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Induced phase shift in interlayer magnetic exchange coupling: Magnetic layer doping
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The changes in the phase of the long-period oscillatory interlayer exchange coupling between two Co layers,
separated by a Ru spacer layer, are examined as a function of small concentrations of Ag, Au, Cu, and Ru
added to the magnetic Co layer. Phase changes of up to 360° are observed for small concentratiqog of Ag
to 8% with minimal modifications to the coupling period or strength. In addition, an additive antiferromag-
netic bias is observed for small interlayer thicknesses, indicative of a superexchange contribution to the
interlayer coupling. The effects are also investigated for Cu as the nonmagnetic spacer material and phase
shifts are observed similar to those in the systems with Ru as the spacer material. Band-structure calculations
are presented that show that insertion of small amounts of Ag into the Co host leads to additional states at the
bottom of the band. This lowering of the lower band limit is interpreted as a change in the potential step that
determines the spin-dependent reflection coefficients of the electrons crossing the ferromagnet/spacer layer
interface. The observed phase shifts are therefore interpreted to directly result from changes in the band
structure of the ferromagnetic layer. The insertion of small amounts of nonmagnetic material in the ferromag-
netic layer thus provides a mechanism with which the phase of the coupling can be shifted in a well control-
lable manner[S0163-18208)06433-9

[. INTRODUCTION ties of the nonmagnetic spacer layer as well as of the mag-
netic layer, changes in the electronic structure of the
The oscillatory interlayer exchange coupling between twomagnetic layer will be reflected in a change of the coupling
ferromagnetic layers separated by a nonmagnetic spacphase. This is evident from the experiménf and
layer has received considerable attention in the past y&4rs. theoretical® investigations of the dependence of the coupling
The mechanism responsible for this indirect oscillatory exphase on the number of electrons in the magnetic layer by
change coupling is by now widely accepted to result fromvarying the concentration in GBe, _, and CqgNi;_, alloys
the confinement of the electrons in the spacer-layefrom x=1 tox=0.
materia?~*! due to the multiple reflections of the electron  In contrast to these large compositional changes, here ex-
waves at the interfaces and surfaces. Within this quanturperiments are described for trilayer systems in which the
interference description the couplipgriodis largely deter- composition of the magnetic layer is only slightly modified
mined by the topology of the Fermi surface of the nonmag-by adding small amounts of a nonmagnetic material to the
netic spacer layer, whereas the couplistengthand the —magnetic layef? It is shown that by increasing the concen-
coupling phasé? are also strongly influenced by the tration of the nonmagnetic material from zero to a few per-
magnetic-layer and cap-layer properties. In particular, it wagent, the coupling phase can be shifted in a continuous man-
predicted?™® and confirmed experimentalf7® that the ner from 0° to 360°. Band-structure calculations are
coupling strength oscillates as a function of the magneticpresented that show that for the small concentrations used,
layer and cap-layer thickness. Furthermore, experimentthe electronic band structure at the Fermi surface is only
show that the coupling phase of the short-period oscillatiorslightly perturbed. The major modifications are additional
can be shifted as a function of the magnetic-layer composistates at the bottom of the band, which are interpreted as an
tion upon going from pure Co layers via a §Misg alloy to  increase of the potential step for the electrons crossing the
pure Ni layers-"® This result can be understood qualita- interface. Using a two-band tight-binding model it is shown
tively from the fact that the phase of the coupling as a functhat this potential step may result in a significant phase shift
tion of the interlayer thickness is directly related to the phasén the oscillatory interlayer coupling.
of the spin-dependent complex reflection coefficients at the Besides the observed shift in the coupling phase, the ad-
interfaces'>*” More specifically, since the reflection coeffi- dition of nonmagnetic materials to the magnetic layer also
cients are determined by the details of the electronic propereveals an additive antiferromagnetic bias for small inter-
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layer thicknesses that is independent of the doping concen-
tration and that is indicative of a superexchange bias as de-
scribed by Shi, Levy, and Fr.

For the studies of the phase shift, a total of 120 trilayers
were grown consisting of either pure Co layers or Co layers
with small amounts of Ag, Au, Cu, or Ru added. In the
following, the addition of small amounts of nonmagnetic ma-
terials into the Co layer is called “doping,” as in a broader
sense it modifies its electronic properties, as will be seen in
Sec. V. In the case of Cu, Au, and Ru, a substitutional alloy
forms with the Co host and in the case of Ag an immiscible
solid solution forms. Clustering was discouraged by holding
the substrate at low temperatur@g0 K) during growth and
by introducing only small concentratioris:8%y), which fur-
thermore guarantees that the magnetic properties are no
modified. For the spacer material, either Ru or Cu was cho-
sen. The spacer-layer constitution itself was left unaltered in
order not to perturb the interlayer band structure and the
magnetic-layer and cap-layer thicknesses were held constan
for varying doping concentrations.

The paper is organized as follows. The preparation and
structure of the trilayer systems are discussed in Sec. Il. In
Sec. lll the magnetization and ferromagnetic resonance ex-
periments are described from which the amplitude, period,
and phase of the oscillatory exchange coupling are deduced
The results obtained for the Co/Ru/CoAg and CoAg/Cu/
CoAg structures are presented in Sec. IV. In.S£a mecha-
nism for the Ag-caused phase shift is presented, supportec
by band-structure calculations on Ag-doped Co. Additional
experiments on Co/Ru/®d trilayers withM =Au, Cu, and
Ru dopants are discussed in Sec. VI together with further
results on interface effects in the Co/Cu structures. In Sec.
VIl the possibility of an additional superexchange bias at
small interlayer thicknesses is indicated.

d Ru Buffer b

Il. SAMPLE PREPARATION AND STRUCTURE (1,1,.2,0) (1,0,-1,0)

The samples were prepared in UHV &ypeam epitaxy on
a smooth, clean 100-A-thick single crystalline {6001 Ru _ _
buffer layer. The buffer layer was deposited on a mica sub- FIG. 1. RHEED patterns observed during growth along two azi-
strate at a pressure less thar 20 2% mbar. The reflection muths for the Ru buffer layer and subsequent growth of the

high-energy electron-diffractiotRHEED) patterns obtained Co/Ru/ngAgg Iayers_. Patterns are shown a}f_ter deposi@ion of the
during the sample growth reveal well-defined structureleO‘A'th'Ck Ru layer in@) and(b), after deposition of the first pure

This suggests the realization of good crystalline quality32"& Co layer in(c) and (d), after deposition of a 30-A-thick Ru

throughout the deposition. An example RHEED pattern jSpacer layer ine) and (f), and after deposition of a 32-A-thick
shown in Fig. 1 for a Co trilayer doped with Ag. The quality CayAgs layer.
of the Ru buffer layer is evident from the narrowness of the
streaks and the presence of & 2 reconstruction. deposition of a 30-A Ru spacer layer, shown in Fig&) 1

For the systems with Ru as the spacer-layer material, and Xf), the diffraction pattern indicates a predominantly
pure 32-A Co layer was grown on a Ru buffer layer and therhcp structure of the Ru spacer. Patterns taken after deposition
followed with a Ru layer. The Ru spacer layer was thenof a doped CgAgsg layer on top of the Ru spacer layer are
sandwiched under a doped Co layer. RHEED patterns duringhown in Figs. 1g) and Xh). A surprising feature is that the
growth are shown in Fig. 1 along with two different azi- doped Co layer follows the hcp morphology of the Ru spacer
muths. Figures (B) and Xb) are patterns taken after deposi- layer. Therefore it appears that a few percent of Ag stabilize
tion of the Ru buffer layer. Figures(d and Xd) show pat- the hcp phase. This observation is corroborated by the x-ray
terns after deposition of the pure Co layer. It can be seemeasurements taken from test samples of pure and doped
from these patterns that the pure Co grows epitaxially on th&0-A-thick Co films, grown directly onto Ru buffer layers.
Ru buffer layer with the hexagonal basal plane parallel to th&'he corresponding-26 x-ray scans are shown in Fig. 2 for
surface. A significant fc¢111) character was found for the (a) a pure Co layer(b) a Co layer with 5% Ag doping, and
growth of the pure Co layer, with a high concentration of(c) one with 10% Ag doping. The inset shows the region
stacking faults indicating a mixture of fcc and hcp. After around the fcd222) and the hcp0004 Bragg peaks, from
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~ —T cate epitaxial pseudomorphic growth. As the Cu growth pro-
ceeds, the streaks become more intense and thinner with a
marked decrease of spot intensity. This indicates that the Cu
tends to adopt a two-dimensional growth mode that is almost
certainly favored by the small lattice mismatch between Co
and Cu. Moreover, RHEED images from the impure Co

a ™ (¢) ] layer grown on top of the Cu display the same features.
1 ! . . .
~ J : Furthermore, NMR experiments on similar samples have
H % 3 : . . - .
; Voo clearly indicated that the Co layers are stabilized in the hcp
N ) .
S - 1  phase when deposited on €u.
= g ]
703 5
E : /\/ L, (D) : IIl. EXPERIMENT
~ E ’ \ 2 4 /\"w:.— The bilinear interlayer exchange-coupling coeffici
3 v 3 T . .
E ; (as defined in Ref. 23as a function of the spacer-layer thick-
’ ness as well as a function of the doping concentration was
E investigated using a superconducting quantum interference
"}./ \ (2) ) device (SQUID) and alternating gradient magnetometry
{ 1 ] (AGM) and ferromagnetic resonan¢EMR). For small in-
{ :_f’“"'**f' terlayer thicknesses\;, was estimated from the saturation
7 field values of the in-plane hysteresis loops usiHg,;

4 =2A,/tM¢,?® with H, the saturation field andV the
saturation magnetization. For larger interlayer thicknesses
the sign and strength of the interlayer couplitg, was de-
3 duced from the FMR'’s as outlined in more detail below.
0.5 In accordance with predictions from quantum interference
theories, long-period oscillations were observed for the two
FIG. 2. ¢-26 x-ray scans for a pure Co layéa, a Co layer with  spacer materials with oscillation periods of about 12—20 A.
5% Ag doping(b), and one with 10% Ag doping. The inset is the |n addition, a large nonoscillatory component to the coupling
region around the fc€222) and the hc0004 Bragg peaks. Also  was found for the systems with Ru as the spacer material.
seen are the reflections for the Ru buffer ar_wd the Ia_rge numbe_r ofhis nonoscillatory bias is independent of the doping con-
sate!lltes of the_ Ru/Co/Ru structure that confirm the high crystallingsantration of the magnetic layer and may indicate a large
quality of the films. superexchange componghto the coupling.

The AGM and SQUID hysteresis data show a linear de-
which it is evident that with increasing concentration of Ag pendence of the average magnetization on the applied field
impurities the Co reflections sharpen as they move to chaifor antiparallel coupled structures, indicating a dominant bi-
acteristic hcp positions. The main section of Fig. 2 shows théinear antiferromagnetic interlayer coupling. Higher-order bi-
same feature, albeit somewhat less visible owing to theuadratic interlayer coupling terms could not be detected
smaller angular separation, between the colpaltl) and  within experimental uncertainties for any of the samples,
(0002 reflections. Also seen are the reflections for the Ruwhich is also confirmed by the FMR results. From the
buffer and a large number of satellites of the Ru/Co/RuSQUID and AGM measurements the saturation magnetiza-
structure that confirm the high crystal quality of the films. tion was deduced and used as an input parameter for the fits

Because Co and Ag are immiscible metals, the substratef the FMR modes.
temperature was held at 240 K to discourage clustering of FMR experiments have revealed two resonance modes
the Ag within the top Co layer. Cross-sectional transmissionwith different intensities. These modes are known as acoustic
electron microscopy indicates that phase separation had beand optic modes and correspond to the in-phase and out-of-
very effectively suppressed and that the size of any Ag clusphase precession of the magnetization in the separate ferro-
ters is less than the resolution of the instrument. This placemagnetic films*?* A strong signal identifies the acoustic
an upper limit of 10 A on the size of possible clusters. mode and a weak signal identifies the optic mode. An optic

The total thickness of the doped Co lay82 A) was kept mode was observed for all samples, including the undoped
the same as in the undoped Co layer. The top Co layer d€o/Ru/Co reference. This indicates that slight differences in
each multilayer was capped with 30 A of Ru to producegrowth for the first and second ferromagnetic Co layers re-
symmetric structures and prevent oxidation at the surface ofult in small differences in the effective internal fields of the
the magnetic layer. two layers, which allows the optic mode to have a small net

For the trilayer systems with Cu as the spacer layer madynamic magnetic moment. This small fluctuating net mo-
terial, 10 A of Cu was deposited at the interfaces between theent is then visible as a weak absorption peak in FMR ex-
Ru buffer and the first Co layer as well as between the toperiments.
Co layer and the Ru capping layer in order to maintain in- The FMR experiments were carried out as a function of
terface symmetry. Each Co layer in the Co/Cu/Co trilayerthe angle between the applied field and the layer plane. This
structures was 24-A thick. The RHEED patterns observedngular dependendeanging from 0° to 90 of the acoustic
along the[110] and[100] directions for the sequence indi- and optic mode were fitted simultaneously to a model for

Ru(002)
Co(111)
Co(002)

| I 1 L |

0.4 0.42 0.44 0.46 0.48
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arbitrary magnetization configuratiof’s.From this fit, the a /RU/ t

sign and strength of the interlayer coupling,f), the gyro- (8) CoRu/Co Ru 7C
magnetic ratio ¢), and the effective anisotropy field¢) 12A
were deduced with a maximum error of 10% fdgy; and ﬁ\}/_d/; 16A | F

Ai,. HereHg is given in terms of the uniaxial anisotropy

field H, and the saturation magnetizatidfg: Hoz=47Mg ‘_\/\«\L\k 24A | AF

—H,. With M determined from SQUID measuremert,

is deduced fronH ;. Typical parameters, e.g., common to (b) Co/Ru/CoAg(3% zc
12A

all samples in the Co/Ru/Go,Ag, trilayer series werey
=2.15+-0.1 and an effective uniaxial anisotropy fieltl \}\

16A/AF
_\/\,LW——— 24AF

that ranged between 5.5 and 8 kOe for samples of different
doping concentratiort o did not appear to vary systemati-
(c) Co/Ru/CoAg(6.8%)

cally with spacer thickness or dopant concentration and was
M AF
16A

reasonably constant for samples within a series of constant
dopant concentration with variations af0.6 kOe.
IV. PHASE SHIFTS FOR Co/Ru/Co,_,Ag zC
: 1—-x"Gx _,_,—/\/”/
AND Co/Cu/Co, _,Ag, ”/\/,im//_,/_zﬂ AF
A. Co/Ru/Co;_,Agy
First, the results for Co/Ru/Go,Agy trilayers are dis- (d) Co/Ru/CoAg(8% 12A
cussed withx=0, 0.03, 0.068, and 0.08. Here the Ru spacer ——\/@\’“——‘ ZC

layer varies in thickness between 9 and 30 A and the Co and L~
Co,_,Ag, layers were held at 32 A. ‘%WA AF
Typical examples of FMR absorption derivative spectra V\/\\zlw__,‘_

as a function of the applied field are shown in Fig. 3 for
different Ag concentrations af=0, 3, 6.8, and 8%. Mea- . ' . ! : l
surements are shown for three different Ru thicknesses for -1 0 1 2 3 4 5
each Ag concentration. The acoustic mode is associated with External Field (kG)

the largest signals. Thesamplified signal of the weak op- FIG. 3. In-plane FMR absorption derivative spectra as a func-

tic m_odes are Ins_erted in Fig. 3 and the correspon_dlng mOdEon of the applied field for samples of different Ru thickness and
positions are indicated by arrows. When the coupling is paray concentration. The structures are Co/Ru/Ca\g, wherein(a)

allel (A1,<<0) the optic resonance lies on the low-field S|deX:0, (b) x=0.03, (c) x=0.068, and(d) x=0.08. The strongest

of the acoustic mode, and when the coupling is antiparallepeak is associated with the acoustic mode. The weaker peak is
(A1,>0) the optic mode lies on the high-field side of the associated with the optic mode and is shown as an inset with a
acoustic mode. The magnitude of the difference between th@agnification of 5<. The optic-mode peak position is indicated by
acoustic and optic resonance fields depends directly on th@ie arrows. ZC denotes zero coupling, F denotes ferromagnetic cou-
sign and strength of the interlayer coupling. From Fig. 3 it ispling, and AF denotes antiferromagnetic cooling.

seen that the position of the optic mode relative to the acous-

tic mode changes with increasing Ru thickness in a seriefayer thicknesses. This suggests that the phasé the os-
with fixed Ag concentration and thus demonstrates the oscileillatory coupling is controlled by the Ag doping, increasing
latory coupling between the magnetic layers. More remarkeontinuously up to a complete 360° phase shift at 8% Ag
ably however is that such an oscillatory behavior can also beoncentration.

seen as a function of increasing doping concentration for The Ruderman-Kittel-Kasuya-Yosida theory of the oscil-
fixed interlayer thickness. Comparing the position of thelatory interlayer coupling suggests an analysis of the thick-
modes for the same thickness but increasing Ag doping comess dependence of the coupling strength using a functional
centration it is seen that the coupling oscillates between ferform given by

romagnetic couplingF), zero coupling(ZC), and antiferro-

Derivative Absorption

magnetic coupling(AF). This change of the sign of the Jo=A sin(2mt/L+ ¢)/t%. )
coupling at fixed interlayer thickness therefore indicates that
the phasep of the oscillatory couplind\;> has shifted. Here the amplitude of the coupling A the period id, and

Figure 4a) summarizes the thickness dependence of théhe thickness of the spacer layertisA phase factor¢ is
interlayer coupling for all Co/Ru/Ga.,Ag, trilayers with Ag  included to account for the observed phase shift as a function
concentrations of 0, 3, and 8%. The undoped Co film strucof the doping concentration. The functional form of Ef),
ture (0%) serves as a reference. Qualitatively there appears thowever, does not adequately describe the observed values
be a single period for the oscillatory coupling that is inde-for the coupling for thinner interlayer thicknesses shown in
pendent of the Ag concentration, which means that the Ad-ig. 4. Closer examination of the data reveals an apparent
does not affect the coupling period within experimental er-additive thickness-dependent bidg, decaying exponen-
ror. The position of the maxima however is clearly shifted bytially with increasing spacer thickness:
the Ag concentration, which is most obvious for the 3% dop-
ing, with a complete change in the sign for all Ru spacer- J,=Be V4, 2
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concentration. The phase, however, is clearly very sensitive
to small changes in the Ag concentration and a concentration
of as little as 8% is sufficient to change the phase by 360°.

eﬁg This continuous phase shift with increasing doping concen-
3 tration suggests an oscillatory behavior of the phase for even
3 higher doping levels.
o While it may appear that a fit with five parameters is
< . S . ;
rather ambiguous, it is noted that the formJgfis used to fit
the data at larger interlayer thickness and the forndpis
- used to fit the data at smaller interlayer thicknesses. It is
(b) A __ ColCulCo furthermore emphasized that it is not attempted here to yield

CogAgg/Cu/CogrAgs

2
A, (erg/em®)

15
Interlayer Thickness (13.)

20 25 30

FIG. 4. (a) The experimentally determinegoints interlayer
exchange couplindA;, in Co/Ru/Cq_,Ag, trilayers vs the Ru
spacer-layer thickness for=0%, 3%, and 8%(b) The interlayer
exchange couplind,, in Co, _,Ag, /Cu/Cq _,Ag, trilayers vs the
Cu spacer-layer thickness far=0% and 8%. Positive values cor-

a complete fit to the data. The purpose of the fit using(By.

is to quantify the trend that small amounts of Ag added to the
magnetic layer have a large effect on the coupling phase.
This trend can be unambiguously seen in the data of Figs. 3
and 4 for the Ag concentrations of 0 and 3% revealing a
nearly 180° shift.

Furthermore, the additive form of E(B) needs some jus-
tification. The large value of\;, for small interlayer thick-
nesses might suggest an analysis of the data using a multi-
plicative rather than an additive functional form for the
coupling, such as

A12:Jb'J0. (4)

Coupling of the form in Eq.(4) might be expected for a
structure with rough interfaces or possibly due to proximity
effects for small spacer thicknesse€quation(4) predicts

respond to antiparallel coupling and the solid and dotted lines arehat A, oscillates between positive and negative with in-

fits to the data using Ed3). The errors of the experimental data
points lie within the size of a single point. The errors of the corre-
sponding fits to Eq(3) are given in the table caption of Table I.

Further experiments on the phase shift using Cu, Au, and Ru as ”}S’n

doping material are shown in Fig. 8.

HereB is the amplitude of the bias antis the decay length.
The exchange coupling across the Ru has then the form

A12:‘]b+‘]0' (3)
Fits to the data using the five parameters in Bj.are

indicated in Fig. 4 by the full and dotted lines. The corre-
sponding fit values foA, B, L, ¢, andd are listed in Table I.

creasing phase shift at each interlayer thicknesses. This is in
contrast to the data shown in Fig@t where for small in-
terlayer thicknesses,, is always positive, irrespective of the
ase change.

B. Cog,Ags/Cu/CogAQg

Since the Ag appears only to affect the ferromagnetic side
of the interfaces, one would expect a Ag concentration-
dependent phase shift regardless of the nonmagnetic spacer
material. With this in mind, a series of doped
Cog,Ags/Cu/Cay,Agg trilayers were prepared using Cu as
the spacer material.

The interlayer couplingA;, as a function of the Cu

Errors are given in the table caption. The magnitudes of thepacer-layer thickness is shown in Figbyfor one trilayer

oscillatory and bias terms, as well as the period and decastructure with pure Co layers and another one with a doped
length, are, within experimental error, independent of the AgCo layer, Cg,Ags/Cu/Cay,Ads. A clear shift of the first

TABLE I. Best-fit parameters of E@3) to the Co/Ru/Ce_,Ag, and Co/Ru/Ce¢_,M, data M =Ag, Au,
Ru, Cu. The parameters are the strengthoscillation period_, and phaseb of the oscillatory coupling and
the strengthB and the decay lengtd of the bias term. A variation of the fit parameters ®A=*+10
x10 % ergs,AL=+1A, AB=+40ergs/crhandAd=+0.1 A result in a similar fit with a variation of
the phase on the order af¢p=+20°.

Structure A (1071 ergs) L (&) ¢ (deg B (ergs/cm) d (&)
Co/Ru/Co 35.8 12.8 192.5 240 1.7
Co/RU/CQ,Ags 39.8 15.0 57.3 240 16
Co/Ru/C@sAg; 47.0 12.8 -90 240 15
Co/RU/Ca,AGs 49.7 12.8 ~172 243 1.4
Co/RU/C@,Clg 98.1 12.8 —201 265 1.4
Co/RuU/Ca,Aug 75.5 12.3 —212 210 15
Co/RU/C@,RUg 75.0 12.8 ~150 250 1.2
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TABLE Il. Best-fit parameters of Eq3) for the Cq _,Ag, /Cu/Cq _,Ag, system. The parameters are the
strengthA, oscillation periodL, and phasep of the oscillatory coupling and the strengdhand the decay
lengthd of the bias term. Errors correspond to those stated in Table I.

Structure A (10" % ergs) L (A) ¢ (deg B (ergs/cm) dA)
Co/Cu/Co 12 20.3 —-33.2 28 1.8
CaypAgs/CU/CasAgs 18 29.9 83.1 20 1.2

maximum is apparent when Ag is added to the Co layershe Co are small and that the Ag did not lead to a degradation
although the oscillations are long and less complete thaof the structure or the magnetic properties of the Co layer.
those in the Ru systems. The introduction of Ag into the Co layer is hence interpreted
A fit to the data was made using E@) and is shown by to directly affect the phase of the bilinear interlayer exchange
the solid line in Fig. 4b). Values for the amplitudes, periods, coupling and is not an artifact of structural or magnetic
decay lengths, and phases are tabulated in Table Il. The adhanges.
dition of the Ag does not significantly change any parameter Interestingly, this effect is quite specific by only altering
within the experimental uncertainties except for the phasethe phase of the coupling without modifying the coupling
The repositioning of the first maximum with 8% Ag doping amplitude or oscillation period. This is consistent with the
corresponds to a large phase shift of 120°. This shift, whileguantum interference models of the interlayer exchange
not as large in magnitude as the shift observed for the Reoupling®!in which the oscillation period is primarily de-
system, still indicates a specific effect on the coupling phaséermined by the stationary points on the spacer-layer Fermi
associated with the addition of Ag to the Co layers. It shouldsurface. The insensitivity of the period of the coupling to the
be noted that the amplitud® of the bias termJ, from Eq.  Ag doping concentration implies that the Ag dopants in the
(2) was significantly smaller for the Cu system compared taCo layer did not alter the Fermi level or topology of the Ru
the Ru system. Furthermore, for the systems with Cu spacespacer layer. Furthermore, the fact that the coupling ampli-
layers it was not possible to distinguish between an additiveude does not change indicates that the electron confinement
bias, as in Eq(3), from a multiplicative bias in Eq(4). in the spacer layer did not change significantly. Hence the
amplitude of the reflection coefficients and thus the band
structure of the ferromagnetic layer does not change signifi-
cantly.
In order to investigate the effect of small concentrations
The importance of the ferromagnetic layer for the phaseof Ag on the electronic band structure of the Co laya,
of the oscillatory interlayer coupling is explained through ainitio band-structure calculations were performed. Since the
simple argument based on Bruno’s quantum interferencé&g-doped Co system is not a homogeneous solid solution,
model! The spin-dependent reflection coefficients at the inthe actual electronic structure can only be approximated by
terfaces are determined by the matching of the energy bandsudying model distributions of Ag atoms in a host Co lat-
at the interface. A change of the complex reflection coeffitice. The calculations presented here were performed for
cients, due to changes of the band structure on either side dbped fcc Co on a Cu substrate. The doped Co was approxi-
the interface, results directly in a change in the couplingmated by calculating large fcc unit cells with some face-
phase'! This dependence is expressed alternatively by Macentered Co atoms replaced by Ag atoms. The total number
thon et al,?® who show that, using a single-band model, theof unit cells was eight containing a total number of 32 atoms.
phase of the coupling is strongly dependent on the potential The electron-energy band-structure calculations were
step experienced by electrons traveling across the interfaceade using the tight-binding linear muffin-tin orbital atomic-
In order to explain the observed phase shifts in the dopedphere approximatiéh with spin-orbit interactions taken
Co/Ru/CoAg and CoAg/Cu/CoAg trilayer structures, oneinto account in the form proposed by Min and J&AgA
therefore has to investigate the effect of the Ag on the elecPerdew-Wang potential with nonlocal terms was uSethe
tronic band structure in the Co layer. standard combined corrections were included to compensate
Before addressing the electronic properties it should béor errors due to the atomic-sphere approximaffoAn ex-
emphasized that the SQUID and FMR data did not indicatgoerimental value of the lattice constant was tak@m®31 49
any systematic Ag concentration-dependent changes in tteeu. or 3.615 A equal to the lattice constant of a fcc Cu
saturation magnetizatiod 5, the coercive fielH, orin the substraté® The average value of the Wigner-Seitz radius
effective out-of-plane anisotropy field. Furthermore, as was determined from experimentally measured lattice con-
mentioned in Sec. Il, RHEED patterns and x-ray data suggestants. Different values of the Wigner-Seitz radii for the Ag
that Ag doping stabilizes rather than modifies, the hcpand Co atoms in inequivalent positions were used to mini-
growth of the Co layers. In particular, the small full width at mize errors due to overlapping muffin-tin spheres.
half maximum (<1°) of the x-ray rocking curves indicate From these calculations the total density of stdf2®9
that the sample quality of the doped cobalt films is excellentfor ferromagnetic Co with a fraction of the Co atoms re-
These considerations, together with the observed high epplaced by Ag were deduced. In general, magnetic moments
taxial quality of the doped Co layers and the small diameteof the Co atoms were found to be slightly different at various
of the Ag clustergless than 10A, see Sec),llsuggest that inequivalent positions, and a very small magnetic moment
the effects of the Ag dopants on the magnetic properties ofppeared at the Ag positions. Furthermore, the calculations

V. MECHANISM FOR THE PHASE SHIFT
WITH INCREASING AG CONCENTRATION
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t j O 1o ] ence model, result in different reflection coefficients and thus
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In order to assess whether a potential shift on the order of
0.4 eV (as deduced from Fig. 6 for 8% Ag doping suffi-
Energy [Ry] cient to produce a significant phase shift in the oscillatory

FIG. 5. Effect of Ag on the electronic DOS of Co. Cobalt atoms exchange coupling, the interlayer coupling is calculated as a

were replaced by Ag atoms in a fcc structure in order to imitate thJ.unCtIon of the Pos't'or.‘ of the. _Iower b‘?‘”d limit. A calcula-
effects of doping. tion of the coupling usingb initio techniques such as those

in Fig. 5 is quite demanding numerically because of the

show that on the average 0.25 electrons per Ag atom aremall differences in energy involved and the large number of
transferred from the Ag to the Co hagtermi sea atoms needed to properly describe the low Ag concentra-

The total DOS is shown in Fig. 5 for various Ag concen-tions. A different approach, using a two-band tight-binding
trations ranging from 0 to 25%. At small concentrations, themodel®! was instead taken with the intent to demonstrate
Ag mainly adds states to the bottom of the band, far from thegualitatively that small potential shifts can indeed produce
Fermi level. The changes at the bottom of the band are smalrge phase shifts in the interlayer coupling.
on the scale of the DOS and cannot be resolved in Fig. 5. In this approach the trilayer is represented through a finite
Therefore the shift of the bottom of the band due to thenumber of atomic layers. Ten atomic layers represent each
addition of Ag is summarized in Fig. 6, where the bottomferromagnetic layer, and the magnetic layers are separated by
band limit of the electron energy DOS relative to the bottom2 to 20 nonmagnetic atomic layers representing an interven-
band limit of the undoped Co case is plotted as a function ofng Cu spacer. Two sets of orbitals in an hcp lattice, periodic
the Ag concentration. The dashed line in Fig. 6 is a guide foin the plane of the atomic layers, are included with energies
the eye. At a Ag concentration of 8%, the shift in the poten-that depend orimaterial specific potentialsg,,. The sub-
tial is on the order of 0.4 eV. The two points at the concen-scripts are defined as followa:indicates the band andthe
tration of 25% denote calculations performed for fcc Cospin state. Hopping integrais,, are defined, associated with
(circles and hcp Co(triangle. The difference in the shifts each of the two orbitals.
for hcp and fcc Co is small relative to the overall shift due to  The resulting set of coupled equations are solved for elec-
the doping. tron energieg. The electron energies for both spin states are

The consequence of adding small amounts of Ag to thsummed over the entire Brillouin zone and compared for
Co layer for the interlayer coupling can be stated as followsparallel-aligned and antiparallel-aligned ferromagnetic lay-
Due to the Ag, electronic states with dominarglgharacter ers. The exchange-coupling energy is calculated as the dif-
are added to the bottom of the band. This addition is equivaference between these two total energies:
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TABLE Ill. Tight-binding parameters for the two-band model described in the text. Shown are the
spin-dependent potentidis, andE_ , and hopping integralg for each band in each material. All values are

ineV.
s band d band
Material Ysd Yss E. E_ Ydd E. E_
Co 0.45 1.38 -0.47 -0.77 0.33 —-0.49 -1.26
Cu 0.35 1.34 —0.99 -0.99 0.21 —-2.24 —2.24

tude of the coupling. Also, the sensitivity of the phase to the
] . (5  small A values is heightened by the small splitting of the
antiparallel bands in the Co. Without this splitting, the dependence of the
phase om\ is much weaker.

The Fermi energy; is set at zero. Parameters are chosen The preceding considerations support the conjecture that
to roughly represent essentials of the Co and Cu layers. Thesmall amounts of Ag contribute electronic energy states to
are summarized in Table I¥. Note that the coupling the lowest portion of the Co bands, effectively shifting the
strength and phase is sensitive to the magnitudes of the ovesand without other substantial changes to the overall DOS
lap integralsyss, vqq, and ysq at the interfaces. These are for small doping concentrations. This shift of the conduction
calculated as geometrical averages of the corresponding bubland changes the magnitude of the potential step at the in-
values from each side of the interfaCeWhich particular  terface between the ferromagnet and the spacer layer. As
overlap integral has the largest effect depends on the crystahlculated from the two-band model above, this change in
structure. the step height, although small, is large enough to account

The potentials of the bands in the magnetic layers were for large phase shifts in the interlayer coupling on the order
varied by an amound\, representing a small change in the of 150°.
averages-band potential due to Ag impurities. The point of  The mechanism described above for Ag-induced phase
this calculation is to show how affects the phase, and for shifts is in qualitative agreement with the measurements
simplicity the position of all bands relative =0 is as- made on the Co/Ru/Ga,Ag, and C@,Agg/Cu/Ca),Agds
sumed independent of the number of layers. systems. In the next section, results from experiments on

Results of the calculation outlined above are presented itrilayer structures using different dopants are presented that
Fig. 7 wherel, defined in Eq(5), is shown as a function of are also consistent with this interpretation.
the number of interlayerdlg for different values ofA. A
long-period oscillation is evident and consistent with the VI. PHASE SHIFTS, BIASING, AND DOPANTS
choice of parameters for the overlap integrals and potentials. IN OTHER SYSTEMS
The effects of small changes in tedand potential of one of
the ferromagnetic |ayers is quite dramatic. A Change in the Several additional SyStemS were studied in order to test

phase of the coupling of approximately 150° occurs for the phase-shift mechanism proposed in Sec. V and to inves-
=0.4 eV. Note that\ has no effect on the period or ampli- tigate the additional bias observed in the Co/Ru and Co/Cu

structures. Two systems were studiéd) Co/Ru/Cq,Mg
whereM = Au, Ru, Cu and?2) Cog,Agg/Co/Cu/Co/Cg,Ags.

e<eg e<eg

J=[2 (s—so] —|2 (e=e1)
parallel

.002 ‘ ‘ — . .
0.00 i Results and interpretation of the measurements are presented
below.
0.001
| A. Co/Ru/Cog,M ¢
< 0.000 |- | As evidenced by the data shown in Fig. 4, doping with Ag
K J" affects the phase of the coupling in both Co/Ru and Co/Cu
 .0.001 ol structures consistent with the arguments of the previous sec-
, ) tion. If the doping is indeed changing the effective potential
[f; at the Co/Cu and Co/Ru interfaces, then other dopants should
-0.002 *—eA=0 4 L .. X .
f O MA=02eV display similar effects. In particular, Cu and Au, having the
% 4 AA=04eY same valence structure as Ag, should produce similar
-0.003 " : : ‘ i i i imi
0 4.0 6.0 80 100 120 gﬂ;&ges in the effective potential and thus similar phase
N, This hypothesis was investigated using Co/Ry/Gd

FIG. 7. Results of the calculations for interlayer exchange calStructures wheré!=Au, Cu, and Ru. The results are sum-
culations ford based on Eq(5) using the two-band model described Marized in Fig. 8) and the fit parameters to E() are
in the text. The exchange coupling is shown as a function of cuisted in Table I. The phase shifts for 8% Au and 8% Cu
thickness for shiftsA in the s-band potential of the ferromagnetic dopants are both near200°, within 15% of the-172° shift
layers. Note the nearly 150° change in the phase of the couplingbserved for 8% Ag. Note also that the amplitude and period
with a A of only 0.4 eV. are relativelyunaffectedby doping. The effects of doping
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< A\:\ O layer thickness. The total GgAgg/Co layer thickness was kept
0 e e constant at 24 A. The dotted line is a fit to HE).
i e S
‘ : ! ‘ L few pure Co layers, which is consistent with the idea that the
S 10 15 20 25 30 interfacial Co layer introduces an additional step in the elec-
Ru Layer Thickness (A) tronic potential. This additional potential step modifies the

total phase shift of the oscillatory coupling. With increasing
thickness of the interfacial Co layer, the phase shift is there-
—Cu, Au, and Ag.(b) The interlayer exchange coupling,, in fore expected to change from that of the doped material to
Co/Ru/Cg,Ms trilayers vs the Ru spacer-layer thickness far  that of the pure Co. Interestingly, this changeAy; as a
=Ag and Ru. The solid lines are fits to the data using @j. function of the interfacial Co layer thicknesiscan be fit to

an exponential of the form

FIG. 8. (@ The interlayer exchange couplindd;, in
Co/Ru/Cg@,Mg trilayers vs the Ru space-layer thickness fdr

with Ru, an element from a column left of Co in the Periodic A(d,te,= consnzAw(l—e*d’”)Jer, (6)
Table, were examined for a Co/Ru/&Rug series. The ob-
served phase shift with-150° is smaller than the one for Cu
and Au, but is in line with the one for the Ag doping.

with Ag corresponding to the coupling strength tb+0 (no
interfacial Co layer and A,, corresponding to the coupling
strength for pure Co layers without doping. The characteris-
tic length\ is fitted to the data and has a value of approxi-
B. Interface effects in C@,Agg/Co/Cu/Co/Cay,Ads mately 5 A.

If the phase shifts were due to structural modificationsth St“%c‘“fa' anaIyS|sb|of th_eset_ sam?Iis <’?"~°{° tlﬂdlqa:es% that
localized only to the interface region, then it would be ex- €re 1S no measurable migration Of Ag Into e Intertace

. : region. This and the results shown in Fig. 9 confirm that the
pected that the phase shifts should completely disappear wiflf9 ) ) )
the addition of only one or two pure Co layers between the® fect_s of doping are n_ot ‘I‘ocallzeq a”t the mter_face. The
eaning of the exponential “relaxation” as a function of the

E)\l:v;%agirp:aar)i/nire?tn (\j/v;hsep?:r?c?r?ngg Iiiyg:zle:—?: rggtr?/(/rggfhzmterfacial Co layer thickness is not clear, but may be relateq
the effects of doping on the phase of the exchange couplin the ‘?'epe”degge of the coupling phase on the magnetic
were linked to modifications of the interface structure. A'®Y€" thicknesses.
series of samples was grown where pure interfacial Co layers
were inserted between the Cu spacer and the dopg#hGo
layers. The total thickness of the Colfghgg layer was kept Fits using phenomenological forms for the interlayer cou-
at 24 A and the Cu spacer was kept at 10 A. pling in the Co/Ru multilayers revealed an additive bias to
It is found that with increasing interfacial Co layer thick- the interlayer coupling in the structures with Ru as the spacer
ness the coupling strength changes continuously from #ayer. This additive bias decreases exponentially with in-
value corresponding to a doped 4§380s/Cu/Ca,Agg  creasing Ru layer thickness. The decay length and strength
trilayer (i.e., no interfacial Co layg¢rtowards a value corre- of the bias are independent of doping concentration in the
sponding to an undoped Co/Cu/Co trilayer. The results arenagnetic layer. A smaller bias was found for the Cu spacer-
shown in Fig. 4b) by the points at the interlayer thickness of layer structures and furthermore could not be distinguished
t=10A, where the bottom point coincides with the from a multiplicative contribution that might be identified
Cog,Ags/Cu/Cay,Ags trilayer and the top one corresponds to with interfacial roughness.
a trilayer Cq,Agg/Co/Cu/Co/Cg,Agg with 7 ML of interfa- The strong bias observed in the Ru spacer-layer samples
cial Co. This increase of the exchange coupling as a functiors suggestive of a short-range additive superexchange cou-
of the interfacial Co layer thicknesbis shown separately in  pling predicted by Shi, Levy, and FA}.The existence of this
Fig. 9. component to the coupling requires the spacer material to
From the results in Figs.(8) and 9 it is concluded that have a large density of states just above the Fermi level. The
the coupling phase changes continuously upon insertion of existence of an observable antiparallel bias in the Ru but not

VII. SUPEREXCHANGE BIAS
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in the Cu is consistent with this conjecture because Ru pos- SOr— T T T
sesses a large density of states near the Fermi level whereas

Cu, with a nearly spherical Fermi surface, does not. 25

LI S B B S B

VIIl. SUMMARY AND CONCLUSIONS

Phase (radians)
o
T
o b e b e by g

The effect of adding small amounts of nonmagnetic Ag, C gggi:ﬂ:’: §
Au, Cu, or Ru to the ferromagnetic layer in Co/Ru/Co and 250 |® Ta c°‘1’~’ o S
Co/Cu/Co trilayers was examined. Large changes in the cou- r ‘;
pling phase of the oscillatory interlayer exchange coupling r
were observed with no significant changes to the coupling 50 ————t—t ——
amplitude or period. These phase shifts could be traced 89 90 81 92
through 360° with the addition of up to 8% Ag to one of the Average number of valence electrons

Co layers in trilayer structures with Ru as the spacer layer. A

phase shift of 120° was observed when both cobalt layers FIG. 10. The phase shift vs the average number of valence elec-
were doped with 8% Ag in a trilayer with Cu as the spacertrons in Co for Co/Ru/Cp M, with M=Ag, Cu, Co, Ru. The
layer. Quantum interference modgis3 predict a phase average number of nine electrons corresponds to pure Co. The error
change in the oscillatory interlayer coupling when the com-Pars correspond to the uncertainties in fitting the pHase Table
plex reflection coefficients at the interface change due to):

changes in the band mismatch at interfaces or equivalently

due to changes in the potential step that the electrons expe-

rience upon crossing the interfat®Ab initio band-structure tive to consider the phase shift versus the number of valence
calculations show that the addition of Ag to the Co hostelectrons, which is shown in Fig. 10. The phase of
leaves the overall structure of the DOS unaltered and onlyo/Ru/Cq_,M, with M=Ru, Ag, Cu, Co decreases with an
changes the lower-lying electron states. This is interpreted gfcreasing average number of valence electrénsreasing

a change of the potential step at the interface. doping concentration This is similar to the calculated de-

The situation presented here differs from the one detrease in phase with the increase in the number of electrons
scribed in Refs. 17-19. There, the Fermi level was shifted,q given in Ref. 19. The phase shift observed here for

considerably by increasing/decreasing the average number @,fo/Ru/Cq M,, however, is much larger for the same
electrons upon going from a pure Co layer, via a CoNi O umber of_é(lec):(t,rons than t’he one in Ref. 19
FeNi alloy to a pure Ni or Fe layer, respectively. This change It is emphasized that the observed phase shift is not be-

is explained through a gap in the Co band structure. Chanqi_eved to be due to any structural changes. The RHEED and

ing the number of electrons varies the position of the Fermi .
level with respect to this gap and thus changes the reflectio Tay data sh(_)w tha_‘t fo_r the C 0/Ru/CoAg system, tth‘ ep"f’”‘y
of the cobalt is maintained in the presence of the silver im-

phase as well as amplitude. In contrast, for the situation pre=" " ' L
sented here, the insensitivity of the coupling amplitude uporpurltles. This in turn suggests that the Co band structure may

doping indicates that the electronic properties around th&0t be seriously modified, particularly at these low impurity
Fermi level of the magnetic layer were not significantly al- concentrations. Furthermore, it might be argued that the
tered. This is supported by tre initio band-structure cal- overall hcp structure has improved upon doping given the
culations for small amounts of Ag inserted into a Co hostreduced stacking fault density and better defined growth
The only significant effect visible in the calculated DOS morphology. In addition, as shown in Fig. 6, the difference
plots of Fig. 5 are additional states at thettomof the band in the potential shifts between the fcc and hcp structure is
that effectively correspond to a shift of the center of gravitysignificantly smaller than the shift due to doping. The stabi-
of the Cos band to lower values. Such a shift can alterna-lization of the hcp Co structure through doping is therefore
tively be justified through a charge-transfer concept from thenot held responsible for the observed phase shift.
Ag to the Co host. Ag has two electrons more than Co and Furthermore, the observed effect is not an interface effect.
can transfer electrons to the Gdand. This interpretation is Experiments wherein pure Co layers were added between the
supported by the band-structure calculations that give an avcu spacer layer and the doped Co layer demonstrated that
erage charge transfer of 0.25 electrons per Ag atom to ththe phase shifts were not due to interface effects. The phase
surrounding Fermi sea. For a fixed Fermi level, the bottom ofhift is continuously reduced, but not eliminated, even with
the Cos band is then shifted with respect to the Fermi level.the addition of seven pure Co layers between the Cu inter-
Via sd hybridization the itinerant electrons that are respon-face and the doped Co layer.
sible for the interlayer exchange coupling will sense this shift Finally it is noted that a large additive bias was observed
in the effective potential. The details on how the band strucfor the trilayer structures with Ru as the spacer-layer mate-
ture at the Fermi level is modified through the addition ofrial. Such a bias is consistent with a superexchange bias,
nonmagnetic Ag, Cu, Au, and Ru cannot be inferred from thepredicted by Shi, Levy, and FA}, resulting from a large
DOS plots presented. This requires much more detailed caPOS above the Fermi level. This is consistent with the ob-
culations of the band structure. Such calculations should theservation for the Ru spacer layer that shows an additive bias
predict the relative size of the phase shift for the differentand has large DOS at the Fermi level whereas for Cu the
doping materials such as Ag, Cu, Au, and Ru. additive bias is less pronounced in accordance with a lower
Using the charge-transfer concept, however, it is instrucbOS above the Fermi level.
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