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Extraordinary interlayer coupling in Co/Cu (Mn) multilayers
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We have investigated the effect of Mn doping into Cu layers on the interlayer coupling in Co/Cu multilayers
and found a partial change of the interlayer coupling from ferromagnetic to antiferromagnetic or vice versa
with decreasing temperature. The change of the interlayer coupling occurs around a critical temperature which
depends on both the @Qun) layer thickness and Mn concentration. As an origin of the change of the interlayer
coupling, a cooperative interaction among the Co layers and the Mn ions is discussed in correlation with a
spin-glass-like statdS0163-18209)06405-X

I. INTRODUCTION to Mn impurities in the spacer layers, as in our preliminary
reportst®1’
There has been great interest in studying transport prop-
erties in magnetic multilayers since the discovery of the giant
magnetoresistancéSMR) effect in the Fe/Cr systefhThe
oscillation of interlayer coupling strength as a function of All samples were prepared in an ultra-high-vacuum
nonmagnetic layer thickness has further promoted a widetUHV) compatible sputtering system at Michigan State Uni-
spread research interest in those systémSeveral theoret- Versity. The samples were deposited on chemically etched
ical models have been proposed to exp]ain the mechanism §|(100) substrates on which 50 A of Fe buffer Iayer was first
the oscillatory interlayer couplin@;? however, the origin has deposited. The substrate temperature dgring the deposition
not yet been fully understood. The theoretical models exWas between-15 and—30 °C. As sputtering targets, Gu

e ; ; P d 13 at. % Mhnalloys and Co were used. While the Co
plaining the interlayer coupling can be roughly classified into@" _ / ,
two; a model based on Ruderman-Kittel-Kasuya-YosidaJayer thickness was fixed at 15 A, the @®n) layer thick-
ess fcywn) Wwere selected to span from the first to the

(RKKY) interaction and one based on the size quantizatioﬁ] S
of magnetic carrier dispersion relation. In the RKKY model, second peaks of the MR oscillation reported for the undoped

we expect that the interlayer coupling is modified by mag-CO/Cu multilayers. The.number of bilayers was varied so
netic impurities doped in nonmagnetic spacer layers that the total sample thickness becomes about 2400 A. As a
. i ' reference system to separate the effect due to the reduced
In th|_s paper, we report systemaqc measurements of MaGhean free path of the conduction electron, we prepared 4
netoresistancéVR) and magnetization in Co/@Min) mul- 5 o Ge-doped reference samples in the same manner as
tilayers where 4 and 13 at. % Mn is doped in the Cu spacegq/cyMn) multilayers. Note that the resistivity for Ge-
layers in order to investigate the effect of magnetic impuri-goped samples is larger than that for Mn-doped ones with the
ties on the interlayer coupling. The (dn) alloy is well  same spacer layer thickness though the residual resistivity
known as a typical spin-glass material where Mn spins freez@er impurity concentration for GMn) alloys is larger than
randomly below a certain temperatures due to the RKKYthat for C{Ge) alloys® which is possibly due to some de-
interaction among therf.In such a system, we can expect a viation in the Ge and Mn concentrations.
competition or cooperation between the interlayer coupling The electrical resistivity was measured between 1.5 and
and the spin glass. 300 K by the standard dc four-probe method using a
There have been several works which report the effect oEomputer-controlled current source and KEITHLEY-181
the impurity doping in the spacer layers of Co/Cu multilayersnanovoltmeters. The magnetic field was applied in sample
on the MR magnitudé and on the oscillation period of the plane across the current direction, up to 15 kOe using a con-
interlayer coupling due to the change of the nesting vector oyentional iron core electromagnet and up to 50 kOe using a
the Fermi surfacé!'* Very recently, Fullertoret al. have  superconducting magnet. Magnetization measurement was
reported an enhanced biquadratic coupling between Fe layepgrformed using a Quantum Design Superconducting quan-
in Fe/CK6 at.% Fe superlattices with large OFe) layer tum interference device magnetometer up to 55 kOe.
thickness™® They inferred that the enhancement of biqua-
dratic coupling is due to a local coupling between Fe layers IIl. RESULTS
and C(Fe layers in which inhomogeneous antiferromag-
netic ordering is expected. The present work modifies inten- In this paper, the MR ratio is defined ag.{a—ps)/ps
tionally the interlayer coupling by magnetic interaction dueusing the maximum resistivity,.x and the resistivity at

Il. EXPERIMENT
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FIG. 1. The spacer layer thickness dependence of the magne- FIG. 2. The field dependence of the MR ratio and magnetization
toresistancéMR) ratio andH determined from the MR measure- (M) for Cogs 4/Cu(Mn) 4) and Cgys & /Cu(Ge)g 4, Multilayers.
ments for Co/C(Mn) and Co/CyGe) multilayers. The solid lines
are guide to eyes. the M(H) as shown in Fig. @), is far beyond what usually
observed in ordinary ferromagnetic materials at low tempera-
tures. In fact, for Ge-doped sample, such an enhancement of

maximum field pg. The is replaced by the field- : . :
Ps Prmax P y H, with decreasing temperature was not observed both in the

dependent resistivitg(H) when we discuss the field depen- : .
dence. The saturation fieldH¢) for MR is defined as the MR and theM [see Figs. &) and 2d), respectively.

field where the resistivity change becomes 99% of the total Thed effe_ct ”of anCdopw/]g a|\t/| low terrjl_p;]eratures allppears
reSiStvity ChaNge p(= pry—po. TheH, for magnetization  more Arastical for C@s  [CUMN)qs 5. The spacer.laver |
(M) is also defined as the field wheMd/M, (M, is the - oo corresponcs 1o e first miimumm ot the

saturation magnetizatiofecomes 99% oscillation for undoped Co/Cu multilayers; i.e., Co layers are
9 o ferromagnetically(F) coupled*® As expected, the MR ratio
at 77 and 300 K is only a few percent as shown in Fig.3
A. Temperature dependence of MR oscillations The ferromagnetic coupling is confirmed also by MéH)
in Co/Cu(Mn) multilayers [see Fig. &)]. At 4.2 K, however, a spectacular enhance-
ment of both the MR ratio and thd was observed, sug-
gesting a growth of the AF-coupling component. That is also

with those for Co/C(# at. % Ge multilayers. At 300 and 77 evidenced clearly in thi (H.) at4.2 K. Taking into account

K, the MR oscillation is not much different from those re- the fact that no anomaly in the MR and thbs h_as been
ported for the undoped Co/Cu multilayérSAt 4.2 K, how-  found for the Ge-doped samples as shown in Fige) and

ever, two striking characteristics become evidéntthe MR 3(d), Mnlllmpurltles play anl essential roll in the growth of
ratio increases drastically aroumiéu(anlSA (oscillation AF-coupling component at low temperatures.

minimum), and (ii) the Hg increases apparently for all ) _

doymn - Similar characteristics were observed also for 13~ C- Temperature dependence of the interlayer coupling

at. % Mn-doped sample@ot shown. The characteristi¢i) In order to examine the growth of AF component at low
suggests the growth of antiferromagneti8F) coupling temperatures, we have measured the temperature dependence

component at low temperatures while the coupling is ferroof the resistivity(p) for d0u(Mn>“13A- As shown in Fig. 4p
magnetic at 300 and 77 K. The characterigti¢ indicates

First, we show the dependence of MR ratio ardd on
dcymny in Fig. 1 for Co/Cu4 at. % Mn multilayers, along

that the strength of the interlayer coupling between adjacent 2o . — & 20 ey —
Co layers is enhanced for @k, . For Ge-doped samples, 15 oo 1 19 oo o i
only a slight enhancement in the MR ratio and thg has E1of admdoped 1 & 101 ace doped” -

0

been observed at low temperatures, as is usually reported fo
undoped systemfsee Figs. (¢) and 1d)]. Judging from -
these facts, the remarkable changes of interlayer coupling are M= —
undoubtedly due to the Mn doping.

5
4.2K
0

MR rat

1t

B. Field dependence of the MR andV at fixed temperatures ”09%7 ——

Figure 2a) shows the field dependence of transverse MR = et | et
for a Cqss 4)/Cu(4 at. % Mn g 5y multilayer. The spacer layer oal T 1 ol T |
thicknes 9 A corresponds to the first peak of the MR oscil- e I IS SOK )
lation as a function of Cu layer thickne$8TheH increases Mo T a5 % 2 &4 s
remarkably with decreasing temperature, though it is not o9 ko)
much different from that reported for Co/Cu multilay&?st FIG. 3. The field dependence of the MR ratio aMl for

300 K. The enhancement &fs, which is also reflected in  Coys 4/CuMn) 3 4 and C;s 4 /Cu(Ge) 13 4 multilayers.
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FIG. 4. The temperature dependence of resistivipy for §1°f7< ]
g I ]
> ]
3

at zero field for the 4 at. % Mn-doped sample shows a mini- % 700 TK 200 300
mum near 70 K. The curve at 10 kOe starts to deviate from

that at zero field near almost the same temperature. The re- g, 5. (3 The temperature dependence of remnant magnetiza-
sistance minimum is not due to ordinary Kondo effect sincejon normalized to saturation valu#i /M) for 4 at. % Mn-doped
the temperature at the resistance minimum is much higheCo/CuMn) and Cgys 4 /Cu(Ge) 4 multilayers, (b) The tempera-
than Kondo temperature expected for dilute(K2n) alloy.!®  ture dependence ofp(=pmax—ps for Coys a4 /Cu(Mn)q 4, and

It should be also noted that Guat.% Mn bulk alloy is  Cogs 5 /Cu(Ge)g 5y multilayers.

reported to exhibit a spin-glass transitthMost impor-

tantly, the minimum was observed only for the samples withto ferromagnetic in AF-coupled samples and vice versa in
the dcyun)~ 13 A which is near the first minimum of the MR F-coupled samples with decreasing temperature.

oscillation for the undoped Co/Cu systéfrl’ The smallness
of the p value excludes the possibility of the weak-

localization effect. It is naturally inferred that the increase of ) o
p below about 70 K is due to the enhancement of the To clarify the characteristics of temperature dependence

conduction-electron scattering responsible for the GMR re2f the interlayer couplingts estimated fronM (H) is plot-

sulting from the growth of AF-coupling component. For theted as a function (.)f temperature in F'.g' 6. Eor Cdian) .
13 at. % Mn-doped sample, the difference betwpeat H mutlilayers, theH increases exponentially with decreasing

—0 and 15 kOe starts near 200 K, below which the Aptemperature. The slope of Idf versusT changes abruptly
component might growsee Fig. 4.
Taking into account the fact that the interlayer coupling 20 . . 1 . l

: . . : & dCu(Mn)=7 (a)
changes from ferromagnetic to antiferromagnetic in the % ¥ 4%-Mn doped

D. Switching temperature of the interlayer coupling

originally F-coupled samples, the reverse is expected in 10 0

originally AF-coupled samples. Such an expectation was @ t- L de=13 Yy T

confirmed by the temperature dependence of remnant mag- e o e

netization normalized by the saturation magnetization - = — dc“ﬁzf‘

(Mo/My) in Fig. 5@). The My/M¢ shows an enormous en- ‘f’ﬁq}\i\ ~ ey

hancement with decreasing temperature for the Mn-doped X ‘35?«\2“‘“"" E

samples near the first peak of MR oscillati@l, =7 and 1 fmﬁﬁ“"“‘l

9 A) in comparison with the slight increase for the Ge-doped 40 . . . ,

sample. In contrast to the samples withyn~ 13 A, 304\& doum=11

M, /Mg exhibits a slight but apparent decrease with decreas- 20 {\’1 13%-Mn doped - 4

ing temperature, reflecting a decrease of F coupling at low 5 10m “J  doum=15 ]

temperatures. The growth of F coupling in originally AF- Q F E
) . x r d =20

coupled samples is also reflected in the temperature depen- = I ¥ %\\ cutn ]

dence ofAp. For Cq;s 4 /Cu(Ge)g 4), Ap increases slightly T M Eis?g%; . / ]

with decreasing temperature as reported for undoped Co/Cu | P é%\ 1

multilayers? while for CQis 4)/Cu(Mn) g 4, it definitely de- dcmﬁ =35 4 H\ g

creases with decreasing temperature as shown in Hy. 5 1 . ' ' a2

These results could be understood if the interlayer coupling 0 100 T (K) 200 300

in some selected area changes from AF to F at low tempera-

tures. FIG. 6. (a) The temperature dependencethf determined from

A|| _these _facts demonstrate the temperatL_Jre-d_ependemA(H) curves for 4 at. % Mn-doped Co/Qvn) multilayers along
switching of interlayer coupling due to Mn doping; i.e., the with that for Co/CGe), and(b) for 13 at. % Mn-doped Co/G¥in)
interlayer coupling partially changes from antiferromagneticmultilayers.
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FIG. 7. The dependence of critical temperatufg)(on dcywmn)
for 4 at. % and 13 at. % Mn-doped Co/®n) multilayers along
with spin-glass temperaturd §) of bulk CuMn) alloys (Ref. 10.

around a critical temperature§ ). For the 4 at.% Mn-
doped sample withdgywn~13 A, T, is close to the tem-
perature at the resistance minimum, reflecting the abrupt
growth of the AF component below,. The Hg below T,
for 13 at. % Mn-doped samples is much larger than that for
the 4 at. % Mn-doped one, suggesting that the larger Mn
concentration yields the largét,. FIG. 8. (a) p versug Mg—M?(H)]/[MZ—Mg] and(b) p versus
The deywin dependence oFy, is shown in Fig. 7 for both 1~ [(M(H)=Mo)/(Ms—Mo)]? plots for the Cais » /CulMn) 4)
4 and 13 at. % Mn-doped samples. For all thgwpn), Ty, Of multilayer.

13 at. % Mn-doped samples is larger than that of the 4 at. %e interlayer coupling in some selected areas, leading to the
Mn-doped ones. For smatloywn) (<~15 A_)’ Ty Increases  coexistence of AF and F components. The effect of distrib-
sharply with decreasingcypn), however, it depends only ieq Mn ions on the interlayer coupling cannot be canceled
weakly ondcyn for large deyn) - Forden)=35A, Tb  out by averaging over the sample since the samples in the
is more than twice higher than the spin-glass temperaturgresent experiment are polycrystalline and composed of
(To) for bulk CuMn) alloys (~23 K for 4 at. % and~60 K grains or columnar structures with finite sizes. The finite ef-
for 13 at. %6°). fect, which is left after averaging over within each grain
below Ty, can alter the interlayer coupling in some grains
IV. DISCUSSION from F coupling to AF coupling or vice versa. That explains
the experimental observation; i.e., coexistence of AF and F
Two possibilities are discussed in this section as Origi”%omponents in a single sample beldw. In the scaling
of the partial sign change of the interlayer coupling belowprocedure by Rodmacet al, the resistivity in the samples
Ty. The first is the canted state of the adjacent Co layersyhere both AF- and F-coupled areas coexist changes propor-
where F and AF components coexist apparently, due to gonally to 1—[(M(H) —Mg)/(Ms—M;)]2.23%*In fact, the
biguadratic coupling interaction. In order to explain the eX-scaling procedure betwegnand M? supports this mecha-
perimental reports on biquadratic couplfef Slonczewski  nism [see Fig. 8)].2° Note that for the Ge-doped sample
has proposed a theoretical model where localized-electrogitn deuce=9 A, the scaling is roughly obeyed without tak-
states with an unpaired spifoose spin located within or at ing into account the contribution d¥1, (not shown, sug-
the interfaces of the nonmagnetic metallic spacer layers eyesting the ordinary AF coupling.
hance biquadratic interactidh The Mn-doped system in the Next we discuss the mechanism of the change of the in-
present expgriment is one of the model systems to exam?n@nayer coupling in some grains beloty,. As one of the
the loose spin theory. Rodmacq and zcg-workers have applieghssible scenarios, we propose a simple model based on the
the scaling procedure betweprandM< in order to confirm  ¢copperation between interlayer exchange interaction and
the existence of biquadratic coupling in NiFe/Ag RKKY interaction due to the doped Mn spins. At higher
multilayers®>?* First, they assumed that the resistivity temperatures abovE,, Mn spins are in the paramagnetic
changes proportionally to (1cos’ 6)/(1—cos 6), where the  gtate and can freely rotafsee Fig. @a)]. In such a condition,
magnetizations in magnetic layers alternately make an angle time average of the spin polarization of the conduction
+6 and — 6 with respect to the external field and the angleejectrons due to Mn spins which mediates the RKKY inter-
between the magnetizations at zero field i8,2 For the  action is almost zero. Therefore, the Mn spins might have
canted state where the magnetizations are at an aglen2  only a minor influence on the interlayer coupling within each
zero field, one will have cog=M/Ms and cos,=Mo/Ms,  grain. BelowT,, the fluctuation of Mn spins ceases and the
therefore the resistivity changes proportionally fM2 interlayer exchange interaction and the RKKY interaction
—M2(H)J/[M3—M3].%3%* Applying the same procedure, among the Mn spins start to cooperate. The cooperation
we confirmed that the interlayer coupling in the present Cogives two influences on the interlayer coupling; i.e., a partial
Cu(Mn) system at lower temperatures cannot be explainedhange of the sign of the interlayer coupling and an enhance-
by the canted state of the adjacent Co layers as shown in Fighent of H;. Since the effect of distributed Mn ions on the
8(a).2° An alternative explanation is a change of the sign ofinterlayer coupling is not canceled out due to grains or co-
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(a) above Ty, (Cu(Mn) layer : paramagnetic state) much larger than that for the 4%-doped one with same
dcywn) (see Fig. 6. The T, for the 13%-doped samples is
about twice higher than that for the 4%-doped d¢see Fig.

Co rzzzzw
Mn 7). Taking into account the fact that the RKKY interaction
Cu(Mn) § ; ;é'/; shows a damped oscillation as a function of the distance
G 1989
Co mmzzzzzzz%

from a magnetic momerit, the stronger cooperative interac-
tion is expected for the shorter interval among the Mn spins
and Co layers, leading to a largdr, for the larger Mn con-
centration. The higheil, for 13 at. % Mn-doped samples
mimics the concentration dependenceé gffor bulk CuMn)

(b) below Ty, (Cu(Mn) layer : spin-glass-like state) alloy system.
Co zmm
2 V. CONCLUSION
CuMm) 3 >
2, &

We found a drastic effect of Mn doping in the Cu spacer
layers on the interlayer coupling between Co layers in Co/Cu
Co < multilayers; i.e., the interlayer coupling changes its sign from

FIG. 9. Schematic illustrations of the switching of the coupling antiferromagnetic to ferromagnetic or vice versa partially

between Co layers above and beldy. The solid wavy curves with Qecreasing temp_erature. The cha_n_ge of the interlayer
represent the RKKY interaction. coupling becomes evident around a critical temperature. In

order to explain the change of the interlayer coupling, we

discussed a simple model based on the RKKY interaction
lumnar structures, the sign of the cooperative interaction decooperatively working among Mn spins and Co layers in
pends on each grain. When the sign of the cooperative integorrelation with spin-glass-like state in @dn) layers.
action belowT, is opposite from the interlayer exchange
interaction abovel, in the grain, the coupling between Co
layers changefsee Fig. ®)]. For dcywn~13A, the ferro-
magnetically coupled Co layers are partially changed to AF The authors thank Professor P. A. Schroeder, Professor J.
coupling belowT,,, while for dcywn~9 A where the Co Bass, Professor J. A. Cowen, Professor A. Fert, and Profes-
layers are antiferromagnetically coupled, the F componensor J. Inoue for their helpful discussion and comments. This
grows belowT,. The cooperative interaction causes also awork was supported by a Grant-in-Aid for Scientific Re-
freezing of magnetizations of Co layers and Mn spins, whictsearch from the Ministry of Education, Science and Culture
suppress the response of Co layers to the external field, leadf Japan, and also by a fiscal year 1994 fund for Special
ing to an enhancement &f;. The influence of the coopera- Research Project at TMU. A part of this work was performed
tive interaction on the change of the interlayer coupling iswith the management of ASET in MITI's R&D Program
also reflected in the dependencetbf and T, on Mn con-  supported by NEDO. The work at MSU was supported by a
centration. TheH below T, for the 13%-doped sample is US National Science Foundation grant, No. DMR-92-22614.
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