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We investigated the indirect exchange coupling ifl\M0)/Fe/Cr/Fe/Cr films. Magnetic interface anisotro-
pies of the W/Fe and Fe/Cr interface differ in sign and thus allow the preparation of Fe films with orthogonal
adjustable uniaxial anisotropies. The bilinedr)@nd biquadratic ;) exchange coupling constants were
determined from magnetization curves independent of magnitude and sign. We detedmiaediJ, as a
function of Cr interlayer thicknesg =0-4 nn) and temperaturel(= 100—300 K. Moreover, we varied the
morphology of the interlayer as determined by high-resolution low-energy electron diffraction using different
substrate temperatured { o= 100-500 K during evaporation of the Cr spacer. Results for the exchange
coupling versus spacer thickness are related to the particular lateral thickness fluctuation of the spacer. Our
results are in good agreement with the bilinear coupling predicteabbipitio theories. Extrinsic biquadratic
coupling models explaid, observed experimentallyS0163-182€07)03922-2

I. INTRODUCTION face an interface diffusion involving two monolayehsL’s)
may occur even at room-temperature deposition. The layer
Magnetic exchange interactions between ferromagnetiby layer growth mode leads to the observation of a short
films separated by nonmagnetic spacer laybewve been in-  oscillation period2 ML) of the bilinear coupling terfi-*in
vestigated to a large extent because of both possible applicaddition to the long oscillation perio® ML) which still can
tions exploiting the giant magnetoresistance effectd the be observed for a worse growth. The same long oscillation
expectation of a new fundamental understanding of the naPeriod was also found for Fe/GR11) (Ref. 28 and Fe/
ture of magnetism. The exchange interaction is usually Cr(110 superlattice¥ in agreement with the theoretically
dominated by a qualitatively well-understdofiHeisenberg-  predicted period>® Biquadratic coupling constants as re-
type interaction bilinear in the films magnetizations and os#orted for Fe/Gi100 trilayers or superlattices by several
cillating in sign with increasing spacer thickness. An addi-author$*'%*%7 considerably vary in strength. This can be
tional biquadratic term supporting a 90° alignment of theunderstood from the fact that the structure of the spacer plays
magnetization vectors was observed initially in(Fa&)/ @ major role or from the fact that for th@00) symmetry a
Cr/Fe(Ref. 7) and in C@100/Cu/Co® Since then it has been separation of the biquadratic from the bilinear term requires
detected in several systenffor a review see Ref.)9and @ careful analysis of magnetization data.
recently has attracted great attentfoii? because the origin ~~ We present coupling data on the (E2Q/Cr/Fe trilayer
of the biquadratic coupling term is still an open question.with uniaxial anisotropies in the magnetic (E&0 films
Several models for its explanation considering intritisit?  aligned orthogonally. Recently, it was shown that in a
and extrinsic mechanists?°have been proposed. Intrinsic trilayer with orthogonal uniaxial anisotropies bilinear and bi-
models usually predict biquadratic coefficients which are 2quadratic coefficients can be determined in a straightforward
orders of magnitude smaller than bilinear coefficients andnanner independently from each other from magnetization
thus cannot explain the large experimentally values. Extrincurves: In the present study we intentionally change the
sic models take into account the nonideal structure of thénorphology of the Q1110 spacer layer by varying the sub-
spacer layer, spatially varying thickness of the spater, strate temperature during Cr deposition on the first flat
loose spins in the spacer matefidland even pinholes Fe(110 surface. The thickness distribution of the spacer
through the spacer layé?. layer was determined by high-resolution low-energy electron
In many cases the interfaces in the layered structures déliffraction (HRLEED). We measured the exchange coupling
viate far from the ideal interfaces. It has been shown thafor different thickness distributions and as a function of tem-
both bilinear and biquadratic coupling strongly depend orPerature in order to assess the role of loose spins and pin-
the interface structuféand alloying®® Obviously, a conclu-  holes in our samples. For spacers deposited below room tem-
sive experimental study of the coupling must include a deperature the growth mode switches to a one-dimensional step
termination of the spacer structure. structure thus allowing a quantitative test of extrinsic theo-
One of the most frequently tested systems is the Fe/Ciies of the biquadratic coupling.
system. Similar lattice constantag,=0.2866 nm and
ac,=0.2886 nm and surface energigg,=2.9 Jm 2 and
Yor=2.0 3 m 2 promise a layer by layer growth of Cr on Fe
close to systems which can be handled by theory. This The samples examined in this paper were deposited onto a
simple growth mode was indeed observed for Cr films onW(110 surface by molecular-beam epitaxy. The base pres-
perfect F¢100) whisker surface€ although recent sure during deposition of the films was belowk10 °
investigation&®~2° show that at the opefl00) Fe/Cr inter- mbar. Thicknesses of the films were determined by a 10
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MHz quartz monitor, which was calibrated by Auger elec-
tron spectroscopyfAES). The absolute error of the layer
thicknesses given below is approximately 5%. The first Fe
layer with fixed thickness of 18 atomic layers was deposited !
onto W(110) in an optimized mode described previously, 0.05¢
starting at a substrate temperatufg=300 K in order to ]
avoid Stranski-Krastanov islanding, and raising the tempera-
ture to 600 K with increasing thickness. This procedure leads &
to a smooth surface with an average terrace width of 50 3 0.00
nm32 The wedge-shaped Cr spacer layer was grown at vari-
ous substrate temperaturgg c,=100-570 K. Then, the sec-
ond Fe layer of equal thickness as the first Fe layer was _0_05;
grown at T,=300 K, avoiding any interdiffusion. At
Fe(110/Cr interfaces no interdiffusion occurs at room
temperaturé’ in contrast to the observations fdtl00 I
interfaces’> 26 -0.10L—
The second Fe layer was covered by additional 5 ML Cr o10[
for reasons of increased anisotropy. The coverage also serve
as a protection against residual gas adsorption. All Fe and Cr
layers grow pseudomorphically onto the first Fe layer pre- 0 05'
serving the(110) orientation, as was shown by LEED. '
Magnetization loops were measur@dsitu using the lon-
gitudinal magneto optical Kerr effect with the external field - I
in the plane of incidence. The angle of incidence was 15°. It &£ (.00} ;
was shown in Ref. 12 that the Kerr signal for this type of = I
samples is proportional t;m(H)=m,(H)+m,(H), m; be-
ing the magnetic moment component parallel to the external -
field H. This is certainly a special property of our samples -0.05
and geometry.
The growth mode of the Cr interlayer as depending on the

010

substrate temperature was determined by HRLEED in a sec- 0100 . . . .

ond apparatus. The W10/Fe110 base layer and the Cr 0.10 T
layers were grown under similar conditions except that the

lowest available substrate temperature for the HRLEED in- - 230 K ]

vestigations was 230 K.
0.05

1
1

[ll. Cr INTERLAYER GROWTH

For characterizing the growth of the Cr interlayer, we
measured LEED spot profiles of the specular beam with
nearly normal incidencé&)=3.759 of the primary electrons.
Parameters of the profiles were the temperature of the sub-
strate during deposition of the Cr spacer laygfc,, the -0.05
average thicknessD¢, (in units of monolayerns Dg,
=tc/d,, with thickness tc, and layer distanced,
=ac,/\/2, and the incident energy of electrons, which in

. . Q10 0 e —
our case is equivalent to the normal compondy
=2(y2mE/#)cos of the scattering vector. For fixed pa- -0.10 -0.05 0'0(_) 0.05 0.10
rameters, the reflected intensity was measured as a functior k/k“
of in-plane components of the scattering vector. In the fol-
lowing we use a Cartesian system with theandy axes FIG. 1. Contour lines of equal intensities in the specular LEED

along the[001] and [110] directions. We present the re- spot for samples WL10/18Fe/3Cr with the Cr film d_epositgd at

flected intensity as a function df, and K, in units of ~ Sample temperaturés, c,=230, 350, and 450 K as indicated in the

Kip=K{ = J2X 2mlac,=31 nm L. figure. Kinetic energy of the electron beam near norma}l incidence is
Contourlines of equidistant intensity values are shown ifE =120 ev. ParaIIeLcompE)nents,( andK,of the scattering vector

Fig. 1 for 3 ML Cr deposited on a smooth (M0)/F&110) are normalized td;; =Ky -

substrate al |, =230, 350, and 450 K. The incident energy

E=120 eV was adjusted close to an out-of-phase valuef-or preparation af , =230 K we observe a splitting of the

K,d,/2m=3.5 (E=111 eV}, where wavelets from neighbor- specular beam in two shoulders, spread along[118] di-

ing atomic levels are out of phase. This diffraction conditionrection. This splitting indicates a one-dimensional step struc-

is well suited for a determination of the lateral step structureture in real space with step edges along [tb@1] direction.
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FIG. 3. PositionK, of the shoulders in the specular spot pro-
160 160 files (see Fig. 2, measured along the direction Kf;vs the normal
t componenk, of the scattering vector, for the samplg1¥0)/18Fe/
3Cr with the Cr film deposited &, ;=230 K. The mean number
166 166 N of atomic rows in the steps resulting from the maximum separa-
tion in the out-of-phase scattering conditionNs=14.
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similar to those observed for homoepitaxial(FE) layers
FIG. 2. Spot profiles of the specular beam along the direction oPn Fe{;l.l(i)}l(se(? Ref. 3pand we will fol!ovv_ th? ?wde“.nes
K;1 1) (Ieft pane) andK gy (right pane) at incident kinetic ener- given in this reference to extract quantitative information on

giesE as indicated in the figure, for the sample(20/18Fe/3Cr the Structurg in real space. L
with the Cr film deposited al, ;;=230 K. Parallel components ~1he positions, , of the shoulders are shown in Fig. 3 as
K, andK, of the scattering vector are normalizedg ;=K. a fu_nctlon ofK,. The_dl_stance between the; shoulders is pro-
portional to the deviation oK, from the in-phase value,

For higher deposition temperatur€s c,=350 and 450 K the ~ except forK, very close to the in-phase scattering vector,
reflected intensity switches to a two-dimensional distribu-whereK, ; shows a finite valu&, ,=0.00%K ; independent
tion, indicating a two-dimensional step structure with stepof K,. This behavior implicates the facet structure shown in
edges along several directions. A characteristic change of tHeig. 4. The periodG of the ridge structure causes the
intensity distribution occurs between 350 and 450 K. For 35K ,-independent shoulders appearing close to the in-phase
K deposition the contour lines are formed hexagonallyconditior™® and can be estimated from the positid®
whereas for 450 K deposition they show a nearly fourfold=(0.007) =143 (Gdy=29 nm. As was shown in Ref. 32
symmetry. From the width of the intensity profile at half the maximum separation between the shoulders at an out-of-
maximum we roughly estimated mean values for the terracghase conditionAK, is related to the numbex of atomic
widths N(T, ¢) (in units of d,=0.204 nm and found in- rows per terraceN=K;/AK, for the regular step array
creasing terrace widths with increasing deposition temperashown in Fig. 4. FoiT, ;=230 K we result inN=14. Con-
tures, N(230 K)=9, N(300 K)=10, N(350 K)=30, N(400 sidering a statistical distribution of terrace widtihsdenotes
K)=60, N(450 K)=60, andN_(SOO K)=100, respectively. the maximur_n of the distribution functiofN the mean value
We also determined the terrace width for fixég e, as a  ©f terrace widths. _ _
function of the Cr thicknesB ¢, and found decreasing values ~ The roughnessv=\([h(r)—h]%), given by the mean
for N with increasingDc, . quadratic deviation of the heigh(r) at siter from the mean

For the case ofl, ;=230 K we will discuss the one-
dimensional distribution of terrace widths in detail. Intensity
profiles| (E) along the_directions oK;o andK;are shown

in Fig. 2. Along the[110] direction we observe a pair of (7o)
j—y

(110]
z

symmetric shoulders, which can be separated from the cen-

with increasing deviation from the in-phase energy. Along

tral spike. AsK, approaches an out-of-phase enetg¥1 or [0011

182 e\) where the wavelets of neighboring levels are in

antiphase, the shoulders take all of the reflected intensity anc i

the distance of their maxima from the central peak increases izf," T dy =% 0-d,
—h

H'dl Ndy T
the [001] direction the profiles only show the central peak —— Gedy — //
superimposed by a homogeneous background independent ¢ // G=2(H*”'N/ //
K. This feature again confirms that nearly all steps are
along the[001] direction. The profiles for this sample are FIG. 4. Periodic triangular staircase model.
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K,d/2n In the following we again discuss the results for
3.6 38 4.0 4.2 T,,c=230 K in detail, where the intensity profiles can be
L e e e explained completely by the facet model. Using a model
500 K W= with statistically distributed angles of the facets kinematic
VR scattering theory results3h
* 25
0K loo_ 1 2 SInZ[KZdZ(H+ 1)/2] | 62
/\ ot (H+1)2 Sirf(K,d,/2)
FOPPFTLALTPD TP PPN 2 with H denoting the height of the facet structure as indicated
Z | 400k in Fig. 4. The numerical result fdi obtained by a fit of this
S equation to the experimental data shown in Fig. 5 for
£ T 22 T,,c=230 KisH=3.3. Of course the roughnegéis related
\‘3: """" to H. Assuming the facet structure of Fig. 4 the exact
—= | 350K relatior?® is W?=H?/12+H/6, resulting inW=1.2 in very
= /\h good agreement with the independently determined value
il DUUUUUUTUU .2 evenl, W=1.3.
- . Combining the information of terrace width and height of
* the periodic structure we determine the perddsee Fig. 4
Ve 3\ 32 of the ridge structureG=2(H+1)N. For T, =230 K we
— result inG=120, again in agreement with the magnitu@e
230K =143 as determined from the spot profil&k,7) . For in-
/\ creasing thicknes® ., we observe an increasing height of
13 the ridge structure. Because the terrace width decreased with
11 0 12.0 13.0 increasing thickness, the peri@l shows to be nearly inde-
El2 (eV12) pendent oD,. The formation of the periodic step structure

can be understood following the model of kinetic roughen-
FIG. 5. Intensityl, of the central spike normalized to the to- iNg. A barrier prevents atoms to jump between different lev-

tally reflected intensity,o. |, by integration over th&, interval  els, however the atoms diffuse freely on a particular atomic
IKul, [K,|<0.1K 7, for samples W110)/18Fe/3Cr with the Cr film  level until they stick at a step edge. In this layer-restricted
deposnted afl, /=230, 300, 350, 400, 450, 500 K as indicated in diffusion model the periods is given approximateR? by
the figure. Full lines are fits of typeloo/Tiex{—~[(K, G’'=2N27D, D representing the mean number of atomic
—K;)Wd,J%}, resulting in roughnes® as indicated in the figure.  |ayers.G' = 122 (for D¢,=3) is in agreement with the ex-

perimentally determine® thus providing a strong support
helghth can be determined from the intensity profile nearfor this growth mode, which was also observed for Fe on
the in-phase scattering conditiof,;=2mi/d,. For K,  Fe110.

~K,; the intensity of the central spikgy(K,) normalized to For T, =300 K this analysis of the intensity profiles
the total reflected intensitly,= f1(K,)dK, can be approxi- results in a period5=300. At higher deposition tempera-
mated by the relatioh tures the analysis based on a periodic model is certainly no
longer appropriate. The increase both of the terrace width
oo/ lor=€XH — (K,— K1) 2w?]. (3.)  and the roughness with increasifig c, might indicate a mo-

notonously increasing perio@ with increasingT, ¢,
We determined /1 for the samples W10)/18 Fe/3 Cr for
varying deposition temperatures of the Cr film as shown in
Fig. 5. Forly, we inserted the intensiti{(0) measured for
K,=0. I ,was determined from the integration lobver the For the data analysis we assume a homogeneous in-plane
K, interval |K|,|K,|<0.1K1;. The roughnes¥=w/d, re-  magnetization in each of both layers pointing at angles
sults from the fit of Eq(3.1) to the experimental data and is with respect to the external field, which was applied along
indicated in the figure. We observed a strong increasé&/of the [001] axis of our samplegsee Fig. . The idea of our
for T, ¢ increasing from 230 to 300 K. This is very surpris- method is that in Fe layer 1, in the following named the
ing because the usual behavior is just the other way aroundyriver layer, the magnetization is fixed along f0@1] direc-
a smoother surface with increasing temperature. A relatetion by a very strong uniaxial anisotropy. In Fe layer 2,
phenomenon might be the reentrant layer-by-layer growtmamed sensor layer, the easy axis of the magnetization is
observed for Pt on Pt11) at low temperature¥*’ A second  oriented at 90° along th¢l110] direction. However, the
temperature region for a smoother surface, although prodniaxial anisotropy of the sensor is weak. Then the direction
nounced more weakly, is nedj, =400 K. Above this tem-  of the magnetization in the sensor layer rotates from its equi-
peraturel oo/l ,; cannot be explained by a model with single librium position under the combined action of the indirect
steps. A new maximum occurs fir,d,/277= 3.8 indicatinga coupling and of the external field. Knowing the value of
severe structural change. This observation coincides with the weak anisotropy, the sensor magnetization thus probes
decrease of the Cr Auger signal. Presumably an interdiffuthe indirect coupling energy.
sion of Cr and Fe starts at this temperature. In order to formulate the idea quantitatively we write

IV. MAGNETIC DATA ANALYSIS
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TABLE 1. In-plane anisotropy constants for driver and sensor
layer as explained in the text. Effective second-order anisotropy
constantsKF’)(z') areZKF’J(l)ng)—KE,lx)y for the driver layer ¢,
~0) andK,@=KP+K, for the sensor layerd,~m/2). The
thickness of the layers is=3.6 nm.

Constant Unit Driveri(=1) Sensor (= 2)
KO md/n? —0.424)2 +0.543)°
K mJ/n? —0.145) -0.022)°
KO 10° Jinm? —0.7810° -0.7810°
Ky 10° J/n? +0.325)° +0.325)°
tK() mJ/n? -0.70 +0.26

Driver kK, mJ/nt -0.02 +0.09

Sensor tK,® mJ/n? -0.68 +0.35

Cr L z[110] %From Ref. 39.
T R 3 == [110] bThis work.
H y
W(110) . . o .
x [001] =2) is crucial for the determination of coupling constants.

Therefore we repeated the study of Ref. 39, resulting in
FIG. 6. (8 Schematic cross section of sample$\d0)/ D,Fe/  slightly deviating values. Moreover, we determiriégf)and
Dc,Cr/D,Fe/5Cr. Fe layers of thickness=D;d,, number of layers Kﬁﬁ()y explicitly for every sample and at every temperature of
D; with distanced,=0.203 nm, are separated by a Cr spacer ofmeasurement. For this purpose a part of every sample was
thicknesstc,=Dcd,. Easy axige.a) of each Fe layer is indicated ot covered with the driver layer.

in the figure. Din_ections of magnetic moments are defined by _ Aslong aSKS)/K_g)zy>l, the direction of the easy axis is
anglesg; , assuming homogenequs magnetization in each magnet?—fither [001] or [110] and determined by the sign of the
layer. (b) Schematic cross section of a typical wedge sample o

- (i) i
linearly varying spacer thickness. second-order c:.onstan(,p . For the_ driver layer the volu_me
type and both interface anisotropies have the same sign and

system: For the sensor layer the strong interface anisotropy of the
WI/Fe interface supports an easy axis alphtp] whereas the
9= (1, P2)=— 310K p1— ) — IoC0(p1— ) volume type anisotropy has an easy axis al¢8@l]. By

varying the thickness of the sensor layer we can thus control
—JstH(cosp; +cospy) + Fia(b1) +Fradh2). (4D the anisotropy in the sensor layer in a wide range. For the

The indirect exchange coupling between the two magnetidlicknesst=3.6 nm of both Fe layers, which was fixed in
Fe layers is represented by a bilinear and biquadratic codiS Study, values are summarized in Table .~~~
pling term with constants, and J,.The third term is the  Qualitative insight is obtained by the following rigid
Zeeman energy per area of the magnetization in an externgf've(rl) approximation. A weak-coupling energyy,|J.|
field H (equal film thickness) of both Fe layers. Using the <|Kp~| With respect to the driver layer anisotropy leaves the

(i) is given by ing field value$ along the direction of the external field, i.e.,
¢1=0. For a small deviation o, from equilibrium posi-
fi i=tKS)CO§¢i+tK§f>Zysin2¢icosz¢i, (4.2)  tion ¢,~m/2 we can describe the sensor anisotropy by an

0 0 _ _ effective anisotropy ternK;,co§¢2 of second order only
Kp’ andKyy, denoting the second- and fourth-order in-planewith K/ =K+ K,y,. Equation(4.2) then simplifies to the
anisotropy constants. The anisotropy is a sum of volume typggid driver approximation:

(indexv) and surface typéindexs) contributions:

9( )= (tKp—J5)c08 ¢~ (I1+IstH)cosp,. (4.5

Minimization of g results in cog,=(J;+J¢H)/2(tK;—J).
+(1/t)K<Sig‘Xy_ (4.4) From cosp,(H,)=0 we determine the bilinear constadt,
' =—JtH, and from the initial increase of cgg(H) the bi-

For the driver layer we take the surface anisotropy conquadratic constanl,. Hence,J;and J, can be determined
stants for Cr/Fe/Cr films as determined previouSlysee from the sensor magnetization curve independently from
Table I. Volume anisotropy constants for the driver layereach other. Certainly, the rigid driver model is valid only for
were assumed to be the same as for the sensor layer, becatide approximation of weak-coupling constants. In general,
the pseudomorphic growth of the whole trilayer implicatesmagnetization curves generated by minimization of the exact
the same residual strain in driver and sensor layer and hendeee enthalpyEq. (4.2)] are fitted to the experimental curves
the same magnetoelastic contribution to the volume typavith J; andJ, as parameters. As long dg andJ, are small
anisotropies. The anisotropy of the sensor layer W/FeiCr (with respect to the anisotropy constaﬁg both parameters

KY =K+ (1)KL, 4.3

K=Kl
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1,3, (m¥/m®)

0.5
D, =124 ML D, =104 ML / D, =7.5 ML
I 1,=-0.05 J,=-0.08 J,=-0.18 i
J,=-0.04 J,=-0.06 J,=-0.04
0.0 - -
FIG. 7. Magnetization loops represented by
1.0 |- D =5.1ML D, = 3:6 ML - normalized Kerr rotations W e /W kerr max
< JIC; -0.68 J,=-176 =m/mg,vs external fieldH fc_)r _samples W110/
E i 1,=-0.06 J,=-0.38 iy 18FeD,Cr/18Fe/5Cr, consisting of 2 Fe layers
E 05 of 18 atomic layers each, separated by a Cr
- D, =6.1 ML spacer consisting dD ., atomic layers, and cov-
~
=]
L
2
B~

creasing field, only(full circles). Full lines are
- fitting curves from minimization ofy, resulting
in the coupling parameterd;, J, (in mJ/n?) as
indicated in the figure.

=3
T

D, =32ML D, =27ML
J,=-3.01 J,=-140
- jz=-l,02 J,=-1.08

A J,=-035 . ered by a cap layer of 5 atomic layers of Cr.
1,=-0.02 =18 of the Fe layers and spacer thicknBgs as
0.0 - included in the figure. Data are measured for de-

0.5
D, =22ML
] / § =106 ]
J,=-142
—g/

0.0

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

H (kOe)

result independently from each other from the fit. For large For the strongest indirect coupling and small field, the
interlayer couplingJ, andJ, are related to some extent, thus magnetization directions are aligned antiparallel to each

resulting in an increasing error as discussed below. other. The critical fieldH. needed to get the onset of non-
collinear configuration can be estimated by the following
V. RESULTS consideration. AtH. both magnetization directions start to

) ] o deviate from¢,;=0 and ¢,=w. We assume small devia-
Figure 7 shows experimental magnetization curves from g« anglesxi,6<1, i.e., p;=2¢ and ¢, = m+26. At

sample with wedgelike varying spacer thickndsg,. We  gqme ciitical field the gain of free enthalpyg=g(0,m)
measure the Kerr rotatioWy,,, nhormalized to the satura- —g(\/ﬁf,ﬁ \/55) becomes positive and the magnetization

tion value, Wy max, Which was assumed to be proportional directions will deviate from the antiparallel alignment. In a

to the magnetization component parallel to the external fieldg, o yratic approximation this condition results in the critical
Simulated magnetization curves using the free enthalp¥ield H
Cc

model given by Eq(4.2) were fitted to the experimental data

with parameters; andJ,. For the fit we only use magneti- 9 5 >

zation data measured at decreasing absolute field values, in —H (6-9) +H § +H 2 (5.1)
order to avoid metastable magnetization states. When the Ry R

interlayer coupling is weak, as in the caselDnf,=12.4 ML,

we observe a magnetization curve composed of the sum afith the effective fieldsHa=(—J1+23,)/3st and Hy ;=

the constant easy axis signal of the driver layer and the hardZ(KS)— Kﬁ&y)/Js. The effective anisotropy field of the
axis curve of the sensor layer. At=0 we only see the driver layer isH,;=1.1 kOe and of the sensor layel ,
signal of the driver layer. The sensor layer signal increases — 0.3 kOe. Therefore the deviation of the driver magneti-
with H, the nonlinear jump to the saturation state atzation¢is smaller than the deviation of the sensor lagein
H=0.6 kOe is caused by the fourth-order anisotropy term. Ire. rough approximation the ratio is given by

the saturated state the signal is twice as large as the remanentH, 1/Hy J|£=3.5¢. With these values we result in
signal, thus confirming that magnetization components oH=0.6 kOe both for the bottom left casB ¢=3.2 ML) and
sensor and driver layer contribute equally to the total signalfor the right center row P,=3.6 ML) of Fig. 7 in good
For decreasind, the sensor curve is shifted to positive agreement with the exact calculation.

fields indicating an increasing antiferromagnetic coupling Results for the bilinear couplindg; as a function of inter-
J1<0. For D<5 ML the slope of the sensor curve at layer thickness are summarized in Figa)8 For the case of
Werr! Y kermax= 0.5 is decreased and prevents the signaleak-coupling constant$;,J,<0.1 mJ/nmt we avoided the
from saturation. This observation indicates a strong 90° couelaborate fit procedure and present the data resulting from
pling, J,<O. the rigid driver model instead. At some points we checked
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S , ] ) 1 ; 1] -3 . ] ) 1 \ 1]
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FIG. 8. Coupling parameteds (a) andJ,(b) vs D¢, for samples W110/ DFeD ,Cr/DFe/5Cr. The parametd, , indicates the sample
temperature during deposition of the Cr spacer layer. Full circles result from numerical fits of simulated magnetization curves resulting from
minimization ofg, open circles from rigid driver approximations. Full lines are guide-to-the-eye curves.

that for such small coupling constants values resulting ffOﬂmwardstzo atDc,=5-7 ML. ForD,<2.5 ML the error
both evaluation procedures are equal. Independeft,@f,  hoth for J, andJ, increases considerably due to the strong
J; shows a sharp transition from a ferromagnetic couplingcoupling between the two parameters. Therefore coupling
for D¢ <Do=(2.5=0.1) ML to an antiferromagnetic cou- data are not available fd,<D,.The largest 90° coupling
pling at D >D,, followed by a minimum value aD.,  magnitudes were observed for the interlayer deposited at
=D;=(3.4%£0.1) ML. For the lowest deposition tempera- room temperaturésee Ref. 12 We did not find positive
ture, T, =100 K, J; remains negative up to the thickest Cr values forJ, although our model would have been able to
thickness used in this studfdc,=15 ML. In this case no detect them.
indication of an oscillation ofl; was observed. For higher The antiferromagnetic extremudy(D,) of the bilinear
deposition temperaturely changes its sign a second time at coupling constant is shown in Fig. 9 as a function of the
Dc=D,~7 ML. D, decreases with increasing deposition interlayer deposition temperature. We found a surprising
temperature. large antiferromagnetic coupling fdr, , below room tem-
The biquadratic couplingl, shown in Fig. 8b) shows perature|J;(D,)| increased by a factor of 3 wheR, ¢, is
negative valueg90° coupling at D,=2.5 ML decreasing decreased below room temperature. Deposition above room
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T T T T ¥ T ridge structuresd, =29 nm is still of the order of magnitude
0 of the exchange length. In this case the magnetization vector
oscillates around a mean direction givenddy, with a small
amplitude, thus satisfying the local bilinear coupling to some
extent. As discussed by Slonczewgkhe latter effect gives
. rise to an effective 90° coupling ternd4) but the homoge-
neous magnetization model as declared in @) is still
valid. Moreover, for strong antiferromagnetic coupling,
>tK;, and vanishing external field one expe@tsthe case of
. homogeneous magnetizatjoa compensation of the driver
layer and sensor layer signal. This was observed in the ex-
periment(see Fig. 7. Contrarily, in the case of strongly in-
homogeneous magnetization, one would have expected a su-
. perposition of magnetization curves from independent
antiferromagnetic and ferromagnetic regions. Then the ferro-
- oy magnetic coupled regions showing easy axis hysteresis loops
0 100 200 300 400 500 600 would have resulted in a considerable remanent signal. This
T argument aga_in supports our model of virtually homoge-
P.Cr neous magnetization.

There has been an attempt to explain the biquadratic cou-
pling component by an intrinsic electronic mechanism. How-
ever, the values predicted by these models are 1-2 orders of
magnitude too small to explain our experimental data. Ex-
trinsic models that we take into account are the loose spin
mechanism, pinholes through the spacer layer and Sloncze-

ski’'s mechanism of interfacial roughness. The loose spin

echanism would result in a strong decreasdJgf with
increasing temperature. Because in our chsgoes not vary
with the temperature this mechanism can be excluded. Fer-
romagnetic pinholes in the spacer with a size larger than the
Y2 ) > _ exchange length would have caused a superposition of easy
for this interlayer thickness. The 90° couplindp| slightly g loops which was not observed. The effect of pinholes
increases with increasingy, ¢, from 100 to 310 K. This in- \yhich are small enough to allow for a homogeneous magne-
crease is not significant with respect to the error bars. Fofization can in principle not be distinguished from the effect
further increased’, =400 K, however|J,| is strongly re- ot interfacial roughness, which shall be discussed below in
duced. detail.

SlonczewskKi’ showed how spatial fluctuations of the lo-
VI. DISCUSSION cal bilinear couplingl;(x) caused by spatial fluctuations of
the spacer layer thickness account for an effective biqua-

The main purpose of this paper is the study of the influ-dratic coupling. In the simplest version of the modelis a
ence of the morphology of the interlayer on the indirect cou-gne-dimensional periodic ~ step  function J;=J,
pling. Because the Cr interlayer was grown on a smoothy A j,sgn singrx/L) with the period L and amplitude

Fe(110 surface, one of the interlayer interfaces is flat. Thea 3. “This assumption results in a biquadratic coupling con-
structure of the second interface is known from the HRLEEDggt

investigation. Consequently, we know the lateral distribution

of the interlayer thicknesB,. Unfortunately, we could not 4(AJ))%L

reach layer by layer growth of the interlayer. Therefore, we 2= TCOW wt/L). (6.9
could not determine directly the bilinear coupling constant

J; as a function of a virtually constant interlayer thickness.  g|onczewski considered a thickness fluctuation of only 1
Because of the inhomogeneous interlayer thickness angkomic layer of a Q100 interlayer. For the GA00) inter-

the corresponding inhomogeneous interlayer coupling Weayer the bilinear coupling; shows opposite signs for odd
havg to consider inhomogeneous magnetization directiong g even numbers of atomic layers. These short period os-
within the Fe layers. For this purpose the length scale of thgjjjations cannot be expected for @L0) layers because the
IateraIDCrd|str|but|o'n has to be compared with the magneticmagnetic moments of antiferromagnetic Cr cancel in the
exchange length 12in the sensor layer. The relevant ex- (110) plane. However, the one-dimensional ridge structure of
change length 2= y4A/K ;=29 nm in our samples can be the (110 spacer layer deposited @, =230 K causes a
estimated, using the bulk value for the exchange constanfuctuating bilinear coupling similar to the model structure
A=2x10"1! J/m and the effective anisotropy constalf,  described above. When the average thickness of the spacer is
=0.35 mJ/m of the sensor layer. For deposition tempera-thin, the roof tops of the ridge structure provide regions with
turesT, <300 K the terrace widttNd,~2 nm of the Cr  antiferromagnetic coupling whereas in the valleys the cou-
interlayer is much smaller thanl 2Even the period of the pling is ferromagnetic due to the long period oscillation of

21

J(D), 1Dy (mJm?)

Ry

FIG. 9. Maximum antiferromagnetic coupling constdp{D )
observed at a spacer thickneB$=3.4 ML and biquadratic cou-
pling constant],(D,) at spacer thicknesB,=2.5 ML where the
bilinear coupling changes sign vs deposition temperafye,.
Full lines are guide-to-the-eye curves.

temperature results in gradually decreasing values o
|31(D4)| with increasingT,, . We show data for the biqua-
dratic coupling constani,(D,) observed for an interlayer
thicknessD,=2.5 ML whereJ; changes its sign for the first
time. J, could still be determined with satisfying accuracy
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AN — T ————T netic calculations taking into account the ridge structure of
7 the spacer are highly desirable.
100 K 200K 300K The weak increase ¢,(Do)| with T, ¢, increasing from
X ? ] J,=—1.2mJ/n% at 100 K toJ,=—1.8 mJ/n¥ at 310 K
1 might be a result of the increasing period of the ridge struc-
051 ] ture with increasing deposition temperature. An increase of
the period directly results in an increase of bilinear coupling
[ ¢ 1 [Eq. (6.1)]. However, the experimentally observed increase
00 A g% + is much lower than expected from Eq6.1). For
‘ I T,,c=310 K we observed a structural change of the spacer
[ . ] from the one-dimensional ridge structure to a two-
dimensional pattern. A spatially fluctuatidg in two dimen-
sions will also result in a biquadratic coupling but with a
reduced magnitude. This reduction compensates the increase
caused by the period to some extent. For higher deposition
temperature§ , =400 K the biquadratic coupling becomes
1ok i rather weak although the perid@él increases monotonously.
PR SRR N T S P E P P | However, Eq.(6.1) is not valid when the period exceeds the
exchange length. This is very likely the case for high depo-
D (ML) sition temperatures.
We now discuss the thickness dependencdof From
® b T L L Fig. 8b) we see that the biquadratic coupling constasnt
) shows only negative values as expected from Exl).
100K 200K 300K |3,| is largest for small Cr thicknesses. As explained above
the experimental error ofl, increases drastically for Cr
thicknesses beloW -,=D,. Therefore no unequivocal maxi-
mum of |J,| could be detected, except in the case of
T,,c=310 K. Our model of fluctuating bilinear coupling at
ridges and valleys would result in an extremum Jgrat the
spacer thicknes®, whereJ; changes sign: An increasing
spacer thickness reduces the ferromagnetic coupling in the
valleys whereas the average antiferromagnetic coupling at
the ridges is nearly constant or even reduced. Thus, the am-
plitude AJ, rapidly decreases with increasify,. Conse-
43 quently,|J,| will decrease as observed in the experiment. A
quantitative analysis of the thickness dependence requires a
micromagnetic analysis.
T, ¢ =400K A similar monotonously decreasirld,| with increasing
-LOF 4 . 0 D, was observed in the case of Fe/Cr/Fe in {i®0
0 5 10 150 5 10 150 5 10 15 orientation*! In this reference the authors described the
D, (ML) thickness dependence &f by a power lawJ,|=D 4. Our
results forJ,(D¢,) cannot be described with such a unique
FIG. 10. Coupling parameter3, (8) and J, (b) vs D¢, for ~ POwer law.

samples W110/18Fe/D,Cr/18Fe/5Cr with the spacer deposited at ~ Our experimental data for the bilinear couplidgcan be
Tp.c=400 K, measured at temperaturgs 100, 200, and 300 K. compared with theoretical considerations. Sfilescently

Symbols and full lines as in Fig. 8. calculated the strength and period of oscillatory exchange
coupling for Fe/Cr layers by first-principle methods. For the
bilinear coupling. Hence, the coupling constaht can be (110 orientation he found for the strongest long period os-
described by the same function as in Ref. 17 to a very goodillation a  coupling  strength téplll(l.O) nnt=
approximation. Now, the meaning bfin Eq. (6.1 is notthe  —3.2 mJ/m3. For the case of the first antiferromagnetic
terrace width but the period of the ridge structie We  maximum atte,=0.7 nm the theoretical value id,=
estimate the amplitud&J, =3 mJ/n? at the spacer thickness —6.5 mJ/nf. Previously measured coupling strengths for
Dy whereJ; changes it sign from the maximum value ob- Fe/Cr were much smaller than the calculated values. Our
served ford,. Inserting the period of the ridge structure ( measured maximum of antiferromagnetic couplifg low
=G=29 nm for T, =230 K and L=G=61 nm for temperature deposition of the )ds exceptionally large and
Tp,cr=300 K) and the Fe layer thickne$s-3.6 nm, Eq(6.1) reaches nearly half of the theoretical value. This is very sur-
results in J,=—4.5 mJ/nt (Tp,c=230 K) and J,= prising taking into account the fluctuating spacer thickness
—9.5 mJ/nk (Tp,c=300 K). These values are in sufficient still observed for the low temperature deposition. B,
agreement with the experimentally observed magnitlige =3 ML~D, the heightH =3 of the ridge structure is con-
=—1.6 mJ/mM to support the model. Detailed micromag- siderable. Following Ref. 17 the measured valud pfs the

@ ol

J, (mJ/m?)

0.0 S e

J, (mJ/m2)
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mean value of the contributions from different interlayer  For higher deposition temperaturég =500 K we ob-
thicknessesJ (D¢, =2,J1(nN)p(n,D¢,), where the contri- served a nonvanishing ferromagnetic couplihg>0 even
bution from the coupling constant;(n) at the interlayer for interlayer thicknesseB,>12 ML [see Fig. 8)]. This
thicknessn is weighted with the probabilitp(n,D¢,) of the  effect is presumably caused by the onset of interdiffusion. It
occurrence of interlayer thickness at a total deposited is quite plausible that Fe-rich Fe/Cr alloy regions produced
thicknessD,. The functionp(n,D¢,) is not known exactly by the interdiffusion enhance the ferromagnetic coupling.
in our case and it is impossible to extrad{(n) from As expected, we did not observe any significant tempera-
J1(D¢,). However, the maximum antiferromagnetic cou- ture dependence df [see Fig. 1(a)]. From theoretical con-
pling constant];(D;) observed in our experiment for low- siderations the temperature dependencé;ofhould follow
temperature deposition is in good agreement with the theathe temperature dependence of the magnetizatjafithe Fe
retically predicted value. layers® Since the Curie temperature of the Fe layers is far

The sharp decrease @J;(D,)| for deposition tempera- above room temperaturé is expected to be nearly constant
turesT, =310 K coincides with the increase of the rough- for the range of temperatures applied in our experiment.
nessW. An increase oW will certainly result in a broader
distribution p(n,D¢,) and consequently in a decrease of VIl. SUMMARY
maximum values. Especially, contributions from thin inter-
layer thicknesses=0 and 1 with presumably very strong
ferromagnetic coupling will rapidly decrease the antiferro-
magnetic coupling. This may explain the nonlinear decreas
of [J4(D4)| nearT, =310 K although the increase of the
roughness is rather small.

The origin of the ferromagnetic maximum neBi;,=8
ML appearing forT, =310 K apparently is an oscillating

We determined bilinear and biquadratic coupling con-

stants in Fe/Cr/Ra10 trilayers for varying spacer mor-

hologies. The large coupling constants occurring for spacer
ayer deposition below room temperature exceed previously
reported values. The bilinear coupling constant does not de-
pend significantly on the temperature of measurement in the
interval T=100-300 K. The maximum value of the antifer-
o 4 L romagnetic coupling is in agreement with theoretical calcu-
gltlll:geirpgggflt'g%f(lrfggs S':'ghrgﬂ(():sag:gt%imppeer?bgsé t:ri féustt:it_u lations u_singab initio methods._The_l:_uiquadratiC _coupling can
mated from the half périod observed in our experiment Co_be explained from the fluctuating bilinear coupling caused by
o : . : the rough interface. We compared experimental data with
incides with the long wavelength period as determined bm%lonczewski's micromaanetic model
for the (100) and for the(211) orientation?® This surprising 9 '
independence of the long-wavelength period on the orienta-
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