)LAb initio ~ Thus, the field dependence of the angles between adjacent
calculations(e.g., Ref. 2 based on realistic band structures, Magnetization vectors is known and can directly be used as
as well as a variety of other mod&t§ have been developed mput.for the quantum statistical calculation of the GMR ver-
to provide a physical understanding of the GMR effect. Ob-Sus field characteristics. o
viously, a reliable knowledge of the predictive power of such Our model is based on the quantum statistical theory
calculations would be highly desirable. We have, thereforeWhich was originally developed to describe the GMR in
performed a joined experimental and theoretical study to extrilayered systentS and treats the transport properties within
plore the ability of a quantum statistical treatment to predictth® Kubo linear response formalism. It is assumed thasthe
the GMR of multilayered systems. As prototypes we chos&lectrons provide the main contribution to the current as a

magnetron sputtered “combination multilayer€MLs) of ~ consequence of their lower effective mass compared to that
type of the d electrons. A free-electron model is used for the

electrons, however, the exchange splitting of dhigand and
s-d scattering is taken into account. Therefore, the mean-free
PYig nm/{[CUig ndPYi6 ndn/[Clos nmdPYis nminty path of the conducting electrons depends on the spin direc-

tion due tos-d scattering and the differeadtelectron density

of states at the Fermi level, calculated by using the coherent
(with Py=Nig;Fejg) because of the following reasons. First, potential approximatioiCPA). A difficult but necessary task
it has been shown experimentdifithat the GMR of these within the Kubo linear response formalism is to find the
CML’s are free of hysteresis and depend very distinctly oncorrect Green functiofGF) matching at the interfaces. A
the value ofN. Whereas CML's withN=1 are basically review of some matching techniques can be found in Ref. 11.
averaging over the two underlying base systemsn our work we apply the variation-of-constant methotb
{CWg nm/PY16 nmpn at the first and Cu, g i/ PYis npn @t construct a GF with continuous derivatives at the interfaces,
the second antiferromagnetic coupling maximu=C M), enabling us to solve the differential equation
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(black line, together with the one of the underlying base
FIG. 1. Room temperature GMR vs field dependence of measystems  Pyg nm//{Clog nm/PY16 nnyao  (gray line@  and
sured  Pyg n//{Cloo nm/PYis ntao  (black  line@ and  PYis nm//{Clig nm/PY1e nntao (gray dotted ling multilayers at the
PYi g nm//{CUL g nm/PYi6 nmiao (gray line multilayers at the first first and second antiferromagnetic coupling maximum, similar
and second antiferromagnetic coupling maximum, similar to Fig. 1to Fig. 1 in Ref. 7. In comparison the corresponding gquantum
in Ref. 7. In comparison the corresponding quantum statistical calstatistical  calculations  for [Py; g nm/Clig nml1[PYr6 nm/
culations for[Py; s nm/Cloo nmls PYie nm (black circles and for ~ Clog nml1PYie nm (black circleg are shown. The transport param-
[PY16 nn/Clys nls PYis nm (Qray circles are shown. The trans- eters used arex,,=6.1 nm, \p=0.9 nm, Ac,=A{=\g,
port parameters used adgh,=6.1 nm, A\p,=0.9 nm, Ae,=Af, =33 Nm andkfp,=Kipy=kec,=0.1 nm .
=\g=33 nm, andklp,=kip,=kec,=0.1 nnit,
tion, or extracted from measured resistivities by using the
The ang|eayn between the magnetization of the n-th ferro- free electron model. This difference may reflect a smaller
magnetic layer and the quantization axis is provided by thélegree of shunting in our multilayers due to the special spin
numerical Ca|cu|ati0n5(magnetization vectors are in the valve Structur_e in Ref. 14, and a less diffusive scattering due
layer planes kg, is the Fermi momentum in theth layer, 0 smoother interfaces. The Fermi vectors used for spin-up
a, is the lattice constanim the electron mass, and the  and spin-down electrons in Py as well as for the electrons in
in-plane momentum. The corresponding energies can bEu were set tdz=0.1 nni* each. This is very close to the
written as value of k¥*¥¥=0.116 nm* of the electrons responsible
for the RKKY interaction in these multilayers, estimated
1 1 from the aliasing effect as described by the reldfion
EQO==3T+3Y, EP=-(2T-3h), )
2 2 -1
1 n
where the exchange splitting of teeslectrons with spir is A= - _E @
determined by the real part of the electron self-eneXdy (W)
and their inverse lifetime is proportional to the imaginary kg

(1) i (1) = . . . .
part. Wheread=”’# 0 for all ferromagnetic layerdz;”=0  ith n=1, taking into account the measured GMR oscilla-

for the Cu spacers. Details concerning the solution of Bq  tjo wavelength ofA=0.9 nm (Ref. 16 and assuming a
are prgsented else\{vhé?.e dominant[111] growth direction. These transport parameters
A direct comparison of measured and calculated GMRyere also used to calculate the GMR characteristics of CML
characteristics at room temperature of the two underlying,ctures as discussed below.
base systems{Clog nw/PYi6 nmyn at the first and Figure 2 confirms that the measured GMR vs field curve
{Cuig nm/PY16 nmin at the second afcm is given in Fig. 1. for N=1 (see Fig. 1is basically the average of the two base
The absolute difference between calculated and measur%g,stems at the first and second AFCM. The corresponding
GMR amplitudes is 3.2 and 3.3 %, respectively, whereas thgjjinear coupling constantd, were determined from the ex-
saturation fields are in good agreement. The latter feature is §erimental curves by means of E@) (see Ref. 15which

consequence of using the numerically obtaingdas input  rgjates); to the thicknessp, of the Py layer, their saturation
guantities. To achieve this good match between measurqqagnetizationvl by and the saturation field

and calculated GMR characteristics the spin-dependent
mean-free paths for the spin-up and spin-down electrons in , J.
Py were assumed to be,,=6.1 nm and\p,=0.9 nm, re- Hggfu?gg“oennéw.
spectively, and the mean-free path in Cu was 33 nm. YRy
These values are 33, 50, and 46 %, respectively, larger thafable | shows that indeedi (N=1)=0.5J,(tc,=0.9 nm)
those determined by Gurney al* for spin valve structures +J, (tc,=1.8 nm)]. This behavior can easily be understood
using the classical solution of the Boltzmann transport equaby implying a dominating nearest-neighbor interaction in
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TABLE |. Comparison of calculated and measured coupling 16
strengths], . o
Structure Experimental Calculated 12 7

®
PYis nm//{Clyo nm/PYi6 nntao 0.021 mJA  1.76 mJ/r £
PYig nd/{CU g nm/PYig nmpao  1.51x10° % md/nf 0.31 mJ/m & o O
PYig nd/{{Clg i/ PYig nls/  0.071 mJ/md  1.03 mJ/m g
[Clg nm/PY16 nml1}20
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this CML structure, in which every Py layer is strongly -150 -100 50 0 50 100 150
coupled to the nearest ferromagnetic layers but weakly pH_, (mT)

coupled to the next-nearest layers. Thus, the resulting FIG. 3. Measured room temperature GMR characteristics of

effective C(_)upling CO.nStant is the average Of the tWO'PYLB ! [{[CUrg nm/PY16 nml2/[Clog nm/PY16 nml2}10 (black
To prove this assumption, we have perfornaddinitio elec- line) similar to Fig. 2a) in Ref. 7, and for comparison the

tronic structure calculations to determine the behaviod,of  corresponding quantum statistical calculations for
in PY1g nm//{[CUg nn/PYr6 nml 1M Clog n/PYis nmlit20  [PYis nm/Clis nl2lPYis nm/Clos nml2PYie nm (black circles.
(structure G, Py; g nw//{Clpg nm/PY16 nmtao (Structure A The transport parameters used avg=6.1 nm, Ap,=0.9 nm,
and Py g nn//{CUg nm/PY16 nnyao (Structure B. To avoid  \g=A[,=\&,=33 nm, anokTFPy: kgpy: Kecy=0.1 nm .

the numerical effort of a CPA calculation for disordered Py,

we considered Co/Cu multilayers instead, but used identicaghomd vanish with increasin. Therefore, CML with large
structure parameters regarding stacking sequence, Iaer can be understood as a well separated two-block system
thickness, and number of repeats as in the eXperimenta"é(onsisting of [PY16 m/Clis mrdn//[PYis nd/Clbs mrln

.6 nm .8 n .6 nm 9 n .

realized{Py/Cy mul_tilayers. The large number qf atoms i'.q For comparison the experimentally obtained GMR character-
the supercell required a recently developed Imear—scalmg;stiCS of the CML withN=2 is shown in Fig. 3. As can be

electronic structure calculation schencreend-Koringa- - o clearly, there is no indication of three contributions.

1 . .
Kohn-Rostoker methdd*9. The coupling phenomenon in Instead, the saturation fields of the structures A and B can be
the structures A, B, and C has been treated by comparing tr]aentified at 103.8 and 5.9 mT, respectively. The lack of a

total en_erglef,\,,a of their magnetic .conflguratlons with all visible C contribution can be understood with the help of the
magnetic moments in parallel or antiparallel. We focussed Or|)1umerically calculated magnetization angles: It turns out,

the nearest-neighbor coupling between adjacent magnetf + the magnetization C is either not switching at all or it is

layers and gsed af'Heisgnberfg mOdﬁl. tﬁ Calcméﬁr the switching together with the magnetization of the neighboring
two magnetic configurations from which tdg can then be  |vers: hence it is not detected. The quantum statistical cal-

extracted: culation is again in good agreement with the experimental
t:||ii_§j| curve.
Ey= E JLOM M, (5) In summary, it has been shown that a quantum statistical
I ]

i treatment, together with the numerically determined orienta-

These values are listed in Table I. Although the absolutéion 9f magnetic moments, i.s avery powerful tool to religbly
values are two orders of magnitude larger than the experiQred'Ct the GMR characteristics even of complex multilay-

mentally determined ones, they confirm the relationshipered structuresAb initio electronic structure calculations

3(C)=0.5J (A)+J, (B)]. The much larger calculated ab- confirmed. that the interplay pf adjacent but diffe_rent an_tifer—
sanfut)e vali[esL (of)theL((:Ol)J]pIing constantsgmay be due to ol magnetic exch_ange couplings n thesg CML IS physically
treatment of Co/Cti—instead offPy/Cy multilayers and by ased on a dominant nearest-neighbor interaction. The good
chemical disorder or roughness at the interf&&swhich agreement of experimental and calculated GMR characteris-

can significantly lower the coupling strength. The result oftICS suggests to use this combined appragcto *measure

our quantum statistical calculation is displayed in Fig. 2. Thespln—dependent fransport properties such as mean-iree paths

difference between the experimental and the calculated GMIQ?(S dli:c?rg]l{A\/Re(?r?;Sraiqgr?stt?choﬂlzy 'etgicf)iée;ablli)(’; :t?;%n and
amplitude is only about 1%, and the field dependencies arB P PP '
in excellent agreement. The fact that a minimum layer se-

quence Oof[Py; 6 nm/Cuig nml1lPY16 nm/Clog nml1PY1.6 nm
is sufficient in these calculations to match the GMR charac- ACKNOWLEDGMENTS
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