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Periodic Enhancement of the Electron-Electron Interactions and the Magnetoresistance
in Magnetic Co/(Cr /Ag)/Co Multilayers
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Electrical transport and magneto-optical Kerr effect have been measured HCr@&8g)/Co
multilayers in which the thickness of the bimetallic nonmagnetic spacer/@g varies from 0 to 35 A.
The measurements clearly indicate the presence of antiferromagnetic couplihg<for < 23 A, At
low temperaturegT < 20 K), the resistivity shows a logarithmic increase which is most probably
caused by the two-dimensional electron-electron interactions. The magnitude of th& kegm and
of the negative magnetoresistance varies periodically with a period corresponding approximately to one
monolayer of Cr. [S0031-9007(96)02041-8]

PACS numbers: 75.70.Cn, 73.50.Jt, 73.50.Yg, 78.66.Bz

Since the discovery of antiferromagnetic interlayer ex-of electrons with two-level systems (TLS) cannot be ex-
change coupling [1], giant magnetoresistance (GMR) dueluded. It is shown that the logarithmic term varies as
to magnetization rotation [2] and oscillatory interlayera function of A with a periodicity of one Cr monolayer,
coupling [3], the transport properties of magnetic multi-while the periodically enhanced disorder at the &y in-
layers (MML) have attracted much attention. The GMRterface also affects the magnetoresistance.
effect is usually accounted for by spin-dependent scatter- The Cq/(Cr/Ag)/Co multilayers were prepared in
ing of electrons at the ferromagnet-spacer interfaces [4p Riber MBE deposition system (base pressar
The periodicity of the oscillations, observed in the depen10~!! mbar) using electron beam guns and a mass
dence of the coupling parameter on the spacer thicknesspectrometer control system to stabilize the growth rate.
is determined by extremal spanning vectors of the FermbDuring evaporation the temperature of the MgO(100)
surface of the nonmagnetic metal [5,6]. It was shownsubstrate was held at 2Q. In order to varyA systemati-
theoretically and confirmed experimentally that the inter-cally in a single sample, the Cr and Ag films were grown
layer coupling also depends on the thickness of the magn a wedge shape configuration. The following multilayer
netic films [7,8] and the nonmagnetic cap layers [9]. Thecomposition was prepared[Co(45 A)/Cr(0-15 A)/
amplitude and phase of the oscillations in the coupling paAg(0-20 A)/Co(45 A)] covered by20 A of Ag as a
rameter depend on the properties of all individual layers irprotection layer. The slope of the Cr and Ag wedge was
a multilayer [10]. Moreover, interlayer coupling can also1 and1.35 A/mm, respectively. From these slopes and
occur in more complex systems, for instance, when théhe A, total spacer thickness, the thickness of the indi-
nonmagnetic spacer consiststa different metallic lay- vidual layersic, and Aag, are calculated adc, = (1/
ers. By varying the thicknesses of those layers it is ther2.35)A and A, = (1.35/2.35)A. The sample surface
possible to change systematically the properties (e.g., dignd structure were studied in detail by atomic force mi-
order) of the interface inside the nonmagnetic bimetalliccroscopy (AFM), x-ray diffraction (XRD), and magnetic
spacer and therefore to influence the interlayer couplindorce microscopy (MFM). The AFM measurements on
and transport properties. the thinnest part of the wedge gave an rms roughness

In this Letter we report on two new phenomena ob-of 0.4 nm over a2.5 X 2.5 un? area, while for the
served in Cg(Cr/Ag)/Co multilayers with the bimetallic thickest part of the wedge an rms roughness of 1.5 nm
Cr/Ag spacer. First, it is shown that there is an antifer-was obtained for the same area. The average grain
romagnetic coupling between Co layers acrosf@rbi-  diameter observed using AFM images is 50 nm. Low-
layer for its spacer thickness varying between 9 and angle specular XRD spectra clearly showed a series of
23 A. Second, and more interesting, we found a prowell-defined finite size oscillations, again an indication
nounced logarithmic term in the temperature dependencef low film roughness. As estimated from MFM mea-
of the electrical resistivityp (7). The slope ofthelogT  surements, the magnetic domain size was of the order of
contribution is not affected by magnetic fields up to 11 T1 um. The magneto-optical Kerr effect (MOKE) with
and the resistivity does not show saturation at least dowtaser spot size of about 0.2 mm was used to measure
to 30 mK. We interpret the logarithmic behavior of the the magnetic hysteresis loops at room temperature for
resistivity as arising predominantly from two-dimensionaldifferent A values with the magnetic field applied parallel
(2D) electron-electrorie-e) interactions in the presence to the wedge plane. After the MOKE measurements,
of disorder, although contribution due to the interactionusing combined photolithography and Ar bombardment
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(keeping the substrate temperature below ®) the a logarithmic increase of the resistivity with decreasing
sample was patterned to strips of about 1 cm I@&dgum T according to the relatiop = A log,, () + C. To be
wide, and separated from each other by ab&utum. sure that the behavior is not caused by the lithography
Magnetotransport measurements were carried out oor argon bombardment, we measured the temperature
the strips in the temperature intervhb < T < 300 K dependence of the resistivity of a piece of the unpatterned
and in magnetic fields up to 11 T by using the standardvedge sample with & varying between 10 ando0 A,
four-contact dc method. and observed qualitatively a similar behavior. The tem-
Figure 1 shows the dependence of the saturation fielgerature dependence of the resistivity fofGo(45 A)/
Hs on the spacer thickness as obtained from the (Cr(6.4 A)/Ag(8.6 A))/Co(4.5A)] sample was also
MOKE measurements. It is clearly seen that over ahecked at temperatures below 1.4 K by using a dilution
broad range of thel values, the Co layers are coupled refrigerator. No saturation of the logarithmic slope in
antiferromagnetically. Outside this region, the MOKE the resistivity down to 30—50 mK was observed (see the
hysteresis loops were typical for either uncoupled orinset of Fig. 2).
ferromagnetically coupled magnetic films. There are The logarithmic increase of the resistivity at low tem-
indications of the presence of a minimum in the saturatiorperatures may be caused by (i) the Kondo effect [12], (ii)
field, as marked by the arrow in Fig. 1. weak electron localization effects [13,14], (iii) disorder
In the region of ferromagnetic coupling(Cr/Ag) <  enhanced two-dimensional electron-electron interactions
7 A, the magnetoresistance in a fieldl parallel to the [13,14], or by (iv) interaction of conduction electrons with
currentI (H||T) is always positive and changes sign for two-level systems (TLS) [15]. The first two effects are
H11I. This is a feature of the anisotropic magnetore-sensitive to low magnetic fields and give rise to a nega-
sistance (AMR) [11]. For the spacer thicknegsA <  tive magnetoresistance. They can be distinguished from
A < 23 A, the magnetoresistance is typical for the spin-the others interactions by applying a sufficiently strong
valve (SV) effect, being negative and weakly dependenmagnetic field [13]. The estimated upper limit for the
on the direction of the in-plane magnetic field. This weakKondo temperatur@x = 7 K defined as the middle point
dependence follows from the fact that the total magneef the temperature interval where the resistivity grows
toresistance is a superposition of two contributions, AMRIlogarithmically. Therefore, for the usual Kondo effect,
and SV MR, with the latter being dominant. In the rangethe temperature dependence of the resistivity should be
7 A < XA < 10 A the MR as a function of magnetic field
displays both positive and negative contributions. The

magnetoresistance and MOKE data clearly show the tran- :]_5‘
sition from ferromagnetic to antiferromagnetic coupling in
the Co/(Cr/Ag)/Co multilayers with increasing thick- 5 00 or
ness of the bimetallic nonmagnetic spacer. Z 1
Figure 2 shows the temperature dependence of S 05
the resistivity for two Co/(Cr/Ag)/Co strips with A0
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and A = 24.6 A. The inset shows variation of the resistance
FIG. 1. Saturation fieldds obtained from MOKE measure- of Co(45 A)/[Cr(6.4 A)/Ag(8.6 A)]/Co(45 A)] sample at ul-
ments as a function of the thicknesf the Ci/Ag spacer. tralow temperatures.
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substantially changed by a field ~ 11 T. Character- The first peak nean ~ 10 A is relatively broad and
istic fields which suppress weak localization effects arehas a small amplitude. The other peaks are much more
given by Hy ~ (hc/2e) (L;L,)” "' (L; andL, are the in- pronounced. We checked whether the presence of those
elastic and elastic scattering lengths, respectively) and aggeaks is reflected in the MR and MOKE data. In the
usually lower than 0.1 T [13]. Figure 2 clearly shows thatspacer thickness interval0 A < A < 23 A, where the
even a magnetic field of 11 T has almost no influence orspin valve effect dominates, there are dips in the mag-
the slope ofp (7). The same behavior was observed in allnetoresistance ai =~ 15 A and 20 A while the MR is
measured strips. negligible atA = 25 A [see Fig. 3(b)]. Moreover, the
The lack of saturation of the resistivity down to saturation fieldHgs as a function ofA, obtained from the
ultralow temperatures il = 0 as well as in magnetic MOKE measurement, indicates at least one minimum at
field of 11 T (Fig. 2) implies that the logarithmic term A =~ 16 A (see the arrow in Fig. 1).
in the resistivity is likely due to the 2D type electron- Although neglected up to now in the evaluation of the
electron interactions in the presence of disorder. If theroperties of magnetic multilayers, the |g) term in
two-level system, normally described by a standsidl the electrical resistivity seems to be a general feature
exchange (Kondo) model with pseudospin operators [15pf magnetic multilayers. This is due to the fact that
would be involved, one would observe the Fermi-liquidsome disorder inside the layers and particularly at the
type saturation of the resistivity faf — 0. The quasi-2D interfaces is unavoidable. We have found the presence
character of the electronic transport indicates a possiblef similar log,, 7 in the following systems: CtCr/Co,
“channeling” of the current in less resistive nonmagneticCo/(Ag/Cr)/Co, and CgAg/Co. Inthe Cg(Cr/Ag)/Co
layers. Although we believe that the observed,}0fi) system three types of interfaces should be taken into
behavior of the resistivity is predominantly due to theaccount: (i) the interface between G&r whose properties
e-e interactions in the presence of disorder, the presenemain more or less unchanged and (ii) whose properties
experimental data do not allow us to exclude the presenamay change significantly along the wedge (the interfaces
of some contribution to the resistivity due to scatteringbetween CfAg and Ag/Co). WhenRg is a monotonous
on TLS. Some indication of the possibility of such anfunction of A, the periodic peaks im, =~ ae?Rs/27>h
additional contribution comes from a deviation from thecan only be induced by a change of the interaction
log,((7T) behavior in the resistivity, seen below 50 mK
(see the inset of Fig. 2). 2.0
The resistivity minimum followed by a logarithmic
increase of the resistivity at low temperatures down to (a)
0.1 K was already observed in Ni [16] and Fe [17] films
and was interpreted in terms of electron localization and/
or electron-electron interaction effects. However, to the
best of our knowledge, no systematic study of the Jdg
term in the resistivity has been reported. ]
The relative change of the resistankg of a square
film due toe-e interactions is given by [14JARs)/Rs = > *
—a(e’Rs/2m*h)l0g,, (T1./h), wherea is the electron- '
electron interaction coefficient angl is the elastic scat-
tering time. Forr, ~ (107° — 10713) s the ratio of the
coefficientsA/C is close to—a(e*Rs /27> k) within the ]
accuracy of more than 0.01, and therefore we will fur- 0.8 - (b)
ther analyze the thickness dependencd-efi/C). We
emphasize that such a plot is not affected by an error in
the determination of the absolute values of the resistivity
which may be induced by contact configurations and/or
possible presence of weakly conducting bridges between
adjacent strips. For all studied strips the coefficikmtas _
always negative and the factGrpositive. |
Let us consider now the thickness dependence of the 0.0 —r
observed logarithmic term in the resistivity. Figure 3(a) 0 10 20 30
shows the variation of the normalized slope of the resistiv- A (A)
ity n . ._A./C asa funptlon of the spacer thicknesshe FIG. 3. (@) The normalized electron-electron interaction term,
most intriguing feature is the presence of sharp peaks 0C; —~4/C, as a function of the GAg spacer thickness

curring periodically.with incregsingh. T'he distance be- ). (b) Magnetoresistance as a function #f measured at
tween two successive peaks is approximately~ 5 A. T =200 K. The lines are a guide to the eye.
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