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Heat-induced effective exchange in magnetic multilayers
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Two ferromagnetic Fe layers separated by an amorphous semiconducting spacer layer are antiferromagneti-
cally exchange coupled. The sign and strength of the exchange coupling between thin Fe films across amor-
phous ZnSe of variable thickness is determined using spin-polarized secondary electron emission and Kerr
effect. The coupling strength is found to strongly increase upon heating at low temperatures. Electrical trans-
port measurements on bilayers of amorphous ZnSe and Fe give evidence for donor states at or near the
interfaces between the metal layers and the semiconducting spacer layer. Based on these states we present an
interesting description of interlayer exchange coupling: the molecular-orbital model. The donor states are
assumed to be weakly bound. They overlap across the spacer layer and form large molecular orbitals. The
energies of these orbitals depend on the spin configuration of the electrons and therefore determine the
exchange coupling. Thermal repopulation of the levels yields a positive temperature coefficient of the coupling.
The results of an approximate calculation are found to well reproduce the experimental observations.
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[. INTRODUCTION spacer layer is mediated by the gas of free electrons, either
by a spin-dependent confinement of the free electrons be-
The interaction between two magnetizations or, in othetween the ferromagnetic layérsr by a Ruderman-Kittel-
words, amagnetic couplingis a manifold phenomenon to Kasuya-YosidaRKKY )-type interactior®:” Finally the two
study: A magnetic coupling is not only given by its size, explanations turned out to be equivalent.
there is also an angle to be determined, as magnetizations Multilayers with amorphoussemiconductingpacer lay-
may be described as vectors. The phenomenological, effegrs evaporated at low temperatures were also found to be
tive coupling s_trengtki_thus may be defined by the exchange exchange coupledi.Mainly, at spacer thicknesses in the
energy of the interactiok,, as range of about 20 A antiferromagnetic coupling is
observed—with the most remarkable property that the cou-
M;-M, (1) pling strength increases reversibly with rising temperature.
IMq[[M,|”’ Therefore this coupling was labeled “heat-induced ex-
change.” It could be observed so far for the spacer materials
Si®° Gel%and, as presented in this paper, for Zii5e.

Eex=—J

whereM; andM, denote the two interacting magnetizations.

A positive and negative gign af causes th.e magnetizations As heat-induced exchange coupling can be observed even
to stand pa“’?‘"e' and_ annparallgl, respecnve_ly. at low temperatures where no free electrons are present in the
A magnetic coupling may either be mediated by a mag-

2 . . semiconductor it becomes clear that a new theoretical con-
netostatic field or across electron wave functions situated be-

tween the magnetizations. Of course, the mediation acros%ept IS n_eede_d n order_to un_derstand the coup_llng mecha-
electron states is the more interesting interaction. It can be gism- Briner In _h|s considerations very early relied on de-
fairly long range and it allows us to study the behavior 0ffects in t.he semlconduct_or matgr?élWalser Iat_er suspected
electrons in solids. the relation of defects with the interfacEsn this report we

The sign of the interaction across a free-electron gas iPrésent transport measurements along Fe/ZnSe interfaces
general oscillates with increasing distance between the maghich give strong evidence that the exchange coupling is
netic objects. In the case of more than two objects involved Mediated by localized electron states near or at the interfaces
in a magnetic interaction, for example in a two- or three-between semiconductor and ferromagiethe existence of
dimensional lattice of spins, the contributions to the interacthese states is the key to the understanding of the coupling
tion annihilate because of frustration. Therefore a multilayemechanism. Therefore we introduce a model which relies on
consisting of two-dimensional ferromagnetic layers sepashallow donor states near the interfaces which interfere
rated by nonferromagnetic spacer layers is an ideal system #&cross the spacer layer and thus transmit the exchange
study magnetic coupling effects. In multilayers the ferromag-coupling® The concept of this coupling mechanism is un-
netic layers are separated by a well defined distance and omenventional in magnetism. However, the interaction be-
component of the interaction remains. tween the electron spins is quite analogue to the spin inter-

In multilayers withmetallic spacer layers such as Cr or action in hydrogen molecules. Therefore we call it the
Cu the magnetizations of the ferromagnetic layers were dis*molecular-orbital model.” The results of a roughly approxi-
covered to be coupletiThe sign of the interaction was found mated calculation are found to very well agree with the ex-
to oscillate with rising spacer thicknédswhile its size was perimental data and to be robust upon variation of the few
observed to decrease quite slowly. The interaction across tHeee parameters.
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II. HEAT-INDUCED EXCHANGE COUPLING IN Fe /ZnSe
MULTILAYERS

A. Why Fe/ZnSe multilayers?

Heat-induced exchange coupling has been found for the
amorphous spacer materials Si and Ge. An important prereg-
uisite is that the multilayers are prepared at temperatures
around 30 K. In this section, we present measurements on
amorphous Fe/ZnSe/Fe trilayers which yield heat-induced
exchange coupling as well. ZnSe is a compound material ! L
with ionic binding and with a much larger energy gap than -100  -50 0 50 100
the one of covalent Si and Ge. It becomes clear that this Hext (Oe)

_coupling e_ffect does not depeno! on aspe_cific spacer material, FIG. 1. MOKE signal of the multilayer 15 A Fe/
It ra_ther IS a gene_ral magnetic b_ehaVIor of ferromagne_t-25 A ZnSel6 A Fe/70 A Co/Cu(10Qjull dots). The open dots in-
se_mlconduqtor multilayers. While Si and Ge react very ea5|l_ydicate minor loops originating from the top layer only.

with Fe, which has been used for the ferromagnetic layers in

all previous and present measurements, Fe and ZnSe very o

weakly intermix even at room temperatdfeNevertheless, Standard Auger electron spectroscdgyeS). Within the re-
preparation at low temperatures also is a prerequisite for the0lving power of AES we do not find any interdiffusion to
occurrence of the exchange coupling in Fe/ZnSe multilayers2ccur.

We thus have got an indication that low temperature is quite /& USe spin polarized secondary electron emission
decisive and not only inhibits the chemical reaction at the SPSEE to probe the angle of the coupling depending on the
interfaces. spacer thickness. A 1-5-keV unpolarized electron beam pro-

duces a cascade of secondary electrons on the sample sur-
face. The two in-plane components of the spin polarizafion
B. Experiment are measured in a Mott detectd?.is proportional to the

_ magnetization of the surfa¢&!® with the two components

The measurements_are performed on trilayers of aMOlgefined ad; = (N;1 — N;|)/(N;T+N;|), whereN;] andN; |
phous Fe/ZnSe/Fe which are evaporated onto a crystallingrg the number of electrons with spin parallel and antiparallel
Cu substrate. The amorph]cny of the layers is checked by, the chosen quantization avisx,y, respectively. Hence
low-energy electron diffractiofLEED). As we apply surface ;e monitor the magnetization of the top Fe layer and, as the
sensitive methods the magnetization of the bottom ferromagsitom ferromagnetic layer is hard with a well defined an-
netic layer needs to be well known during the measuremenjgqirqny we can determine the angle between the magneti-
It needs to be a "magnetic driver,” a layer with a hard mag- ;4iions. With the knowledge of the magnetizations direction
netization of which the direction is well defined. Therefore a,q then apply magneto-optical Kerr effdMOKE) to deter-
thick and crystalline Co quer is placed between the su'bstr'atfenine the coupling strength A laser beam of linearly polar-
and the bottom Fe layer in order to make the magnetizatiof, e jight is reflected on the sample. The polarization of the
of the bottom Iayer.hard and to give it a well defined anisot-sfiacted beam rotates due to the magnetization of the
ropy. In detail, we first evaporate 70 A Co onto the Cu sub-gample. MOKE is less surface sensitive than SPSEE which
strate. An elevated temperature of about 90°C during thgyows us to study the magnetizations of the top and the
evaporatpq improves the cry'stallllne anisotropy and enlargeggitom ferromagnetic layers at the same time. TheH)
the coercivity of the' magnetization. 6 A Fe completes theresponse depicted in Fig. 1 represents a typical MOKE mea-
bottom ferromagnetic driver. The ZnSe spacer layer withsyrement on a Fe/zZnSe/Fe/Co multilayer. The horizontal
variable thickness is evaporatgd at room temperaf[ure whilghift petween the major hysteresis loop originating from the
we cool to 30 K for the completion to the sample with 15 A 510 layer and the minor loops originating from the top
Fe. We note that it is crucial to produce the top Fe layer afayer is identified as the compensation fiéldomp: Heomp

temperatures below 150 K in order to make the CO“plingcompensates the coupling strengthas defined in Eq(1),
occur. Further, low temperatures during the ZnSe evaporasng therefore is directly proportional &

tion and a brief annealing at 150 K after completion of the
multilayer favor the coupling effect.

ZnSe is evaporated from powdéhlfa, 99.999% in W J=te.M<H @)
crucibles whereas FeAlfa, 99.9985% and Co (Alfa, Feltis’ Tcomer
99.9975% are evaporated from rods. The evaporation rate is
kept at about 2 A/min. ZnSe evaporated onto a sapphirg_, and M are the thickness of the top Fe layer and its
surface below 70 °C is reported to grow amorphously; cryssaturation magnetization, respectively. This equation can eas-
tallization is to be expected at 170-210*CThe sample ily be derived: atH .,mp the magnetostatic energy of the top
preparation as well as the measurements are performed in &@ layerEgi,=VeeMsHcomp COMpensates the coupling en-
ultrahigh vacuun{UHV) chamber with base pressure below ergy E¢q,p=JAge, WhereVe, and Ag. denote the volume
1x 10 ® mbar. The cleanliness of the sample is checked byand the area of the top Fe layer, respectively.

Intensity
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FIG. 2. Spin polarizatiof? of secondary electrons at remanence 0 30 100 150
of the top Fe layer of an Fe/a-Zn®edge/Fe sample deposited on Temperature (K)

a 70-A Co/C@100) substrate, versus ZnSe spacer thickness. In-

plane components parallel and perpendicular to the magnetizing FIG. 3. Coupling strengtd versus temperature for a variety of

field are shown. The change between the behavior at 40 and 150 gpacer thicknesses. We measHig,, by MOKE and derivel with

is fully reversible. Eqg. (2). In the temperature range chosen, all temperature depen-

dences are fully reversible. We note that the coupling of samples
C. Results with larger spacer thicknesses undergoes a sign change. The error
First we study the spacer-thickness dependence of the ekars originate from the quality of the minor loops.

change coupling. To do so we evaporate a wedge-shaped

ZnSe layer with a thickness between 6 and 28 A. The sur-

face magnetization is monitored along the wedge measurin :

the spingpolarization at remanence b?/ SPSEE.gAs shown i%ents and the data of the coupling strength measured by

Fig. 2, we find a thickness range around 20 A where the SigrE/I_OKE _reveals that they are not perfectly consistent. We as-
of the polarization is negative, above and below a positivec”be this to the fact that the MOKE measurements have been

sign prevails. The sign of the polarization not necessarily€corded later in the course of the experiments. The thickness
corresponds with the sign of the coupling. While negativerange where antiferromagnetic coupling occurs is found to
polarization (antiparallel alignment of the magnetizations slightly shift with the time of operation of the ZnSe evapo-
always stands for antiferromagnetic coupling, positive polar+ators.

ization (parallel alignmentis ambiguous; it may stand for Important information for the discussion of the coupling
ferromagnetic or zero coupling. MOKE measurements yieldnmechanism is the temperature at which the coupling irrevers-
strong ferromagnetic coupling at small spacer thicknesseg)y disappears. The reversibility of the temperature behavior

while weak or zero coupling is found at large spacer thick-is regtricted to temperatures below 200 K. Above, an irre-
nesses. Already the data of Fig. 2 give evidence for a Speg;

tacular temperature behavior: The thickn Canae wher nersible transition takes place; see Fig. 4. The negative sign
acular temperature behavior: 1he thiCKness range where afz ,, coupling disappears and ferromagnetic coupling pre-
tiferromagnetic coupling occurseversibly broadens with

rising temperature, mainly towards larger spacer thicknessegf”IIIS which then hardly depends on temperature.
Or, focusing on a fixed spacer thickness around 24 A, the

A careful look at the data of the polarization measure-

antiferromagnetic coupling may be switched on and off by e T
temperature. i i

Measuring the coupling strength in the “switching” thick- o 4r reversible .
ness range we observe heat-induced temperature behavior E L[ irreversible ]
more accurately. We measukg;,,, and derive] from Eq. e T i
(2). As shown in Fig. 3, MOKE measurements reveal the S Opf--mmmmmm e
coupling strength to increase upon heating until it saturates. = 5L Wﬂi ]
We emphasize that this behavior is strictly reversible. Con- 5 .

1 1 | I

sidering the temperature behavior for different spacer thick- -4
nesses with ascending order one observes a decrease of the

coupling strength at thermal saturation. At a spacer thickness

of 30 A a reversible switching from ferromagnetic coupling  FiG. 4. Coupling strengtld versus temperature measured on a
at 20 K to antiferromagnetic coupling above 50 K can bemultilayer Fe/ZnSe/Fe/Co with spacer thickness;=30 A. Upon
found. The magnitude af is found to be small, it lies in the heating to above 200 K we observe an irreversible transition to
range of 106 Jm 2. ferromagnetic coupling with a weak temperature dependence.

0 100 200 300 400
Temperature (K)
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20

In order to discuss the coupling phenomenon more gener-
ally we compare the present data with the data measured on
multilayers with S3° and Gé° spacers. First of all, the anti-
ferromagnetic coupling occurs across all mentioned spacer
materials in the same range of spacer thicknesses; compare
Fig. 5. We note that the thickness range does not depend on
the size of the semiconductors energy gap, rather a depen-
dence on the dielectric constatnitmay be observed.

Multilayers with Ge spacers exhibit the necessity of an
annealing at 190 K in order to make the coupling occur. This
observation already has given rise to the suspicion that the
interfaces play an important role for the mediation of the
coupling®® Furthermore, at that point of investigation it was
questioned whether the ferromagnetic layers were separated
by a pure semiconductor layer or rather a compound layer
was formed, due to the reactivity between Fe/Si and Fe/Ge,
respectively. Therefore, x-ray photoelectron spectroscopy
T T T T (XPS measurements have been performed on Fe/Si and

10

0

P(%)

-10

P(%)

10 . Fel/Ge bilayers to examine the layer structures and the chemi-
R - cal interface properties. During preparation of the sample
R0 Il S I and measurement the temperature was kept low such that the
=¥

conditions were similar to the ones of the coupling experi-
ments. Between the Fe layer and the (Ge) substrate a
compound layer of homogeneous composition was detected
510 15 20 25 30 while a Si(Qe) Iayer on top_of a Fe substrate could not be
dg (X) observec_i to intermix. The thlcknes_s of the compound layer at
pacer the Fe/Si(Fe/Gg interface at 30 K is small enough such that

FIG. 5. Compilation of the spacer-thickness dependence of théd? the trilayers, yvhere the coupling has been ob;erved, the
surface polarization in multilayers with Ge, Si, and ZnSe spacerdefomagnets still are separated by a pure semiconductor.
(from Refs. 10, 8, and 21The thickness range of antiferromagnetic Obviously, the thickness of the pure spacer layer is reduced
coupling follows more the dielectric constant of the semiconductolcOmpared to its nominal value. Finally, the resolving power
(ege=16, e5i=11.2, £ 7,5 9.2) than the semiconductor’s energy Of XPS is too low to observe any change of the interface
gap (AEg.=0.67 eV,AE5;=1.1 eV, AE;,s=2.6 eV) (Ref. 20.  properties while annealing.

To reveal the coupling mechanism, however, some con-
cepts can be excluded. All attempts to explain the mediation
of heat-induced exchange coupling by free electrevsich

The multilayer Fe/ZnSe/Fe/Co is a very suitable system tan the context of this paper means quasifree or band elec-
characterize heat-induced exchange coupling. The combin&ong should be abandoned because of the occurrence of the
tion of a remanent and soft magnetization of the top Fe layecoupling at low temperatures and because of the lack of a
with a hard magnetization of the magnetic driver allows adependence on the size of the semiconductor’s energy gap.
direct and accurate measurement of the coupling strehgth Moreover, free electrons would not be sensitive to small
Remarkably, the sample exhibits exchange coupling despit‘étrUCtUI’a| changes and therefore no irreversible transition
its almost insulating spacer. Moreover, the coupling occurgvould be observed. “Metal-induced gap states,” free elec-
even at 40 K. The characteristic temperature behavior wittirons which leak from the Fe into the semiconductor, would
an increasing size afbelow 100 K and a saturation above is not be annihilated by such structural changes either. So far,
a suitable touchstone for the results of theoretical models. the mediation via defect states remains the favorite explana-

The irreversible transition at about 250 K is another feation. Evidence for such defect states will be unveiled in the
ture which helps to unveil the coupling mechanism. wefollowing section, and it will be the basis for a model de-
know that Fe and ZnSe are chemically inert which is sup-scripition of the coupling mechanism.
ported by the fact that the remanent magnetization of the top
Fe layer survives the transition. Therefore, the occurrence of
the transition gives strong evidence that small structural 1Il. TRANSPORT MEASUREMENTS: EVIDENCE FOR
changes may destroy the coupling phenomenon. The fact that INTERFACE DEFECT STATES
the transition takes place at 250 K while the whole
multilayer except the top Fe layer has been evaporated at
room temperature gives an indication that these structural Some features of the heat-induced coupling give rise to
changes occur at the interfaces between ZnSe and Fe. Otiee assumptiorof defect states to be the key to the under-
might think of defect states at the interfacés be involved  standing of the coupling mechanism. Assumption is not evi-
with the coupling mechanism. dence. The location, the density, and the relative position on

10 | FrznSer]

D. Discussion

A. Transport in amorphous semiconductors
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the energy scale of the defect states are needed to be knowirst approximation, that if a metal layer has percolated its

in order to understand the interaction. conductivity is temperature independent.
To answer these questions we present transport measure-
ments which have been performed along bilayers consisting B. Experiment

of one ferromagnetic metal layer and one amorphous semi-

conductor layer. In amorphous semiconductors with th We perform our measurements on a sapphire substrate as

e, . P ) ;
- o : depicted in Fig. 6. The sapphire surface is cleaned by sput-
Fermi energyEr. lying in the range of localized defect states, tering with Ar. Onto this surface two Au electrodes are

the conduction may be described by two different . .
mechanismé&? First, the current may evolve across the defectevaporated which are separated by a gap of 3 mm width and

states by variable range hopping and second, electrons may pm length. Th_e Au _electrodes are contacted by thin Cu
be excited into the conduction band and establish a curretff" ©>- The sapphire is fixed onto a Cu block for temperature

carried by free electrons. The energy gap between thgontrol in the range of 20—450 K. The temperature is mea-

conduction-band edgé: and the center of the defect levels sur'(:acc)ir t;?\/easctar%ri?:ilrﬂsggrl }geg:]\c/)v?lljjzlee'ZnSe for the metal
Es (~Eg in our casg even for shallow donors is in the y ’

range of 10 meV. Therefore at low temperatures the condud2yers Fe or Co are used. We note that Fe and ZnSe as well
as Co and ZnSe are known to hardly intermix at the

tivity depends orN(Eg), the density of the defect states at . terfaced®2 and not to form any compound layers with

. . . |
tEhe FEerml level, while at higher temperatures the energy gaé]articular electronic properties. To achieve thin layers with a
c— Ef rules the current.

. . . similar consistency as used in the coupling experiments we
In heterostructures the influence of the neighboring metal ork at UHV conditions and we grow the heterostructures

lic layers on the formation of interface defect states canno .
be neglected. The specific conductivity of these metal Iayershe same way, by molecular-bs_,\am epitaxy onto the substrate
' Surface held at 30 K. For details see Sec. Il B.

is enormous compared to the one of semiconductors, espe- As we are investigating metastable structures it is of de-

cially at low temperatures. In order to observe the contribu-_. .~ T .
. . cisive importance to clearly distinguish between reversible
tion of the semiconductor fo the total current of a metal'and irreversible thermal behavior. Therefore in order to prop-
semiconductor heterostructure we keep the thickness of théerl analvze the temperature dé endences we intro dScepan
metal layer in the range of a few monolayers. y y P P

For a mathematical description of the mentioned conduciémm:"aIllng temperatufg . We heat the sample up to an arbi-

tivities we follow the considerations by Mott and Dadfs. trarily chosenT; and measure the temperature dependence of

They describe variable range hopping in noncrystalline semiJEhe conductivity with decreasing temperature, “freezing” the

conductors. The conductivity for a hopping current in asample. In'o'rder to vary; we run heating and cool'mg cycles
three-dimensionasemiconductor is given by of conductivity measurements where the annealing tempera-

ture increases on each cycle. Since the bilayer samples are

oap(T) =00 an(T)exp(Bsp T4, (3)  very inhomogeneous we consider the absolute conductivity
' instead of the specific one.

where 003D~ 2€2N(E,:) RZVph and B3D: (246(3)/

[WN(.E,:)k]ll/“. R=(3/2)1/4[mN(EF)kT]-1/4_ is the mean C. Results

hopping distancey,, the electron-phonon interaction con- )

stant, andx the decay constant of the localized states. For a In bilayers, a current may run along the bottom layer, the

two-dimensionaturrent evolving in thin layers or along sur- 0P layer, along the interface, or along a combination of all

faces and interfaces E€@) is slightly altered, the three. Therefore, in order to determine the various con-
tributions to the current, we first examine the different layers
0op(T)=000(T)exp B,y T~ ) (4)  separately.
. A pure ZnSe layer of 150 A thickness evaporated at 30 K
with is found to be completelinsulatingat all tgrlnperf\tures up to
_op2 2 450 K, i.e., the conductivity is below 10~ Q™" which is
7020 =28 N(Ee)Rwpn, our detection limit; compare Fig. 7, full dots.
B,p=(28a2)/[97N(Ef)k]Y3 A pure Fe layer of 4 A thickness evaporated at 30 K on
top of the sapphire substrate exhibits a measurable conduc-
and tivity; see Fig. 7, empty dots. The conductivity behaves like
B _13 an amorphous, two-dimensional semiconductor — the data
R=(3/2)[maN(Ep)KT] ™. can be fitted by Eq(4) quite accurately. Assuming !

The conductivity caused by free electrons which are ther-_ 10 A, which is somewhat arbitrary, we fird(Ef) =2.5

2 a1 o2 i ;
mally excited from defect states follows the familiar excita- X 10 eV cm to. remam.constant upon annealmg.
tion law In order to examine the interface properties between Fe

and ZnSe we study bilayers of three configurations. First, a
) thin Fe layer on top of a ZnSe bottom layer

Ec.—E
aexc(T)=Cex;{ - CkT F (5 (4 A Fe/130 A znSe), second, a thicker Fe layer on ZnSe
(18 A Fe/150 A ZnSe), and third, an inverse bilayer con-
whereC is a parameter which depends on the details of thesisting of a thin Fe layer covered by ZnSe
electronic structure and the mean free path. We assume, ag@0 A ZnSe/12 A Fe). The results are given in Fig. 8, upper,
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center, and bottom panels, respectively.
The measurements provide manifold results. First, we

contact
test layer €30 pm >

analyze what happens to a thin Fe layer on top of ZnSe, as X

shown in the top panel. We start at 30 K with zero conduc- —% S ‘

tivity. At all temperatures the conductivity behaves strictly Cr sapphire Cr

like an amorphous, two-dimensional semiconductor. While at

low temperatures the conductivity slightly decreases upon

annealing, a sharp and large transiti@ucesthe conduc- FIG. 6. Sample substrate as described in the text.

tivity at 250 K. Above, a rather moderate annealing process

continues. dergo a transition at 250 K, with decreasing conductivity

In contrast, the thicker Fe layecenter panglstarts at 30y the case of a thin Co layer and increasing conductivity
K with a finite conductivity. At low temperatures a semicon- to, 18 A Co.

ductorlike behavior is found after subtraction of a constant
value ofo,,=5% 1072 ). However, no annealing process
is visible. At 250 K an irreversible transition occurs as well,
but this transition sharplgnhanceghe conductivity. After In a heterostructure consisting of two well separated lay-
the transition the temperature coefficient of the conductivityers the current may propagate along three channels: Along
is negative and a moderate annealing process takes place.one of the two layers and along the interface. In the case of
The inverse bilayer with a thin Fe bottom lay@d@ottom  Fe-ZnSe bilayers the contribution of the ZnSe layer to this
pane) behaves quite similar to the bilayer with the thin Fe propagation is found to be zero, even at room temperature.
layer on top. The effect of the annealing at low temperatureJhis result agrees with the measurements on amorphous
is smaller, as well as the one of the transition at 250 K. AfterZnSe performed by Lim and Brodié. They found for
the transition no further annealing is observed until at aroundamples, which were annealed at 140 °C, a density of defect
450 K where crystallization processes of ZnSe start to play atates of abouN(Eg)~ 107 eV~ cm™ 3. This translates in
role. the case of a thin film of 130 A thickness tN(Ef)
During the evaporation process of this particular layer a~10' evV~! cm 2. The conclusion is straightforward: The
truly remarkable feature is observed: The coverage of thenergy gap of ZnSe is too large and its density of defect
ground Fe layer by ZnSe enhances the conductivity by threstates is too low such as a measurable current could be es-
orders of magnitude, even if ZnSe on its own has been meaablished.
sured to be insulating. We state that in all measurements the The conductivity of a thin Fe layer on top of the sapphire
data do hardly depend on the thickness of the ZnSe layerssubstrate behaves like an amorphous, two-dimensional semi-
The transition at 250 K, which occurs for all measuredconductor. The current thus must propagate along the Fe
Fe-ZnSe bilayers, is the most remarkable result, of course. Irayer hopping from one site to another. We conclude that Fe
order to get more information about the origin of this transi-on top of the sapphire surface grows in a distribution of
tion we alter the bilayer: First, we roughen the interface of agrains. As the conductivity of a Fe/ZnSe bilayer reveals a
Fe/ZnSe bilayer and second, we study bilayers with Co resimilar behavior, Fe on top of ZnSe must grow similarly.
placing Fe. Thin Fe layers exhibit zero conductivity towar@® K which
In order to produce a bilayer with a rough interface,indicates that the grains are well separated from each other.
155 A ZnSe are sputtered with Ar for a few seconds at 2 kVFurther, the slight reduction of the conductivity upon anneal-
Then the sample is completed by 18 A Fe. The data of théng may be attributed to a contraction of the Fe grains which
conductivity measured on this sample are given in Fig. 9 byalso widens the gaps between them. Finally, thicker Fe layers
empty dots. For comparison, the data measured on the same Co layers on a ZnSe bottom layer exhibit a semiconduc-
but unsputtered sample, already presented in Fig. 8, centéwsrlike conductivity after subtraction of a “metallic” offset
panel, are given again by full dots. The results of this meav,,. In this case the growth still yields grains, however, they
surement reveal that the transition temperature strongly deare connected to each other.
pends on the roughness of the interface. The transition of the The large irreversible transition at 250 K measured on
rough sample is shifted to about 350 K. Furthermerg,is  Fe-ZnSe bilayers deserves particular attention. This transi-
reduced and the temperature dependence of the conductivitipn occurs neither in pure ZnSe layers nor in pure Fe layers;
is less pronounced. compare Fig. 7. Therefore we conclude that the origin of this
Finally we perform measurements on Co/ZnSe bilayerstransition is located at thiaterface Possible coagulation ef-
Analog to the measurements on Fe/ZnSe we evaporate facts, which could dramatically contract the Fe grains and
4-A- and an 18-A-thick Co layer on top of ZnSe holding the thus reduce the conductivity, can be excluded. The reason is
sample at 30 K in each case. The results, which are shown ithe occurrence of the transition in inverse bilayers where the
Fig. 10, exhibit a slightly different behavior compared to theFe grains are covered by ZnSe and therefore have no degrees
data measured on Fe/ZnSe. On one hand, already 4 A Gaf freedom for a dramatic deformation. Furthermore, at 250
(upper panel provoke a nonzero conductivity at low tem- K no intermixing between Fe and ZnSe is expected to occur.
perature. On the other hand, the conductivity for 18 A Co  The origin of the transition is unveiled by the behavior of
(lower panel shows a negative temperature coefficient al-the conductivity: In the case of samples with thin Fe layers
ready for an as-grown sample. However, both samples urthe transition leads to a reduction of the conductivity

D. Conclusions
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FIG. 7. Conductivity vs temperature of 150 A ZnGall dots) s 4102 | 1
and 4 A Fe(empty dot$. In two separate experiments the layers are 3 I
evaporated at 30 K onto a sapphire substrate. The measurement on g 2102 = 1
the Fe layer are performed by stepwise annealing, the course of the &) - 18AFe/ZaSe
experiment is indicated by arrows. The full lines are best fits ac- Oo ' 1(I)0 I 2(I)0 I 3(I)0 I 4(I)0

cording to Eq.(4).

= 1210 |
whereas on samples with thicker Fe layers the conductivity is &) -
sharply enhanced. We conclude that at temperatures below £ 104}
the transitionlocalized electron stateare present at the in- Z |
terface between Fe and ZnSe which disappear upon anneal- 1 4
ing at 250 K. In the case of thin Fe layers where the Fe = 410
grains are disconnected and the conductivity is in the hop- S i 1

0 1 1 1 1 1 1 1 1
0 100 200 300 400
Temperature (K)

ping regime these states provide additional hopping sites.
The conductivity is reduced when they disappear. In the case
of thicker Fe layers where the Fe grains are connected and
band electrons dominate the conductivity these localized FiG. 8. Conductivity vs temperature measured along bilayers
states may act as traps and scatter the free electrons. Thugdnsisting of ZnSe and Fe evaporated at 30 K. The samples are
reduction of these traps enhances the total conductivity. — stepwise annealed. Top panel: 4 A Fe layer on 130 A ZnSe; center
These conclusions are supported by a quantitative analyanel: 18 A Fe layer on 150 A ZnSe; bottom panel: inverse bilayer,
sis of the data. We fit the data with E@}), where we set 60 A ZnSe on 12 A Fe layer. The course of the measurement is
a~1'=10 A, which has been found to be appropriate for de-indicated by arrows.
fects in amorphous 3% and which in our case is assumed to
not alter upon annealing. The results are given in Table I. For While the existence, location, and density of the defect
the thin Fe layergtop and bottom sectiondest fits before states could be identified, their relative position on the en-
and after the transition are available. The density of defecérgy scale remains an open question. The present data do not
states which is lost by the transition is abalN(Eg)~1 include a contribution of free electron conduction, compare
X102 eVt cm™2. We neglect the complexity of a granular Eq. (5), which would determin€&-—Eg. Either this energy
interface and shall take this value as an approximative meagap is too large or the paramet€ris too small such as a
sure of the density of defect states at Fe-ZnSe interfaces. contribution by free-electron conduction could be measured.
Finally, we state that an Fe induced band bending in th&herefore alternative methods like photoemission should be
ZnSe layer does not exert a major influence on the conduapplied.
tivity. Because of the low defect concentration in ZnSe the Finally, the origin of the interface defect states remains a
bending would be of long range. However, the conductivitysubject of speculations. We may state that rough interfaces
does not depend on the thickness of the ZnSe layer. lead to a higher stability of the defect states which is also
The coincidence of the transition temperatures of magevidenced by magnetic measureméfitBurther, the replace-
netic and transport measurements on Fe-ZnSe multilayers iment of Fe by Co does not alter the transition temperature.
obvious. Since the layers are produced the same way in boffhis indicates that the transition is governed by the structural
experiments it is conclusive that these transitions have thetability of the ZnSe.
same origin. On one hand this transition makes the heat- In order to stimulate the discussion we would like to sug-
induced antiferromagnetic coupling disappear, on the othegest two possibilities which could stabilize defects at Fe-
hand it annihilates localized electron states at the interface&nSe interfaces:
Therefore we conclude that interface defect states are respon- ¢ The metal-semiconductor interface may be strained
sible for the heat-induced exchange coupling. which might lead to defects. The measured denBifEr)
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0.0 7T T T « Fe impurities in ZnSe are known to be¥feons replac-
I T ing Zr™.?® This impurity obviously can bind an electron.
0.08 I ] However, the energy level of Fe donors in ZnSe is deep
—~ 007 A lying, about 1.7 eV belovE,?® which means that the ex-
- | i tension of the donor orbital is small. This reduces the ability
g 0.06 4 of long-range interaction which is necessary for the transmis-
g : . sion of a magnetic exchange. If this donor is located close to
= 005 - an interface the nearby metal surface may influence the en-
E ] ergy of the donor. One might think of a mirror charge estab-
= 0.04 1 lished in the Fe layer which perturbs the donor and lifts its
T 003 ] energy level. Co levels in ZnSe are even deeper lyiag (
g | —Eg=2.2 eV)?" which could be an explanation why in Co/
O 002 i ZnSe/z(.‘ég9 trilayers heat-induced exchange has not been
ool L | 184 Fe / 150A ZnSe (as grown) ] found:
| eoo 18A Fe /145A ZnSe (sputtered interface) | | IV. MOLECULAR-ORBITAL MODEL
I TN AT T [T WY TN TN SO NN TN NN WY W NN YT WY WY TR A WY T W
O'OOO 100 200 300 400 500 A. Requirements for the model
Temperature (K) The knowledge of the importance of interface defect

states for the occurrence of heat-induced effective exchange
FIG. 9. Conductivity vs temperature measured along bilayersoupling gives us the inspiration to devise a corresponding

Fe/ZnSe with sputtere@mpty dots and as-growrifull dots) inter- ~ model for the coupling. The concept of this model differs
faces. All layers are evaporated at 30 K and stepwise annealed. Theym any known description of magnetic coupling mecha-
course of the measurement is indicated by arrows. nisms in solid-state physics. However, the magnetic interac-

tion of this model is analog to the spin interaction in chemi-
~1x10% eV ! cm ? and an assumed level width &fEs  cal bindings. Therefore we call this concept “molecular-
~0.1 eV yields an estimate of the absolute density of defectsrbital model.”
of N~10" cm 2. This means that there is a defect state First of all, we briefly recall the requirements for a model
every 100 A. Strain takes several rows of atoms to be estalof heat-induced exchange coupling. The model should lead
lished and therefore this value supports the suggestiono antiferromagnetic coupling across an amorphous, semi-
Moreover, the annealing temperature can lead to small stru@onducting spacer layer in the spacer-thickness range of
tural changes which in this case would be sufficient to anniabout 20 A. At the upper edge of this range the size of the

hilate the defects. interaction should decrease and finally disappear. At the
lower edge the coupling should exhibit a ferromagnetic in-
9103 e teraction. However, the occurrence of ferromagnetic cou-
- - =\ [#ACo/i26A zZnseh pling for very thin spacers is not decisive as in this thickness
< 4 = ] range other effects may be involved. Further, the temperature
2 610°% S \" 7 dependence of the coupling should result to be positive with
= /____________4 1 a saturation behavior at temperatures around 100 K. It must
S L.l b ] be considered that the coupling does not depend on the semi-
= 310 R conductor’s energy gap, rather a dependence on the dielectric
S 3 H 1 !
&} i : i constant should appear.

> —
O—-.—.—. et i R BN N N

= Several earlier approaches have been made in order to
0 100 200 300 400 500

model a coupling across semiconductors. Sokfalependent
tunneling® direct tunneling®* resonant tunnelind? tunnel-

T ing across defect statésexcitons in a direct band g&pand

G quantum size effects in a double quantum Wefiave been

= v/, studied. The coupling strength mediated legependent or

:E 0.12 -9/ . direct tunneling exponentially depends on the size of the

2 == - semiconductors energy gap. As well, a mediation by excitons

g i - — in a direct band gap depends on the size of the band gap.

3 0.08 Lveitiiiir, .__l.gﬁ.c.o/.lfsuA.Z.n.sf Therefore these models do not apply. Resonant tunneling,
0 100 200 300 400 500 however, is able to describe an interaction with a positive

temperature behavior, even a saturation behavior results.
Still, it remains unclear how an antiferromagnetic interaction
FIG. 10. Conductivity vs temperature measured along Co/ZnS&vithin an isolated range of spacer thickness shall be ex-
bilayers evaporated at 30 K. Top panel: 4 A Co on ZnSe. Bottonplained. Size effects in a double quantum well can reproduce
panel: 18 A Co on ZnSe. The samples are evaporated at 30 K aritie thickness dependence of the coupling. However, the tem-
stepwise annealed. The course of the measurement is indicatguerature coefficient turns out to be negative, moreover, the
by arrows. assumptions of the model do not fully coincide with the ex-

Temperature (K)
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TABLE I. N(Eg) for various annealing temperatur@s calcu-  tor. The extensions of theses-like electron states are so
lated from best fits of the data presented in Fig. 8. Calculated witharge that they may overlap across the spacer layer and in

Eq. (4) settinge =10 A. this way mediate the effective exchange coupling between
the ferromagnets. The density of donor states at one interface
4 A Fel130 A Znse , N, however, shall be low enough so that the donors do not

Ti [K] N(Eg)[eV " cm 7] interact along the interfaces.

90 3.3¢10%3 Metal-semiconductor junctions cause Schottky barriers
150 3.5¢ 103 related with depletion layers. The trilayer considered in this
200 3.6¢ 103 model is no exception, a possible charge transfer between the

metal layers and the semiconductor gives rise to electrical
250 2.5¢ 10" dipoles across the interfaces. Sintés small the effect of
300 2.5¢10" these dipoles can be approximated by a shift in energy be-
tween the band structures of the metal layers and the semi-
18 A Fe/150 A znSe conductor.
Ti [K] N(Eg)[eV ' cm 2] The coupling mechanism is illustrated by the energy
schemes depicted in Fig. 11. Two configurations with the
120 5.0<10* magnetizations aligned parallgM) and antiparalle{AFM)
180 4.5¢10" are distinguished. On the two energy scales on each picture
the relevant electron states at the two interfaces of the sample
60 A ZnSe/12 A Fe are shown. The horizontal scale not only includes spatial
Ti [K] N(Eg)[eV ' cm ] position but also density of states. “Up” and “down” spin
states are placed to the right- and to the left-hand side of each
130 2.4¢10 . ; .
180 > 4 104 energy scale, respectively. The spin polarizeoands repre-
o4 sent the relevant electron states of the ferromagnetic layers.
230 231 The s}‘u) states represent the shallow donor states. Levels of
300 2.1x10% overlapping donor states are drawn in between the energy
380 2.1x 10" scalesu finally is the chemical potential of the system. The
450 2.0< 10" mechanism of the coupling involves two magnetic interac-

tions, namely the coupling of the donor states to the nearby
ferromagnets at the interface and the coupling among over-

perimental situation. Finally, the work on tunneling acrosslapping donor states across the semiconductor.
defect states claims to explain antiferromagnetic coupling First, we consider the magnetic coupling of the donor
with a spacer thickness dependence in agreement with tHgates with the nearby ferromagnet at the corresponding in-
experiment. However, the line of arguments is unclear anderface. The donor orbitals overlap the ferromagnetic layer
the report does not treat the temperature dependence of t@nsiderably and therefore we describe this coupling in
coupling. mean-field approximation by a strong exchange field, the
Shallow interface defect states which interfere across th¥Veiss field H,. The magnetic energy of an electron
spacer layer, on the other hand, do not depend on the size #fith magnetic momentm in this field is given by
the energy gap and therefore fulfill an important requiremenEm=—m-H,,. In the ground statem is parallel to the field.
so far. In the remainder of this section we sketch the conceph magnetic moment standing antiparalleHg, thus gains an
of the molecular-orbital model, we present an approximateenergy of 2nH,, relative to the ground state. A Weiss field is
calculation, and we compare the calculated results with tha@pproximatelyH,,~ 10’ Oe which yields 2nH,, to be of the
experimental data. order of 1 eV. At ambient temperatures this energy is huge
compared tkT. Consequently, in Fig. 11 th&" states with
antiparallel moment are drawn at a highly elevated energy.
The magnetic moments of the donor states are therefore
Let us consider an amorphous semiconductor layer o$trongly coupled and aligned parallel to the magnetization of
thicknessd embedded between two ferromagnetic metal lay-the nearby ferromagnet. This allows us, even at ambient tem-
ers of thickness much larger thdnThe semiconducting ma- peratures, to consider the magnetic and the donor-spin con-
terial is characterized by a dielectric constantand a re-  figurations to be always the same.
duced massn* . The defect states in the semiconductor bulk The exchange interaction between overlapping donor
material are neglected at a first step. The ferromagnetic metatates is much weaker and therefore it is the decisive one.
layers are characterized by a spin polarized free-electron g&ecause of the low density of donor states at each interface,
and a chemical potential. At the interfaces localized elec- we only have to consider the interaction across the spacer,
tron states shall be present in the semiconducting materiale., of one pair of donor states situated at the two interfaces
We assume these electron states to be shallow donors aatl opposite positions, let us say at the “right” and at the
describe them as ground states of hydrogenlike impuritieslleft” interface. The Pauli principle requires that the
These states shall have large extensions due to the screenimglecular-orbital wave function with parallel spins has a
of the central charge by the dielectricity of the semiconducdower probability amplitude within the spacer layer than the

B. Coupling mechanism
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one with antiparallel spins. In Fig. 11 this consequence of parallel

guantum mechanics is symbolically represented with over- E A molecular EA
lapping and separated circles for antiparallel and parallel spir g orbital . P
configurations, respectively. This inequality causes an energ) \ i :‘
difference for interfering donors with different spin configu- T T

rations which eventually drives the effective exchange cou-
pling. In analogy with singlet and triplet states the level of
antiparallel spin configuration is always lower than the one
of parallel configuration. Therefore if all interfering donor
states are occupied an antiferromagnetic coupling is
preferred.

However, if all interfering donor states are empty no cou-
pling results. The temperature dependence of the effective
cogpling strengthd thus is a consequence of thermal repopu- antiparallel
lation of the donor states. In this thermodynamical picture EA AE
the Fe layers are the particle reservoirs with chemical
potential u.

Let us roughly and qualitatively estimate the results of T molecular Z
this model. In a range of spacer thickness where the dono 5§ orbital o

states interfere an energy difference is caused and antiferrc E

S e _s?

magnetic coupling prevails. At spacer thicknesses larger thar

the extension of the donor states there is no interference an

therefore no coupling should be found ufis lower than the d-band

level of the donor states, as depicted in Fig. 11, there are nc

interfering donor states & K and no coupling should result.

With rising temperature these states get occupied by thermal

excitation and the coupling strength increases. At some tem- FIG. 11. The molecular-orbital model. On the energy scales the

perature, depending on the relative positiongofand the states at the “left” and “right” interfaces of two ferromagnetic

donor levels, a maximum share of donor states is occupieldyers separated by a semiconducting spacer layer are shown. Par-

and the coupling strength saturates. allel and antiparallel alignments of the magnetizations are distin-
guished in the upper and lower parts, respectively. The horizontal
axis shows spatial position and density of states. The spindplit

C. An approximate calculation bands represent the ferromagnet,, are the donor states at the

The mathematical description of the molecular-orbitalinterfaces, ang is the chemical potential. The levels between the

*

¢(e,m*)~

model is developed in two steps. First, we calculate the rela€nergy scales are overlappi_ng donor states forming molecular orbit-
tive energies of the electron states which are relevant for th%ls in the spacer. The energies of these molecular orbitals depend on
coupling mechanism. We separately consider the two conthe spin configuration which gives rise to the effective exchange
figurations with the magnetizations aligned parallel and an-
tiparallel. Second, we calculate the occupation of these levels
for the two configurations. Subtracting the resulting energies
of the two configurations we eventually acquire an equation mea,
The relevant energies for the coupling are the donor level¥hereag=0.52 A is the Bohr radius. The corresponding en-
and the chemical potential. The unperturbed donor levels €rgy IS
Es do not depend on the spin configuration while the levels
of interfering donorsk;| and E;; are determined by the m* 1
In order to calculate the energy levels of the shallow do-
nors we neglect the Weiss fields and tht_a nearby m_etalliq\,hereEO:_lg_e eV is the Rydberg energy.
surfaces and treat the donors as hydrogenlike atoms with two A modified Bohr radiusag may be defined asag
corrections, namely the screening factoend the reduced =g;.¢.m/m*. The introduction of a screening facter>1

coupling.
3/2 m*r
'exp[ - ] , (7)
mSaO
for the effective coupling strength
configuration of their spins. Bs= ;Eo, (8)
mass m*. The standard Hamiltonian for shallow donors gng a reduced mass* <m obviously enlarges the spatial

reads® extension of the impurity states, as required. We note that the
variation of both parameters qualitatively has the same ef-
22 e? fect. Therefore, for the sake of simplicity, we choa®s&
Hs= V- — (6) =m and only retaire as afree parameterBecause of their
2m* er large spatial extensions the donor orbitals from the “left”

and the “right” interface, indeed, may overlap across the
of which the ground state is asdike orbital, semiconductor to form giant molecular orbitals.
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For the calculation of the interfering levels we consider a 1
pair of shallow donors situated at opposite positions at the ¥, 1(1,9=—=[¢(1)x1 (D) Pr(2)x,(2)
“left” (L) and the “right” (R) interface. In order to develop \/E

Hamiltonian and wave functions the ferromagnetic layers are
neglected at a first step. This allows us to follow the
molecular-orbital method®

The Hamiltonian consists of Coulomb interactions only,

_¢L(2)XT(2)¢R(1)X1(1)]- (14

1
‘I’n(lyz):\/:XT(]-)XT(Z)[QSL(]-)(ﬁR(Z)

i.e., of the single electron energiek; andHgg, wherel 2(1-5%)

andR denote “left” and “right,” and of the Coulomb inter-

actions across the spacer layer. The electrons are labeled 1 —$L(2)Pr(1)], (15
and 2, and;; stands for the distande;—ri| with j=R, L, \here S is the overlap integraf ¢, (r) ¢x(r)d%r. The de-
andi=1,2. rived wave functiondEgs. (14) and (15)] and the Hamil-

tonian[Eg. (9)] allow to calculate the energies for antiparal-

2

e 1 1 1 1 i

H=Hg, +Hsr+ _ _ I +21. (9 lel and parallel alignmenE; | andE;;,
’ o8 L fry r12 d

1] e?
For the wave functions the orbitals, (r) and ¢r(r) are Ei=Bs(e)t 5| g TVeldia)|, (16
combined tdbondingandantibondingmolecular orbitals, re-
spectively: 1] e2 V. (d,e)-V.(d,
ETT:Es(S)'*’E E_{_ (d,e) ; ex(d,€) . (17)
Ui o(18)~[ S+ drl(Nxo(S), (10 1=S4d.e)
V. andV,, are the Coulomb and exchange energies, respec-
- o(1,S)~[ L= drI(r) xo(S). 1D tively,

X+(S) denotes the spin-wave function with=1,| andsis g2 1 1
the z component of the spin with the valugs|. The value VC=J f ¢E(r1)¢§(r2);( -t —

d3r,dr,,
of the spin-wave functions ig;(1)=1, x,(/)=1, and zero fle Tri T2

otherwise. A Slater determinant combining two bonding or- (18)

bitals leads to the well-known singlet state. On the other e? 1 1 1

hand, a combination of a bonding and an antibonding orbital Vey= J f ¢L(r1)¢R(r2)_( S T

yields the triplet staté’ el TLa Tr1 Ti2
These wave functions are heavily perturbed if each of the X (1) dr(r,)d3r,d3r,. (19)

donors interacts with the magnetization of a nearby ferro-

magnet. Close to the interfaces the electrons experience tide orbitals¢, ) are inserted from Eq.7). We resolveV,

Weiss fields. Their energy is lowered by the magnetic energynd Vg, using the integrals by Sugiufhand then numeri-

E.n=mH,, if their magnetic moment is aligned parallel to ~ cally evaluateE;| andE;; with the free parametes= 10,

the respective Weiss field. Outside the ferromagnetic layewhich roughly corresponds to the value of ZnSe. The results

H,, decreases rapidly such that the electrons have an elevatéte compiled in Fig. 12.

amplitude towards the respective interface. Particularly in The relative position of the chemical potentjalis not

the case of antiparallel alignment of the magnetizations, theasy to determine. As mentioned, a charge transfer at the

symmetry of the molecular orbitals is broken. metal-semiconductor junction may result in a shift of the
In order to take this perturbation into account we intro-respective energy structures. The dependence of this shift on

duce two parametera and S into the molecular orbitals. the electronic structures of the materials, additional influ-

Because of the broken symmetry we have to consider twences of metal-induced gap states, interface, and bulk defect

linear combinations of the bonding and antibonding orbitalsstates are still a subject of discussiSriTherefore we use

Egs.(10) and(11), respectively: Es—u as thesecond free parametesf the model, repre-
sented in Fig. 12 as a broken line at a physically meaningful
YLo(rS)=[adL+ BRI Xo(S), (12 position. o »
The compiled energies in Fig. 12 already indicate the be-
Wr o (1,S)=[ B+ adrl(r)x.(S). (13)  havior of J. As E; | is always lower tharE; antiferromag-

netic coupling is expected to predominaie, has a charac-
The parametersr and 8 would have to be optimized now. teristic minimum which fors =10 occurs at about 10 A. In
For the sake of simplicity and for a very first approximation this range the donors are most likely occupied and if the
we sete=1 andB=0. ¢ ,(r,s) and ¢ ,(r,s) combined minimum is lower thanu, as suggested in Fig. 12, antifer-
in a Slater determinant lead to the wave functions for antitomagnetic coupling occurs already at 0 K. A variationsof
parallel and parallel alignmen¥’, | and¥,,, respectively. to smaller and larger values shifts the energy minimum to
Note that these wave functions are completely different fronshorter and longer distances, respectively. The value of the
the well-known singlet and triplet states and that there existenergy minimum relative t&g is not accurate as the levels
only one wave function for each magnetic alignment, of interfering donors are calculated in rough approximation.
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For the Slater determinant, we use orbitéisof which the
amplitude is centered only at the position of one donor; i.e.,
we set the parametets=1 andB=0. However, if we apply
valence-bond theory, which combines orbitals with finite am-
plitude at both donor positionsa= 8), the contribution of
the exchange energy is larger and the energy minimum for
E;, results to be much deeper. The singlet and triplet wave
functions and the wave functions derived in this pdegs. - .
(14) and(15)], respectively, are expected to approximate the 0 10 20 30
precise molecular-orbital wave function from two extremal d(&)
points. Therefore we expect the energy minimum of an im-
proved approximation with optimized parameterand S8 to

be lower than the one in the present case.

The coupling strengtld depends on the population of the

energy levels. In order to maintain overall charge neutrality

we must allow for transfer of electrons from or to the metal
layers, which serve as particle reservoirs. We therefore have 5 '__u___\ty‘é:___'
to consider the thermodynamic potentidl=3;n;E;

—mZin;, whereE; are the one particle energiés, E; |, . N N Y A
and E;; andn; their respective occupations. The effective 0 10 (&) 20 30

coupling strengthl, which phenomenologically is defined in

Eq. (1), is identified with the difference of the thermody-  FIG. 12. Calculated energy levels versus distance between the
namic potentials per unit are®® interfering donors for paralleftop panel and antiparalle(bottom
pane) spin configurations, respectively. The free parametes
chosen to be 10, which roughly corresponds the dielectric constant
of ZnSe €zns~9.2). E; (11) are the energies of interfering elec-
trons, Eg is the energy of a noninteracting donor state, set to zero,
Q,, and (), are the thermodynamic potentials for the re-andu is the chemical potentiaEs— u is treated as a free param-

Ey

E - Eg (meV)

Ey

E - Eg (meV)

1
‘]:K(QH_Q”)’ (20)

spective spin configurations. eter.
The occupations);, on one hand, are governed by the
Fermi distributionf (E;) =[ 1+ exp{(E;— w)/kT}]* since the Qi =AN2F(E; 1 )IE 1)~ 1]
interfering electrons still are fermions. On the other hand,
strongly depend on the density of donor states at one inter- F1-F(Ey D IF(E9[Es—u]}. (23

face N. Basically, the occupation may be considered as th
available states of a specific energy ledl(E;) weighted
by the Fermi distribution,n;=N*(E;)f(E;). However,
N* (E;) cannot simply be identified withI®, the density of
donor states at the two interfaces. The reason is that electrons I=N{2f(Ey IEy —p]— 20 (E)[Eyy — 4]

may have different energies on the very same donor state. On +[F(E11)—f(E; )IF(E9[Es— p]}. (24)
one hand, the electron energy in a pair of potentially inter-

fering donor states amounts Eg; for single occupation. On We present numerical results afin Fig. 13 for one ap-

the other hand it equalg;, or E; for double occupation, nrapriate choice of the free parameters. The screening factor
depending on the spin configuration. In order to properlygzlo lies in the range of the dielectric constant of
account for this we first make all donor states at both inter,gq €sns=9.2). The density of defect stateN=1

faces available and calculate the share of doubly occupied 14t2 o2 is realistic for this type of interfaces and it is

donor pairs, supported by the transport measurements on Fe/ZnSe hetero-
0 _ONF(E 21) structures(see Sec. I). The relative position ofu is freely
1an=2NTE ). chosen to bees— =2 meV such that it corresponds to a

In a second step the remaining empty donor states are mag@aracteristic temperature in the range of about 50 K. In Fig.
available for single occupation. As single occupation meand3 the dependences on the spacer thickiitgs pane) as
that only one state of a pair is populated, heNéecontains ~ Well as the temperature behaviditsottom pangl are com-

N once and further a prefactor which withdraws the statediled.

?ntroducing Q,, and Q,; into Eq. (20) we finally get an
equation for the coupling strength

which have been doubly occupied, D. Discussion
ng=[1—f(E; (1)) INf(Es). (22) The numerical results presented in Fig. 13 agree amaz-
ingly well with the experimental data shown in Figs. 2 and 3.
N is treated as th¢hird free parameteof the model. With a physically meaningful choice of the three free param-
With the knowledge of the occupations we may write theeters, even in a roughly approximated calculation, we find
thermodynamical potential®, and(},, the requirements for the model perfectly fulfilled. First of all,
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the antiferromagnetic coupling occurs in a spacer-thickness [T
range of about 10 A which well corresponds to the experi-
mental observations. At low temperatures this range is quite
narrow and it broadens towards larger spacer thicknesses
with rising temperature. For thick spacers we find weak or no
coupling. At the lower edge of the antiferromagnetic thick-
ness range ferromagnetic coupling is found. It does not com-
pletely predominate, at variance with the experimental obser-
vations. However, very thin spacers cannot be expected to
perfectly separate the ferromagnetic layers. Therefore pin- ool o v ™My
holes may occur and align the magnetizations parallel to 0 o 20 30
each other. Eventually, it is hard to resist emphasizing the d(A)
detail that even the heat-induced sign change, measured at
the thicker edge of the antiferromagnetic range, is repro-
duced by the model fal~16 A. The calculated temperature
dependences exhibit a positive temperature coefficient,
which is the key feature of exchange coupling across amor-
phous semiconductors. In particular, one finds good agree-
ment to the experimental data for larger spacer thicknesses;
the coupling strength saturates above 100 K. Finally, the
magnitude of the coupling strength is well reproduced, the
calculated and experimental results turn out to be within the
same order of magnitudd:amounts to 10% J m? at ther-
mal saturation. T(K)

The quality of a model is indicated by the agreement of its
results with the experimental data. However, the quality aug- FIG. 13. Top panel: Calculated effective coupling strenyifs
ments considerably if, upon a variation of the free param-spacer thicknesd for various temperatures. Bottom panel: Calcu-
eters, the results behave in a phys|ca”y meaningfu| way. |rhated effective Coupling Strength Vs temperaturel for various
the present case, the easiest parameter to understand is &f@cer thicknesses. For all calculations the free parameters are set
number of donors per interface aldaThe coupling strength  N=1x10%cm2, £=10, andEs—p=2 meV.
J is proportional toN, and thus a variation oN does not
result in a qualitative change df As the chosen value df molecular-orbital model will persuade as a valuable descrip-
is based on transport measurements, the reliability of th&on of heat-induced effective exchange coupling.
calculated magnitude afis supported. The screening factor
e and the position of the chemical potentjal in contrast,
influence the thickness and temperature dependencds of
However, we wish to emphasize that the gross featurels of The molecular-orbital model presents a different concept
persist upon a considerable variation of the free parametersf a magnetic coupling. However, it is calculated in the
as is shown in Fig. 14. On one hand an increasisifts the  roughest approximation. Therefore it is expected to stimulate
thickness range where the coupling occurs to larger spacéurther theoretical activity.
thicknesses and it reduces the coupling strength slightly, The most interesting task is the precise description of the
compare Fig. 14, panel®) and (b). On the other hand the interfering donor wave functions, the molecular orbitals. As
position of w mainly influences the temperature dependencestated in Sec. IV C we work in a very first approximation. An
of J. The larger the energy gags—u the higher the optimization of the parameters and 8 or even a new de-
temperature where) saturates; compare Fig. 14, panelsscription would lead to a better calculation of the exchange
(c) and (d). energies. On the same footing the description of the single

In conclusion, we propose a molecular-orbital model ofdonor states should be improved. The influence of the nearby
heat-induced exchange coupling between ferromagnetic laynetal layer has to be considered which will perturb the ge-
ers separated by an amorphous-semiconductor spacer layemetry and the energy of the donor states. It is to be ex-
The mechanism is based on the assumption of localizeghected that the donor levels do not form singular distribu-
weakly bound electron states to exist at the semiconductotions. A finite width of the energy distribution will mainly
metal interfaces. They are described as ground states of hgerrect the coupling behavior at low temperatures.
drogenlike donors which are screened by the dielectricity of The theoretical work needs to be supported by experimen-
the semiconductor. They can form molecular orbitals acrostal evidence of the origin of the donor states. For example,
the spacer layer and thus mediate an exchange interactiothis origin could be unveiled by an artificial implantation of
The present calculation, even with rough approximationsimpurities which are expected to form shallow donors. In
yields good agreement with the experimental data. Moreoverder to get these impurities close to the interfaces, as re-
the calculated results behave quite stable upon variation afuested by the model, one would have to evaporate the
the free parameters. Hence we are confident that thmultilayer like a good Italian lasagne. A submonolayer of the

J (10-6Jm-2)

-10 -

J (10-6Jm-2)

V. SUMMARY AND OUTLOOK
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FIG. 14. Calculated effective coupling
P d=15A 7 strengthd vs spacer thickness (left panel$, and
0 100 200 300 vs temperaturd (right panel$ under variation of
TK) the free parameters and Es—u. (8) e=7, Eg
T —u=2meV.(b) e=15 Es—u=2 meV.(c) ¢
=10, Es—u=0meV. (d £=10, Es—u
=4 meV. The density of defect statdd=1
% 10* cm~ 2 is held constant for all calculations.
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impurities has to be evaporated between the ferromagnetimoupling eventually, would definitely have great potential
and the semiconductor layer like cheese crumbs sprinkletbr powerful technical applications.

between the pasta sheets and the tomato sauce. This sample

may be expected to be stable at room temperature and it

could be examined by photoemission, for example. The ex- ACKNOWLEDGMENTS
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