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Biquadratic interlayer exchange coupling in epitaxial Fe /Si/Fe

G. J. Strijkers,® J. T. Kohlhepp, H. J. M. Swagten, and W. J. M. de Jonge
Department of Applied Physics, Eindhoven University of Technology, P. O. Box 513, 5600 MB Eindhoven,
The Netherlands

We have studied the biquadratic exchange coupling in epitaxially grown Fe/Si/Fe. The temperature
and thickness dependence of the biquadratic coupling strength were determined unambiguously by
fitting the easy- and hard-axis magneto-optical Kerr effect loops. The origin of the biquadratic
coupling can be fully understood in terms of Slonczewski’'s loose spins mechanisn200@®
American Institute of Physic§S0021-897@0)31208-7

I. INTRODUCTION monitors. The layers were grown on (®61) substrates,
The bilinear interlayer exchange coupling in Fe/Si/FeWh'Ch were cleaned by an Arsputter and anneal treatment

layers is rather exceptional, in that its strength decays expcP—rlor to deposition. In a previous study, we have shown that

nentially with the Si spacer layer thickness, in contrast to the" these Fe/SilFe layers the Si spacer transforms to metallic

“normal” oscillatory behavior:? The origin of this bilinear c Fel‘Z(S' by Fe ar_1d Si interdiffusiof, Wh'Ch leads tq an
. . . ._approximately 6% increase of the nominal spacer thickness.
coupling can be explained by the formation of a metallic_"" 7 .
This correction is rather small, and therefore we will refer to

iron-silicide spacer with the CsCI structure that has a hig . . . . .
density of states peak above the Fermi level, and can gge nominal layer thicknesses in the rest of this paper. Biqua-

described in terms of the Bruno electron-optics mddeth ratic coupling was studied in a number of samples. Uniform
imaginary extremal Fermi vectors, or by the AndersonSamples with the following composition: @01)+60 A Fe
sd-mixing model® ' +15Si+45 A Fe+30 A Si, withtg=14, 14.5, 15, 15.25, 16,

On the other hand, the mechanism behind the biqua"—de 16.25 A, and wedge-shaped samples composed of:

) ) . . wedge A Geg001)+115 A Fet+8-18 A Si-wedge-90 A
dratic exchange coupling observed in Fe/Si-based layers h .
not been clearly understood up to now. Several attemptge+30 A Si, and(wedge B Ge(001+60 A Fe+7-17 A

have been made to clarify its origin by analyzing the tem- -wedger 45 A Fer30 A Si.

perature dependence of the biquadratic coupling strength in Th? interlayer co_uph.ng constant_s were determined .by
Fe/Si multilayer$=® However, in these multilayers the analyzing the magnetization hysteresis curves of the Fe/Si/Fe

“true” biquadratic coupling is obscured by vertical and lat- layers. As an example, the room tempera{li@)] easy-axis

eral variations of the coupling strengtifs Therefore, no and[110] hard-axis MOKE loops of wedge A, for nominal

definite conclusions about the origin of the biquadratic cou—SI th'CkFeS.Ses of 12.4 ?”d 13.7 A, are shown m_Flg. L. The
pling can be drawn from the previous studies on Fe/Si mul_magnetlzanon hysteresis curves can be quantitatively de-
tilayers scribed by considering the expression for the total areal en-

In this paper, we present a study of the biquadratic exSTe density of the two magnetic layers, which reads

change coupling in well-defined epitaxially grown Fe/Si/Fe

= — — + —
trilayers. The magnetization was analyzed with the magneto- E=~1oMsH[t oS ¢y = ¢n) 15 COS G2~ dn)]

optical Kerr effect(MOKE) to avoid lateral variations as + Kt, coZ(1)SiM( ) + Kty COL( b,)SIP( )
much as possible. Since these layers contain only one spacer, 2
there are no vertical variations. We will show that the origin ~J1CO 1~ ¢h2) =I5 COS (1~ o), @

of the “true” biquadratic coupling can be understood in

5 : . with Mg the saturation moment of layer 1 and 2 with thick-
terms of Slonczewski’'s loose spins mechanism.

nesst; andt,. Mdt; andMt, were determined by SQUID
(superconducting quantum interference deyiogagnetiza-
Il. EXPERIMENTAL RESULTS tion measurements. He®, and ¢, are the angles between
The Fe/Si/Fe layers were grown at room temperature ifh® magnetization of layers 1 and 2 and [180] easy axis,
a multichamber molecular beam epita®BE) system(VG- respecuvely, whilegy is the anglg between the field and
Semicon V80M, with a base pressure better than 2 the[100] axis(#,=0 for easy-axis loops angh,=45° for
%10~ mbar. An electron-gun source with feedback controlard-axis loops The cubic anisotropy constaht is taken

of the flux was used for the deposition of Fe whereas Si wa§dual for layers 1 and 2. _
evaporated from a temperature stabilized Knudsen cell. Al J1 iS the bilinear coupling constarit<0 for antiferro-

thicknesses were controlled by calibrated quartz-crystai’@gnetic couplingandJ, is the biquadratic coupling con-
stant (<0 for 90° coupling. Due to the finite penetration
) depth of the incident laser beam only part of the bottom Fe
Author to whom a}ll corrgspor}dence should be addre;sed. Present addreféyer contributes to the MOKE signal, which can lead to a
The Johns Hopkins University, Department of Physics and Astronomy, . . .
3400 North Charles Street, Baltimore, MD 21218; electronic mail: N€gative remanence, although the bottom Fe layer is thicker

gustav@pha.jhu.edu than the top one. By combining SQUID and MOKE magne-
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3 L0 1 ' +1t5Si+45 A Fet+30 A Si, with tg; indicated. The solid lines are fits to the
;E‘ 051t =137 A experimental data with the loose spins model, as explained in the text.
fa-1 . 4 :
:
Z

0.0
=-0.515mJ/mM, J,=-0.080mJ/A, and K=3.2
X 10* Jin?.

For a Si thickness of 13.7 A, shown in Figscland
1(d), the minimum path approach results in a large overesti-
mation of the hysteresis, becaukeandJ, are smaller than
Kt; andKt, and only rotation of the magnetic moments is
allowed, without thermal activation across the anisotropy

-0.5

-1.0

20 -10 0 10 20 20 -10 0 10 20
1.0 )

ty=1374A
hard-axis

0.5

00 barriers. It is therefore more appropriate to use an absolute

-0.5 minimum energy approach to E@l) in this case. For the

1.0 easy-axis loops two jumps can be observed: one from satu-
60 30 0 30 60 -60 -30 0 30 60 ration toward a 90° orientation of the moments, and a second

H (kA/m) H (kA/m) jump to the antiparallel alignment. The hard-axis loop shows

G 1 Lefthand side: M 4 MOKE | (@of the same features as Figbl Again, both easy- and hard-

. 1. Lelt-hana siae: Vieasure oops at room temperatu a)p H : H H

(b) GE00D+115 A Fer12.4 A Si+90 A Fe+ 30 A Si, and(©), (d) G&00D axis loops arergltted with one set ofngarameters, yielding

+115 A Fer13.7 A Si90 A Fe+30 A Si with the field applied along the = —0.160mJ/m,  J,=-0.028mJ/m, ~ and K=3.2

easy and hard axes as indicated. Right-hand side: Fits of the loops with Eg< 10* J/n for this Si thickness.

(1). The insets show the orientations of the magnetization vectors at several | this way the magnitude of, andJ, of the six uni-

field values; dashed lines are easy axes and solid lines are hard axes. form samples was determined from room temperature down
to 10 K. We note that for these films with nominal Fe layer
thicknesses of 60 and 45 A the anisotrdpyanges between

o _ 1.8x 10 J/n? at room temperature and 3X8.0* J/n? at 10

tization loops we have determined that only 50% of the bot J, is always<0 (antiferromagnetic coupling; see Fig). 3

tom Fe layer contributes to the observed Kerr rotation.  and increases only slightly with decreasing temperature, in

For a Si thickness of 12.4 A1, andJ; are of the same  agreement with earlier observatidhi the present paper we
order of magnitude akt; andKt,. We therefore adopted an ant to focus on the biquadratic coupling, whose tempera-
energy minimum path approach to Ed) to fit the hysteresis  yre dependence is plotted in Fig. 2. As can be skein-

curves of Figs. (a) and Xb), which correctly takes into ac- creases remarkably strongly with decreasing temperature for
count the competition between the coupling energy and thg| sj thicknesses.

anisotropy when the magnetic moments rotate across the an-

isotropy barriers. The fits are shown on the right-hand side o
Fig. 1 and the insets in the figure illustrate the various stateél' DISCUSSION

of the magnetic moments as function of the applied field. = There are a number of possible mechanisms that can
Upon decreasing the field from saturation along the easgccount for the observed biquadratic exchange in these Fe/
axis, the moments first jump to a nearly 90° orientation, afteiSi-based layers. First of alll, may be an intrinsic higher-
which they gradually rotate toward an antiparallel alignmentorder term of the coupling, as was claimed recehilye rule
perpendicular to the field with zero remanence. When theut this possibility, because the magnitude of an intrinsic
field is decreased from saturation along the hard axis, firssecond-order coupling terdy is generally orders of magni-
the moments gradually rotate to a nearly 90° orientationfude smaller thard; and its temperature dependence less
after which a jump occurs toward a completely antiparalleldramatic.

alignment. We stress that both easy- and hard-axis loops are Theoretically, a 90° coupling can also arise from thick-
fitted consistently with one set of parameters, yieldihg ness fluctuations of the spacer layer, which cause a compe-
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exponentially as function of the spacer layer thickness with
—~ o8k squares = wedge A . IV th d | h
G circles approximately the same decay length.
=S Note the consistency between wedges A and B in the
E o6l magnitude ofJ;, demonstrating tha; does not depend
go critically on the exact spacer layer structure, that may have
S o4l some deposition run-to-run variations. This is in agreement
2 with the explanations for the antiferromagnetic coupling in
5 sl Fe/Si/Fe, resulting from a high density of states peak above
% ) the Fermi level that is present for stoichometric and also for
) defectivec-FeSi.

0.0

On the other handl, of wedge A differs considerably in
Nominal Si Thickness (A) r.nagnl.tude from wedge B. This corraborgtes our mtgrpreta—

tion with the loose spins model, becaubeis very sensitive
FIG. 3. Thickness dependence &f (open symbolsandJ, (closed sym-  t0 the exact loose spins concentration, apparently different
bols) at room temperature. for our two wedges, which were grown in separate deposi-
tion runs, also with different Fe layer thicknesses. From the
temperature dependence of the bilinear coupling strength, it

tition between ferromagnetic and antiferromagnetic coupling©ems that thé, resulting from the loose spins is negligible
for neighboring region& For Fe/Si, however, the bilinear compared to thd,. Although the reason for this is not com-
coupling J; always favors an antiparallel alignment of the PI€tely clear up to now, we believe that the loose spings
magnetic layers and therefore lateral thickness variations dgveraged out due to a distribution in the strength of the in-
not lead to a frustration of the coupling here, ruling out thisteractionu between the loose spins and the magnetic layers.
possibility as well.
The remaining mechanism is biquadratic coupling mediJV. CONCLUSIONS
ated by paramagnetic atoms @upeiparamagnetic clusters

of atoms n the spacer layer, as was proposed by hiing in well defined MBE-grown Fe/Si/Fe layers. In
Slonczewskf: These so-called “loose spins” can couple {0 onirast to earlier studies we have determined the coupling
both ferromagnetic layers via the indirect exchange, which i$,5rameters, not disturbed by vertical and lateral fluctuations
also responsible fod; . J5(T) can be expressed in terms of o the coupling properties, as usually is the case for Fe/Si
an areal loose spins densityand the total interaction poten- mslayers. Biquadratic coupling in Fe/Si/Fe can be under-
tial U between loose spins and ferromagnetic layers. For @50d in terms of Slonczewski's loose spins model.
complete description of the loose spins model, see Ref. 13.

Unlike the other mechanisms for biquadratic coupling, 13, 3. de Vrieset al, Phys. Rev. Leti78, 3023(1997
the loose spins model does predict a strong temperature dey Kohlheppet al. ,\Xat'er_ Res. Soc. Symp. Prot75 593 (1997.
pendence of,. Figure 2 is supplemented with fits 35(T) 3p. Bruno, Phys. Rev. B2, 411 (1995.
with the loose spins model. The areal loose spins demsity “Z.-P. Shi, P. M. Levy, and J. L. Fry, Europhys. Le26, 473(1994.
and the interaction potenti&l were adjusted for the fit. The Y- Saito, K. Inomata, and K. Yusu, Jpn. J. Appl. Phys., Pag62L.100

density of loose spins converged consistently to approxi-sg g Fylierton and S. D. Bader, Phys. Rev58 5112(1996.
mately 1% for all thicknesses, ard/kg=343, 334, 292, 7J. Kohlhepp and F. J. A. den Broeder, J. Magn. Magn. Ma66, 261

266, 222, and 199 K fotg=14, 14.5, 15, 15.25, 16, and (1996.
16.25 A, respectively. 8J. Kohlhepp, F. J. A. den Broeder, M. Valkier, and A. van der Graaf, J.

. . . . Magn. Magn. Mater165 431(1997).
A separate check for the biquadratic coupling resulting oy Endo, O. Kitakami, and Y. Shimada, Phys. Rev5& 4279(1999.

from loose spins follows from the spacer layer thickness del°J. Kohlhepp, M. Valkier, A. van der Graaf, and F. J. A. den Broeder, Phys.
pendence 08, andJ,, as shown in Fig. 3 for wedges A and  Rev. B55 R696(1997.

B. Because the interaction potentldlis directly related to Sﬁjé Sérg\lje;OJ.gTség?gggpp, H. J. M. Swagten, and W. J. M. de Jonge,
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In conclusion, we have studied the biquadratic exchange
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