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Oscillatory interlayer coupling in Fe/Mn/Fe trilayers
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Fe/Mn/Fe wedged-shape sandwiches were prepared by molecular beam epitaxy under optimal conditions.
The interlayer coupling measured by magneto-optic Kerr effect is very strong for thin Mn layers. The canted
angle between the magnetization vectors of the two magnetic layers in remanence increases gradually from 0°
to about 180° and then gradually reduces to 90° for Mn thicknesses from 0.62 to 1.2 nm. For Mn layer
thicknesses in the range between 1.2 and 2.45 nm, the interlayer coupling is always 90° coupling, but its
strength oscillates with a short period of about 2 Mn monolayers. The above coupling phenomenon can be well
described by the proximity magnetism mode&0163-182@09)50618-§

Recently the mechanisms which couple ferromagnetialuced in the next paragraph and compared with the usual
(FM) films across antiferromagneti&F) metallic interlayers method to evaluate such experiments.
have been of great interest. For AF interlayers one would The proximity magnetism modgls a phenomenological
expect a large contribution to the coupling coming from themodel for the description of exchange coupling across AF
direct nearest-neighbor exchange inside the interlayers ar@iaterials including thickness fluctuations due to interface
across the interfaces but since they are metals the indirefpughness. According to SlonczewSkhe exchange cou-
interaction due to the conduction electrons could be considPling energy per unit area can be written as
ered in addition. We consider here AF interlayers polarized B ) )
in the plane of the film with sheets alternatively parallel and Ec=C.(0)"+C_(0—-m)" @)
antiparallel to the magnetization of the FM films as observethereCJr;o, C_=0 and G<¢<. HereC, andC_ are the
by Walker and Hopstéron overlayers of Mn grown on Fe. coupling coefficients, and is the angle between the magne-
In_ the ideal case one W(_)uld expect oscillations of the COUtization vectors of the two FM layeréhere Fé. This con-
pling strength with a period of two monolayefiIL), with  yrasts with another phenomenological energy expression

large amplitudes and sign changes. _ which was previously used exclusively in work on interlayer
While this behavior has been studied in much detail for Crcoupling:

interlayers and even a magnetic phase diagram for the Cr
interlayer was deducédrvhich explains_, mo_st qf the experi- E.= —j,C0 6) — j ,COZ( 0). )
mental results, for Mn interlayer the situation is less clear. In
the first work on Fe/Mn/Fe trilayetsPurcell et al. found  Here 6 as above is the angle between the magnetization vec-
interlayer coupling oscillations with a two ML period but tors of the FM layers. The first term with the paramejter
there were no sign changes, indicating an appreciable backepresents the bilinear coupling and the second term jwith
ground of AF coupling. On the contrary, Filipkowskt al*  describes the 90° coupling. It is now believed that Ed.is
found very strong near-90° coupling with no evidence for AFappropriate for interlayers with static magnetic order and Eq.
coupling in their CoFe/Mn/CoFe samples at room tempera¢2) for those which consist of a diamagnetic or paramagnetic
ture. Also in contrast to the results in Fe/Mn/Fe trilay&tise ~ material. Experimentally the difference between Ek.and
two ML period oscillations were absent in Co/MRef. 5 Eq. (2) shows up in a subtle difference concerning saturation
and Fe/Mn(Ref. 6 multilayers. Furthermore, the interlayer after remagnetization. Where E() implies full saturation
coupling in epitaxial Co/Mn multilayefswas attributed to is reached at a finite critical external field, Ed) implies
the AF order of the Mn spacer. Unfortunately, the authorsasymptotic approach toward saturation.
did not show the dependence of the interlayer coupling on The Fe/Mn/Fe wedged-shape sandwiches were deposited
the Mn layer thickness. in UHV by thermal evaporation onto a GaAs/Fe nm)/Ag

In view of these contradictory results the aim of the (150 nm substrate-buffer system as described elsewtiere.
present work was to prepare samples of the best possiblirst a 5-nm Fe layer was grown at room temperature for the
quality which could provide reliable information on the cou- first 4 ML and at 200 °C for the rest. The Mn film was
pling in this interesting system. Since this work and theprepared with a growth rate of about 0.9 nm per minute at
evaluation of the experiments will be based on the assumgdifferent temperatures betweerl50 °C and 200 °C, in order
tion that we are here dealing with AF Mn as interlayer ma-to find the optimal growth temperature. Taking into account
terial we will use Slonczewki’s proximity magnetism motlel both the observation of the interlayer coupling and the char-
for the evaluation of the experiments. It will be briefly intro- acterization of the structure, we found the optimal growth
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FIG. 1. Some typical hysteresis loops at room temperature and their evaluation. Open circles are experimental points obtained by MOKE
and the same for triangles by SQUID. ctparts indicates the counterparts as described in the t€xt. gives fits based on E¢3) and the
same forj,, j, based on Eq(2). Dy, (nm) denotes the thickness of the Mn lay€r, andC_ (erg/cnf) are the coupling coefficients),
(degreg is the coupling angle, anf, andj, (erg/cn?) are the parameters of E(@). For (e), we useD,,,=1.66 nm,C, =0.118 erg/crfy
C_=0.118erg/crh #=90°,j,=0, andj,= —0.28 erg/crA. The inset in(e) shows the details of the hysteresis loop in the high-field range
measured by MOKE and the fitting based on BJ. The spin configurations in remanence are also shown schematically by inset symbols.

temperature for the Mn layers to be around 50 °C. The sammmcreasing Mn thicknesses, which were measured by MOKE
growth temperature for Mn layers on Fe was also adopted byopen circles and SQUID (triangles at room temperature.
Purcellet al The Mn thickness was varied between 0 and 4The interlayer coupling is very strong for thin Mn layers and
nm. Finally, the top 5 nm Fe were prepared at 200 °C, and &s maximum is expected to be around a Mn thickness of
protective and antireflective 50 nm ZnS layer was deposite@.82 nm(5 ML) as shown in Fig. ().

at room temperature. For Fe/Mn/Fe trilayers grown under the | order to obtain a more quantitative information we

above. con<_j|t|ons, low-energy e_Iectro.n diffractipEED), have modeled these loops by applying the proximity magne-
reflection high-energy electron diffractigtRHEED) and Au- s model [Eq. (1)] with the following assumptions. In

ger analyses indicated that the single crystal quality iS g00Geg/\n/Fe trilayers, the Fe magnetizations are assumed to lie
the growth is epitaxial and layer by layer, the interdiffusion parallel to the film plane, and so there is no static demagne-

is very small, and the surface is clean. é/izing field. We also assume that the spins within an indi-

In ordgr to evalyate the m_terla_lyer coupling We MEASUreqiq,al Fe layer remain parallel to one another because of a
hysteresis loops via the longitudinal magneto-optic Kerr ef—Stron intralaver-exchanae counling. In our case. the sample
fect (MOKE) and in a few cases by means of superconduct: 9 Y 9 ping. ' P

ing quantum interference devidSQUID) magnetometry. plane is parallel td001) crystallographic plane and the ex-

The metal films are thin enough so the Kerr-effect measurel€! field along the in-plane easy axi400] direction or

ment is sensitive to both Fe layers. The external field wagduivalent. Taking into account the cubic anisotropy energy
applied along the easy axis in th00] direction, and paral- ©Of Fe, Zeeman energy and interlayer coupling energy in the
lel to both the sample plane and the plane of incidence of théorm of Eq. (1), we write the total energi per unit area in
laser. In Fig. 1 we show some typical hysteresis loops fothe following form:
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FIG. 2. The Mn layer thicknesB),, dependence of the satura- ) )
tion field Hs. The inset shows the details of the saturation field FIG. 3. The Mn layer thicknesBy, dependence of coupling

oscillations. angle # in remanence.
E=E,+E +E —M). We can see that the small asymmetry only exists in a
a < relatively small field range. So it will be neglected in the

following.
For comparison we have also used E).by adjustingj,
©) and j, to describe the experiments. As expected the fitting

E.=Kt[sin 2d )%+ (sin 2d,)?]/4,

En=—HMt(cos®; +cosd,), based on Eq(2) is not very good, particularly in the high
field region. As mentioned above, E@) predicts full satu-
Ec=C_ (|®1— D, )2+ C_(|®,—D,|—m)?, ration of theM-H curve at a finite external field but E¢f)

predicts asymptotic approach towards saturation, as seen in
whereE, is the anisotropy energ¥y, is the Zeeman energy, all panels of Fig. 1. By the way, if we suppose that there
and E; is the interlayer coupling energy of the proximity exists a distribution of j(;,j,) in a wide region so that we
magnetism modé Heret, M, K, andH are, respectively, the can fit the experimental data well, it means that the interface
thickness of the Fe layers, the saturation magnetization of theoughness of the sample is large. It does not seem to be
Fe layers, the first-order cubic crystal anisotropy of the Feeasonable that a sample showing strong coupling and short
layers, and the external field?>, (or ®,) is the angle be- period oscillationgwill be reported in the following para-
tween the magnetization vector of the fifsr secondl Fe  graphsg has a large roughness. In fact, Auger, LEED, and
layer and the field directionC, and C_ are the adjustable RHEED experiments indicate that the sample is of good
coupling coefficients, measuring the strength of the couplingquality. For the same reason, if the distribution f,{,) is
|®,—d,|=6 (0<b<m) is the angle between the two mag- in a wide region, the distribution off. ,C_) should also be
netization vectors of the Fe layers at a given external fieldn a wide region so that only a set o€ (. ,C_) is not enough

(we call it coupling angle to fit the experimental data. In fact, one set & (,C_) is
The theoretical magnetization curves are obtained bynough.

minimizing the total energy of Eq3) with respect tab; and Comparison with the calculations allows the interpretation

@, at a given external field for the appropride andC_ . of the loops with respect to the orientations of the magneti-

By fitting in this way the theory to the experiments, we havezations, as indicated for selected field values in the various
determined the coupling coefficien®,; andC_, and the panels of Fig. 1. Note in particular that in Fig(el, the
coupling angleg=|®,—d,| at any given external field. The remanent magnetization of about half the saturation value
solid lines in the various panels of Fig. 1 show the calculatednd the large jump at near zero field indicate that the indi-
magnetization curves. For all calculations the bulk values ofidual magnetizations switch between different easy axes but
M=1707 G andK=4.76x 10° erg/cnt are used. The calcu- the angle between them remains 90°. For the angles between
lated magnetization curves are in good agreement with théhe two magnetizations in the remanent states we obtain 80°,
experiments apart from the hysteresis effect and small asyni-27°, 173°, and 152° in Figs.(d), 1(b), 1(c), and Xd), re-
metry about the origin(0,0) introduced possibly by the spectively. Roughly the coupling gradually changes from
second-order magneto-optic efféétSince hysteresis causes FM to very strong near AF as shown in Figc), and then to

in the experiments only displacements symmetrical to thaveak 90°-type as shown in Fig(€). Further details will be
zero field axis, it can easily be eliminated. reported in the following paragraph.

In order to get a feeling for the asymmetry in Fig. 1 the The strength of the interlayer coupling as represented by
counterpartgctpar) of the experimental MOKE hysteresis the saturation fieltH is shown in Fig. 2 as a function of the
loops about the origiri0,0) are also shown by dotted lines, thickness of Mn layerD,,,. HereHg is defined as the field
which are obtained by inverting the valuéd,M) to (—H, at which the magnetization reaches 83% of the value ob-
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Mn thickness Dy, (ML) » increases gradually from 0° to about 180° and then gradually
3 4 5 6 7 8 9 10 11 12 13 14 15 16 reduces to 90°. Fob,, between 1.2 and 2.45 nmis al-

L L L L L L ways 90°. A value ob which deviates from 0°, 180°, or 90°

] has for example also been observed by Schreyal. who

N reported6=50° in the case of Fe/Cr superlatticésut the

. dependence of the coupling angle on the thickness of the
1 interlayer was so far not reported.

Figure 4 shows the dependence of coupling coefficients
C. andC_ on the Mn thickness. If the Mn thickness is in
. the range between 0.62 and 1.2 nm, the oscillation€ of
and C_ are almost opposite in phase, and vestiges of the
short-period coupling can be seen from the shoulders of the
4 curves. If the Mn layer thickness is in the range between 1.2
1 and 2.45 nmC, andC_ are equal and show short period
TR oscillations of about 2 ML Mn. As was seen in Fig. 3 the
0 12 14 16 18 20 22 24 26 remanent state would not reveal these oscillations but they

Mn thickness Dy, (nm) are seen in the saturation fieltk (Fig. 2). Furthermore the

Mn thickness dependence G6f_ (in Fig. 4) is very similar to

FIG. 4. The dependence of coupling coefficieBtsandC_ on  that of Hg. For Mn layer thicker than 2.45 nm, no coupling
the Mn layer thicknes®yy, . is found at room temperature.

In conclusion, Fe/Mn/Fe wedged-shape sandwiches were
prepared by molecular beam epitaxy under optimal condi-
tions. The interlayer coupling measured by magneto-optic
Kerr effect is very strong for thin Mn layers. The coupling
angle in remanence increases gradually from 0° to about
180° and then gradually reduces to 90° for Mn thicknesses
. . from 0.62 to 1.2 nm. For Mn layer thicknesses in the range
>1.2nm the difference betweets andH, is less than 10 between 1.2 and 2.45 nm, the interlayer coupling is always

Oe, so we usélg,, to replaceHs. From Fig. 2, we see that o . . . . .
the saturation field increases drastically and then reduce90 coupling, but its strength oscillates with a short period of

quickly if the Mn thickness increases from 0.62 to 1.2 nm. Ifém.)l.l:]te2 l\(;lgdn;or:g;a%zrnst. between the experimental maanetic
D, further increases from 1.2 to 2.45 nm, we see obviou 9 9 P 9

[ . . %ysteresis loops and the theoretical magnetization curves
ok Sase on the promiy magnetsm model mples that te
' : : . Mn layer in Fe/Mn/Fe trilayers is helicoidal
strength of AF coupling as shown in Ref. 3 nor oscillations 2 .
quasiantiferromagneti¢ at least for thin Mn layers, and the

from FM to AF coupling. The_y are oscillations in the interlayer coupling originates from the diredtd exchange
strength of 90° coupling as indicated by the shapes of the

hysteresis loops, such as displayed in Fig).1So far similar interaction at the Fe-Mn interfaces and propagates through

oscillations were only reported by Purcetial® but they did the magnetic ordering of the Mn layer via short-range ex-

not recognize the aspect that we are dealing here with gooqhange Interaction.

type coupling. The authors would like to thank D. Olligs, P."®ander,

Figure 3 shows the Mn thickness dependence of the coud. Ricker, and M. Mdler for their help. Shi-shen Yan is
pling angled in the remanent state. The fitting procedure topleased to thank the Alexander von Humboldt Foundation
obtain # has been described above. The result shows@&hat for support.
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tained at 8000 Oe. FdDy,>1.2 nm, the coupling is weak
(Hg<5000¢ and Hg is very close to the switching field
H as defined in Fig. (). At H,, there is a large jump in
the M-H curve, which indicates the two magnetizations be-
come aligned symmetrical to the external field. Hdy,
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