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Heat-induced antiferromagnetic coupling in multilayers with ZnSe spacers
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Two ferromagnetic films separated by an amorphous semiconducting spacer are exchange coupled across the
spacer layer. The coupling is reversibly temperature dependent with a positive temperature coefficient. As
spacer material we use amorphous ZnSe which is a compound semiconductor and find heat-induced antifer-
romagnetic coupling in striking similarity to amorphous Si and Ge. In aa-EaSe/Fe trilayer with spacer
thickness between 18 A and 22 A the coupling is antiferromagnetic with a positive temperature coefficient. At
slightly larger thicknesses between 22 A and 25 A we find a reversible transition from ferromagnetic coupling
at low temperatures to antiferromagnetic coupling at higher temperatures upon heating. We discuss the revers-
ibly heat-induced effective exchange coupling in terms of localized defect states in the band gap in the vicinity
of the Fermi energy.S0163-182@9)04230-1

In multilayers consisting of ferromagnetic and nonmag-irreversibly destroys it. We interpret this fact as an apparent
netic ultrathin layers the quasi-two-dimensional symmetry isnecessity for defect states to be present, maybe at the inter-
responsible for outstanding effects. The extremely londgace, in order to mediate the coupling.
range of the oscillatory exchange coupling between ferro- Sample preparation and magnetic measurements are per-
magnets across metallic spacérss a consequence of this formed in an UHV chamber with a base pressure of 5
symmetry. Another consequence is that it makes an effective< 10~ ** mbar. A sputter cleaned and annealedXDg) crys-
exchange coupling possible with a positive temperature cotal is the substrate. We first evaporate at 90°C a 70 A thick
efficient if amorphous semiconductors are involved as spacego film which serves as a magnetic drivér 6 A Fe layer,
materials. Iron layers that are separated by an amorphous ®hich is strongly coupled to the Co film, makes sure that the
or Ge spacer are indeed exchange coupled, and the couplifigferface conditions are comparable to the previous experi-
strength reversibly increases upon heating. An importanments with Si and Ge spacers. Then the sample is cooled
quality common to the systems which exhibit a reversiblydown to 20 K for the preparation of the ZnSe spacer, which
positive  temperature  coefficient or “heat-induced is evaporated from powdenia W crucible!>*® The sample
coupling”®~%is that they are amorphous and prepared at verys completed by a 15 A thick Fe layer. The cleanliness of the
low temperatures. In striking contrast, multilayers of Fe andsample is checked by standard Auger electron spectroscopy
Si or Ge that are prepared at room temperature exhibit colAES). Within the resolving power of AES we do not find
pling which is stronger by two orders of magnitude and haveany interdiffusion to occur. We note that evaporation at low
a conventional temperature depende‘?féé_The reason for temperatures is strictly necessary only for the Fe top layer.
this difference is that the spacers of multilayers prepared drior to the measurements of the coupling strength the
higher temperature are crystalline metallic Fe-Sisample must be briefly annealed at 150 K presumably to
compound¥ and not amorphous semiconductors. Recent inform the appropriate interfaces.
vestigations of crystalline ZnSe as a spacer material between We use surface magnetometry by spin polarized second-
Fe layers also show only ferromagnetic coupling with anary electron emissiotSPSER to determine the thickness
almost temperature independent coupling strefitjth. dependence of the effective exchange coupling and to ad-

Although it is believed that the symmetry of the quasi-dress the importance of a possible 90° component. A 1-5
two-dimensional layers is essential for this heat-induced efkeV primary electron beam produces a cascade of secondary
fective coupling to occur, a quantum mechanical descriptiorelectrons on the sample surface. A subsequent spin analysis
of it does not yet exist. In this study we set out to gain furtherof the emitted secondary electrons with reference to the two
insight, and eventually provide a base for a theoretical anin-plane quantization axes is carried out in a 100 keV Mott
satz. We demonstrate the occurrence of the effect on a nedetector. The spin polarizatio®®, defined asP=(N7
and different system: ferromagnetic layers with amorphous-N|)/(NT+N|), is proportional to the magnetization of
ZnSe spacers on crystalline substrates. Ugingjtu magne-  the sample at the surfaé!® N7 andN| are the number of
tometry with spin-polarized secondary-electron emission weelectrons with spin parallel and antiparallel to the chosen
find, as a main result, antiferromagnetic coupling acrossjuantization axis, respectively. The high surface sensitivity
amorphous ZnSe to occur. In addition, we provide a quantiallows us to directly probe the magnetization of the outer-
tative determination of the coupling strength as a function ofmost layer. In our coupling experiments, we monitor the re-
spacer thickness and temperature by measurements with teponse of an exchange coupled surface layer with respect to
conventional magneto-optical Kerr effect. Further, we ob-the magnetization of a bottom layer on the magnetic driver
serve that the last step of the sample preparation must kand in this way study the exchange coupling across a par-
carried out at temperatures below 150 K for the antiferroticular spacer material between surface layer and bottom
magnetic coupling to occur, and that mild annealing at 250 Klayer. In order to determine coupling strength as a function
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FIG. 1. Spin polarizatiof® of secondary electrons at remanence Hext (Oe)

of the top Fe layer of an FafZnSe(wedge)/Fe sample deposited FIG. 2. MOKE signal of a 15 A Fe/25 A ZnSe/6 A Fe/70 A

on a 70 A Co/C(L00 substrate, vs_ZnSe spacer thickn_egs. In.'planeCO/CLﬂOO). Two minor loops originating from the top layer only
components parallel and perpendicular to the magnetizing field ar re shown by open circles; the dots represent a complete hysteresis

shown. The change between the behavior at 40 K and at 150 K iﬁ)op

fully reversible.

of temperature we usa situ magnetometry by the magneto- coupling in multilayers with semiconducting spacers. The
optical Kerr effecfMOKE). As opposed to the SPSEE mea- observed broadening of the antiferromagnetic region with
surements, MOKE is less surface sensitive and therefore iacreasing temperature shown in Fig. 1 indeed points to an
signal originating from top layer, bottom layer, and magneticexciting temperature dependence. In the following, we inves-
driver is detected. In the present study we use the longituditigate the temperature dependence of the coupling strength
nal geometry. by measurements of the compensation fielg,n, using
First we address the thickness dependence of the eMOKE. H,m, is the external field necessary to cancel out
change coupling across amorphous ZnSe. To do so we préhe ferromagnetic or antiferromagnetic interlayer exchange
pare a sample with a wedge-shaped spacer layer. Then ve@upling. It is strictly proportional to the coupling strength.
magnetize the Co magnetic driver by an external magnefn example of a MOKE measurement on an antiferromag-
field pulse and perform SPSEE measurements of the polanetically coupled Fe/ZnSe/Fe/Co/@Q00 sample is shown
ization P at remanence along the wedge. The sighakrigi- in Fig. 2. Since for most of the samples the coercivity of
nates from the top layer only. It therefore reflects the direc<Co/Cu100) magnetic driver is higher than the ferromagnetic
tion of the top layer magnetization with respect to the one ofor antiferromagnetic coupling strength, we use the following
the magnetic driver. As a result the dependence of the twprocedure for determination éf;,,: We apply a magnetic
in-plane components d? at remanence on the spacer thick- field pulse in one direction in order to define the magnetiza-
ness is shown in Fig. 1. Data measured on the same samgien of the Fe/Co bottom layer. Then a hysteresis loop of the
at 40 K and at 150 K are presented. TRhsignal yields that top layer is measured, during which the applied field does
for different spacer thicknesses different types of exchangeot exceed the coercivity of the bottom layer.ndinor loop
coupling do occur. Below 14 A we find that the top layer results, as depicted by the circles in Fig. 2. Next the bottom
magnetization is parallel to the magnetic driver magnetizalayer magnetization is reversed and again a top layer hyster-
tion and saturated, which stands for strong ferromagnetiesis loop is measured. The shift between the centers—the
coupling. Then, between 14 A and 17 A, a strong perpenremanent states—of the two loops along the external field
dicular component indicates that in this intermediate rangexis then reveals the compensation field .2, and hence
90° coupling prevails. In a spacer thickness range betweetie strength of the antiferromagnetic or ferromagnetic cou-
18 A and 22 A the top layer magnetization points in thepling. The major steps in the MOKE signal in Fig.(@ot9
negative direction with respect to the magnetic driver magstem from the reversal of the Fe/Co substrate magnetization.
netization and the external field pulse direction. This unamWith this scheme we identify heat-induced antiferromagnetic
biguously demonstrates the occurrence of antiferromagnetinteraction and a sign change from ferromagnetic to antifer-
coupling. Most striking, between 23 A and 25 A, the cou-romagnetic coupling upon heating, depending on the spacer
pling is antiferromagnetic at 150 K, whereas at 40 K we findthickness. We strongly emphasize that the temperature de-
a magnetization pointing in the positive direction. This cor-pendences to be discussed below and hence the term “heat-
responds to a reversible transition from ferromagnetic to aninduced” always refer toeversibleeffects.
tiferromagentic exchange coupling upon heating. Above 25 As an example, Fig. 3 depicts MOKE minor hysteresis
A the Fe top layer magnetization is parallel to the driverloops at different temperatures of an &e/ZnSe/Fe trilayer
magnetization indicating either ferromagnetic or very weakwith a ZnSe thickness of 30 A. As we can see in the figure,
coupling with a coupling strength that is not sufficient to at T=30 K the particular minor loogdots corresponding to
overcome the top layer coercivity. the substrate magnetization in the positive or right side di-
The positive temperature coefficient of the couplingrection appears on tHeft side of the other ongircles. This
strength certainly is the most outstanding aspect of exchangs#ems from a weak ferromagnetic coupling. Upon heating, a
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FIG. 4. Compensation fieltH om= —J vs temperature for a
variety of spacer thicknesses. In the temperature range chosen, all
temperature dependences are fully reversible. We observe that the

. coupling of samples with larger spacer thicknesses undergoes a sign
;! E'2 Heomp change.
PR NSRS | U PR SR N SN '
60 -40 -20 0 20 40 60 magnetization, volume, and area of the Fe top layer, respec-
Hext (Oe) tively. Heomp by definition is the field at which the two en-

ergies are equal. Thus,

FIG. 3. MOKE minor loops originating from the top Fe layer of
an Fe/30 Aa-ZnSe/Fe structure. Dots and open circles represent
measurements with the Co magnetic driver magnetization parallql_.
and antiparallel to the positive field direction, respectively. The dis- . . . - _

P P P y magnetic regime, we estimae=8x 10 °Jm 2,

placement of the loops along the field axis corresponds to the com N dd he i ibl f th

pensation fieldH,,,. The sign change of the compensation field ext, we a ress_t e irreversible part 0 the temperature

upon heating from 30 K to 60 K is fully reversible. depend_ence al. In Fig. 5 the effect (_)f heating an antiferro-
magnetically coupled sample to higher temperatures than

reversible shift of the two loops along the axis of the external00 K is presented. We find that upon heating beyond 200 K
field occurs. They eventually cross at around 40 K. With thisthe antiferromagnetic coupling strength reduces and the cou-
a reversible transition from very weak ferromagnetic cou-pling becomes ferromagnetic. This transition is irreversible.
pling to weak antiferromagnetic coupling is established. ~ After the transition the coupling is always ferromagnetic and

Measurements of the coupling strendthas a function of ~almost independent of temperature, as shown in Fig. 5.
temperature for different samples with a variety of spacer

J=treMsHcomp- (1)

or a compensation field ¢ .,,,=20 Oe, in the antiferro-

thicknesses are compiled in Fig. 4. We find that the data L AR R R Ll U A R
exhibit a considerable thickness dependence concerning the - reversible FM-coupling
absolute coupling strength whereas, however, the tempera- wofp e . et
ture dependence looks remarkably uniform for all antiferro- [ ]
magnetically coupled samples. In all cases, the positive tem- g s

perature coefficient is most evident at low temperatures, and = F.

the coupling strength reaches saturationTat100 K. We E‘ i

note that the thickness dependence of the coupling strength 8§ Ofp--=-g----------- - .
at 40 K is not completely consistent with the measurement = r ‘o, ]
shown in Fig. 1. We attribute this to the fact that the data sk M ey h
presented in Fig. 4 have been recorded later in the course of [ ]
the experiments. A slight shift to higher spacer thicknesses 0 T I‘ff?’f'lc???!i?gl p
for which the coupling occurs is observed if the ZnSe evapo- o 50 100 150 200 250 300

rators have been used for a long time.

The determination of the effective coupling strength from
a compensation field is straightforward. In an external mag- FiG. 5. Compensation fieltH com=—J Vs temperature of a
netic field the top layer magnetostatic enetdy’ Ms com-  multilayer with spacer thicknest,,s¢=30 A. Upon heating to
petes the coupling energyA, if the magnetization of the above 200 K we observe an irreversible transition to ferromagnetic
Fe/Co bottom layer is fixedMg,V, and A are saturation coupling with a weak temperature dependence.

Temperature (K)
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For the remainder of the paper we discuss the intriguing
temperature dependence of the exchange coupling. As in our
earlier studies om-Si (Refs. 3 and #anda-Ge (Ref. 5 we
adopt the picture of defect states as being responsible for the
coupling to occur. An understanding of the irreversible tran-
sition upon annealing at temperatures well below room tem-
perature provides key information on the nature of the effec-
tive coupling. Comparison with exchange coupling
experiments carried out on epitaxial Fe/ZnSefFehich has
to be prepared at temperatures as high as 200°C, makes us

AE=0.01eV

-10

-15

J(T)-J(20K)(arb. units)

confident that the irreversible transition at 200 K is not due 0 50 100 150 200

to a chemical or interdiffusion process. On the contrary, the Temperature (K)

Fe/ZnSe interfaces are stable up to temperatures far above

room temperatur&"1° Also crystallization of the-ZnSe can FIG. 6. Antiferromagnetic coupling strength Fsaccording to

be ruled out as the driving force behind the transition sinceEg. (2) (solid ling), compared to a typical measuremésguarek
Teryst=170°C is far above room temperature. From this we

infer that _defect states_in the spacer_material or at the ir_‘terEquation(Z) reproduces the positive temperature coefficient
face mediate the heat-induced effective exchange coupling ¢ i coupling and also describes how saturation can be

Whereas point defects in crystalline semiconductors Afeached well below the Curie temperature of the ferromag-

likely to produce shallow donors or acceptors which domi- ets. The fact that the coupling strength is saturated at tem-
nate the electronic properties of the semiconductor already ar\]t . T..—100 K set le for th
comparatively low concentrations, the situation is completel erat_ures aroundsa;= S€Is an energy scale for the
different for amorphous semiconductors. There, the semicorPOSS'bIe excitations _OAENKBTSM.: 0.01 eV. In Fig. 6 we.
ductor gap is replaced by the mobility gap. Within this mo_show that Eq(2) can indeed descrlbe_ the_ measured behawor.
bility gap, the density of state®0S9) is reduced compared However, Eq.(2) is based on very simplifying assumptions.
to valence and conduction band DOS and the states are Ig/'€ @greement to the measured data should be taken to be
calized. While the random potential resulting from the amor-Only @ qualitative finding. The defect distribution widtt &
phous structure produces tails of localized states close S ©Ptained from the displayed fit, for example, is one order
conduction or valence bands, the existence of point defectdf magnitude short of what has been reported from room
such as dangling bonds or impurities leads to an increasd§Mperature transport measureméﬁts. o

density of localized states aroult . However, as opposed _ COUPling measurements carried out @pitaxial Fe/

to crystalline semiconductors, defects also in higher concerénS€/Fe have revealed only ferromagnetic coupling with an

trations do not provoke metallic properties via the existencé MOSt temperature independent coupling strefigithe dif-
of impurity bands. It is know#! that at low temperatures ferences between those observations and the present findings

defect states close tBy are responsible for the electronic &€ from specific preparation conditions which lead to en-
transport in amorphous semiconductors through a hoppin rely dlffgrent spacer materlals. We infer that dgfect states
mechanism. Consequently, as a starting point it is reasonabfi€ decisive for the heat-induced exchange coupling to occur.
to assume that these defect states also provoke an effectifé'€refore it is straightforward that in a crystalline spacer

exchange coupling between two ferromagnetic layers acrosk!Ch @ coupling should not be present, well in line with
an amorphous semiconductor. observatiort* The question whether the small ferromagnetic

Next we give a rough argument why defect states aroungffset in our data that produces thg sign change as a function
Er can cause a positive temperature coefficient and satur _ftemperatu_re for Ia.rgerspacert'hlcknesses, onone hand, the
tion at low temperatures of the coupling strength. We follow!€/Tomagnetic coupling that persists after annealing to above
a line of thought given by Brinet* First we assume that each 200 K, on the other, and the ferromagntic coupling across
defect state in the spacer mediates a certain contribution t%rystgllme ZnSe space?é,.thwd, _are_all of the same origin,
the effective exchange energy which is the same for all de€mains open for further investigations. . .
fects and does not depend on temperature. Such a coupli In summary, we present' ewdenpe f(.)r heat-induced anti-
process, like resonant tunneling, requires there to be emp?rromagnetlc exchange interaction in a new system:

and occupied states in the ferromagnetic layers, respectivel{f€/a-ZnSe/Fe trilayers. We find that completion of the
sample below 150 K is essential and that annealing above

dow ~kgT aroundEp . If we further assume the defect states 200 K removes the antiferromagnetic coupling. We infer that

to have constant DOS, the coupling strength then is prc)porl_ocalized defect states in the gap are responsible for the cou-
tional to [F(E)((1—F(E))dE, F(E) being the Fermi- pling and its positive temperature coefficient and present a

Dirac function. Now, as theoretical models suggeand ex- simple model based on a uniform contribution to the effec-
periments confirm? the defect states in the spacer arellVe €xchange energy and a constant DOS of the defects.

peaked around . On the simplifying assumption that the ¢ js 3 pleasure to thank H.C. Siegmann for continuous

However, both of them are available only in an energy win-

peak has a square form with widttAE, we then gét support and fruitful discussions and K. Brunner for expert
AE Sinh(AE/KT) technical assistance. We also would like to express our grati-

‘]“f F(E)(1—F(E))dE=kgT _ tud_e to S. Lls_scher_for carrying out essentla_ll precursory ex-
-AE 1+ cosiAE/KT) periments. Financial support by the Schweizerischer Nation-
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