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Heat-induced effective exchange in magnetic multilayers

Michael Hunziker and Martin Landolt
Laboratorium für Festkörperphysik der ETH Zu¨rich, CH-8093 Zu¨rich, Switzerland

~Received 17 August 2000; revised manuscript received 2 March 2001; published 13 September 2001!

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.

DOI: 10.1103/PhysRevB.64.134421 PACS number~s!: 75.30.Et, 75.70.Cn
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I. INTRODUCTION

The interaction between two magnetizations or, in ot
words, amagnetic coupling, is a manifold phenomenon t
study: A magnetic coupling is not only given by its siz
there is also an angle to be determined, as magnetiza
may be described as vectors. The phenomenological, e
tive coupling strengthJ thus may be defined by the exchan
energy of the interactionEex as

Eex52J
M1•M2

uM1uuM2u
, ~1!

whereM1 andM2 denote the two interacting magnetization
A positive and negative sign ofJ causes the magnetization
to stand parallel and antiparallel, respectively.

A magnetic coupling may either be mediated by a m
netostatic field or across electron wave functions situated
tween the magnetizations. Of course, the mediation ac
electron states is the more interesting interaction. It can b
fairly long range and it allows us to study the behavior
electrons in solids.

The sign of the interaction across a free-electron gas
general oscillates with increasing distance between the m
netic objects.1 In the case of more than two objects involve
in a magnetic interaction, for example in a two- or thre
dimensional lattice of spins, the contributions to the inter
tion annihilate because of frustration. Therefore a multila
consisting of two-dimensional ferromagnetic layers se
rated by nonferromagnetic spacer layers is an ideal syste
study magnetic coupling effects. In multilayers the ferroma
netic layers are separated by a well defined distance and
component of the interaction remains.

In multilayers withmetallic spacer layers such as Cr o
Cu the magnetizations of the ferromagnetic layers were
covered to be coupled.2 The sign of the interaction was foun
to oscillate with rising spacer thickness3,4 while its size was
observed to decrease quite slowly. The interaction across
0163-1829/2001/64~13!/134421~15!/$20.00 64 1344
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spacer layer is mediated by the gas of free electrons, ei
by a spin-dependent confinement of the free electrons
tween the ferromagnetic layers5 or by a Ruderman-Kittel-
Kasuya-Yosida~RKKY !-type interaction.6,7 Finally the two
explanations turned out to be equivalent.

Multilayers with amorphous,semiconductingspacer lay-
ers evaporated at low temperatures were also found to
exchange coupled.8 Mainly, at spacer thicknesses in th
range of about 20 Å antiferromagnetic coupling
observed—with the most remarkable property that the c
pling strength increases reversibly with rising temperatu9

Therefore this coupling was labeled ‘‘heat-induced e
change.’’ It could be observed so far for the spacer mater
Si,8,9 Ge,10 and, as presented in this paper, for ZnSe.11

As heat-induced exchange coupling can be observed e
at low temperatures where no free electrons are present in
semiconductor it becomes clear that a new theoretical c
cept is needed in order to understand the coupling mec
nism. Briner in his considerations very early relied on d
fects in the semiconductor material,12 Walser later suspecte
the relation of defects with the interfaces.13 In this report we
present transport measurements along Fe/ZnSe interf
which give strong evidence that the exchange coupling
mediated by localized electron states near or at the interfa
between semiconductor and ferromagnet.14 The existence of
these states is the key to the understanding of the coup
mechanism. Therefore we introduce a model which relies
shallow donor states near the interfaces which interf
across the spacer layer and thus transmit the excha
coupling.15 The concept of this coupling mechanism is u
conventional in magnetism. However, the interaction b
tween the electron spins is quite analogue to the spin in
action in hydrogen molecules. Therefore we call it t
‘‘molecular-orbital model.’’ The results of a roughly approx
mated calculation are found to very well agree with the e
perimental data and to be robust upon variation of the f
free parameters.
©2001 The American Physical Society21-1
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II. HEAT-INDUCED EXCHANGE COUPLING IN Fe ÕZnSe
MULTILAYERS

A. Why FeÕZnSe multilayers?

Heat-induced exchange coupling has been found for
amorphous spacer materials Si and Ge. An important pre
uisite is that the multilayers are prepared at temperatu
around 30 K. In this section, we present measurements
amorphous Fe/ZnSe/Fe trilayers which yield heat-indu
exchange coupling as well. ZnSe is a compound mate
with ionic binding and with a much larger energy gap th
the one of covalent Si and Ge. It becomes clear that
coupling effect does not depend on a specific spacer mate
it rather is a general magnetic behavior of ferromagn
semiconductor multilayers. While Si and Ge react very ea
with Fe, which has been used for the ferromagnetic layer
all previous and present measurements, Fe and ZnSe
weakly intermix even at room temperature.16 Nevertheless,
preparation at low temperatures also is a prerequisite for
occurrence of the exchange coupling in Fe/ZnSe multilay
We thus have got an indication that low temperature is q
decisive and not only inhibits the chemical reaction at
interfaces.

B. Experiment

The measurements are performed on trilayers of am
phous Fe/ZnSe/Fe which are evaporated onto a crysta
Cu substrate. The amorphicity of the layers is checked
low-energy electron diffraction~LEED!. As we apply surface
sensitive methods the magnetization of the bottom ferrom
netic layer needs to be well known during the measurem
It needs to be a ‘‘magnetic driver,’’ a layer with a hard ma
netization of which the direction is well defined. Therefore
thick and crystalline Co layer is placed between the subst
and the bottom Fe layer in order to make the magnetiza
of the bottom layer hard and to give it a well defined anis
ropy. In detail, we first evaporate 70 Å Co onto the Cu su
strate. An elevated temperature of about 90 °C during
evaporation improves the crystalline anisotropy and enlar
the coercivity of the magnetization. 6 Å Fe completes
bottom ferromagnetic driver. The ZnSe spacer layer w
variable thickness is evaporated at room temperature w
we cool to 30 K for the completion to the sample with 15
Fe. We note that it is crucial to produce the top Fe laye
temperatures below 150 K in order to make the coupl
occur. Further, low temperatures during the ZnSe evap
tion and a brief annealing at 150 K after completion of t
multilayer favor the coupling effect.

ZnSe is evaporated from powder~Alfa, 99.999%! in W
crucibles whereas Fe~Alfa, 99.9985%! and Co ~Alfa,
99.9975%! are evaporated from rods. The evaporation rat
kept at about 2 Å/min. ZnSe evaporated onto a sapp
surface below 70 °C is reported to grow amorphously; cr
tallization is to be expected at 170–210 °C.17 The sample
preparation as well as the measurements are performed
ultrahigh vacuum~UHV! chamber with base pressure belo
1310210 mbar. The cleanliness of the sample is checked
13442
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standard Auger electron spectroscopy~AES!. Within the re-
solving power of AES we do not find any interdiffusion t
occur.

We use spin polarized secondary electron emiss
~SPSEE! to probe the angle of the coupling depending on
spacer thickness. A 1–5-keV unpolarized electron beam p
duces a cascade of secondary electrons on the sample
face. The two in-plane components of the spin polarizatioP
are measured in a Mott detector.P is proportional to the
magnetization of the surface,18,19 with the two components
defined asPi5(Ni↑2Ni↓)/(Ni↑1Ni↓), whereNi↑ andNi↓
are the number of electrons with spin parallel and antipara
to the chosen quantization axisi 5x,y, respectively. Hence
we monitor the magnetization of the top Fe layer and, as
bottom ferromagnetic layer is hard with a well defined a
isotropy, we can determine the angle between the magn
zations. With the knowledge of the magnetizations direct
we then apply magneto-optical Kerr effect~MOKE! to deter-
mine the coupling strengthJ. A laser beam of linearly polar-
ized light is reflected on the sample. The polarization of
reflected beam rotates due to the magnetization of
sample. MOKE is less surface sensitive than SPSEE wh
allows us to study the magnetizations of the top and
bottom ferromagnetic layers at the same time. TheM (H)
response depicted in Fig. 1 represents a typical MOKE m
surement on a Fe/ZnSe/Fe/Co multilayer. The horizon
shift between the major hysteresis loop originating from
bottom layer and the minor loops originating from the t
layer is identified as the compensation fieldHcomp. Hcomp
compensates the coupling strengthJ, as defined in Eq.~1!,
and therefore is directly proportional toJ,

J5tFeMSHcomp. ~2!

tFe and MS are the thickness of the top Fe layer and
saturation magnetization, respectively. This equation can
ily be derived: atHcomp the magnetostatic energy of the to
Fe layerEstat5VFeMSHcomp compensates the coupling en
ergy Ecoupl5JAFe , whereVFe and AFe denote the volume
and the area of the top Fe layer, respectively.

FIG. 1. MOKE signal of the multilayer 15 Å Fe
25 Å ZnSe/6 Å Fe/70 Å Co/Cu(100)~full dots!. The open dots in-
dicate minor loops originating from the top layer only.
1-2
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C. Results

First we study the spacer-thickness dependence of the
change coupling. To do so we evaporate a wedge-sha
ZnSe layer with a thickness between 6 and 28 Å. The s
face magnetization is monitored along the wedge measu
the spin polarization at remanence by SPSEE. As show
Fig. 2, we find a thickness range around 20 Å where the s
of the polarization is negative, above and below a posit
sign prevails. The sign of the polarization not necessa
corresponds with the sign of the coupling. While negat
polarization ~antiparallel alignment of the magnetization!
always stands for antiferromagnetic coupling, positive po
ization ~parallel alignment! is ambiguous; it may stand fo
ferromagnetic or zero coupling. MOKE measurements yi
strong ferromagnetic coupling at small spacer thicknes
while weak or zero coupling is found at large spacer thi
nesses. Already the data of Fig. 2 give evidence for a sp
tacular temperature behavior: The thickness range where
tiferromagnetic coupling occursreversibly broadens with
rising temperature, mainly towards larger spacer thicknes
Or, focusing on a fixed spacer thickness around 24 Å,
antiferromagnetic coupling may be switched on and off
temperature.

Measuring the coupling strength in the ‘‘switching’’ thick
ness range we observe heat-induced temperature beh
more accurately. We measureHcomp and deriveJ from Eq.
~2!. As shown in Fig. 3, MOKE measurements reveal t
coupling strength to increase upon heating until it satura
We emphasize that this behavior is strictly reversible. C
sidering the temperature behavior for different spacer th
nesses with ascending order one observes a decrease
coupling strength at thermal saturation. At a spacer thickn
of 30 Å a reversible switching from ferromagnetic couplin
at 20 K to antiferromagnetic coupling above 50 K can
found. The magnitude ofJ is found to be small, it lies in the
range of 1026 Jm22.

FIG. 2. Spin polarizationP of secondary electrons at remanen
of the top Fe layer of an Fe/a-ZnSe~wedge!/Fe sample deposited o
a 70-Å Co/Cu~100! substrate, versus ZnSe spacer thickness.
plane components parallel and perpendicular to the magneti
field are shown. The change between the behavior at 40 and 1
is fully reversible.
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A careful look at the data of the polarization measu
ments and the data of the coupling strength measured
MOKE reveals that they are not perfectly consistent. We
cribe this to the fact that the MOKE measurements have b
recorded later in the course of the experiments. The thickn
range where antiferromagnetic coupling occurs is found
slightly shift with the time of operation of the ZnSe evap
rators.

Important information for the discussion of the couplin
mechanism is the temperature at which the coupling irrev
ibly disappears. The reversibility of the temperature behav
is restricted to temperatures below 200 K. Above, an ir
versible transition takes place; see Fig. 4. The negative
of the coupling disappears and ferromagnetic coupling p
vails which then hardly depends on temperature.

-
ng

K
FIG. 3. Coupling strengthJ versus temperature for a variety o

spacer thicknesses. We measureHcomp by MOKE and deriveJ with
Eq. ~2!. In the temperature range chosen, all temperature de
dences are fully reversible. We note that the coupling of samp
with larger spacer thicknesses undergoes a sign change. The
bars originate from the quality of the minor loops.

FIG. 4. Coupling strengthJ versus temperature measured on
multilayer Fe/ZnSe/Fe/Co with spacer thicknesstZnSe530 Å. Upon
heating to above 200 K we observe an irreversible transition
ferromagnetic coupling with a weak temperature dependence.
1-3
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D. Discussion

The multilayer Fe/ZnSe/Fe/Co is a very suitable system
characterize heat-induced exchange coupling. The comb
tion of a remanent and soft magnetization of the top Fe la
with a hard magnetization of the magnetic driver allows
direct and accurate measurement of the coupling strengJ.
Remarkably, the sample exhibits exchange coupling des
its almost insulating spacer. Moreover, the coupling occ
even at 40 K. The characteristic temperature behavior w
an increasing size ofJ below 100 K and a saturation above
a suitable touchstone for the results of theoretical model

The irreversible transition at about 250 K is another fe
ture which helps to unveil the coupling mechanism. W
know that Fe and ZnSe are chemically inert which is s
ported by the fact that the remanent magnetization of the
Fe layer survives the transition. Therefore, the occurrenc
the transition gives strong evidence that small structu
changes may destroy the coupling phenomenon. The fact
the transition takes place at 250 K while the who
multilayer except the top Fe layer has been evaporate
room temperature gives an indication that these struct
changes occur at the interfaces between ZnSe and Fe.
might think of defect states at the interfacesto be involved
with the coupling mechanism.

FIG. 5. Compilation of the spacer-thickness dependence of
surface polarization in multilayers with Ge, Si, and ZnSe spac
~from Refs. 10, 8, and 11!. The thickness range of antiferromagne
coupling follows more the dielectric constant of the semiconduc
(«Ge516, «Si511.2,«ZnSe59.2) than the semiconductor’s energ
gap (DEGe50.67 eV,DESi51.1 eV, DEZnSe52.6 eV) ~Ref. 20!.
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In order to discuss the coupling phenomenon more ge
ally we compare the present data with the data measure
multilayers with Si8,9 and Ge10 spacers. First of all, the anti
ferromagnetic coupling occurs across all mentioned spa
materials in the same range of spacer thicknesses; com
Fig. 5. We note that the thickness range does not depen
the size of the semiconductors energy gap, rather a de
dence on the dielectric constant« may be observed.

Multilayers with Ge spacers exhibit the necessity of
annealing at 190 K in order to make the coupling occur. T
observation already has given rise to the suspicion that
interfaces play an important role for the mediation of t
coupling.13 Furthermore, at that point of investigation it wa
questioned whether the ferromagnetic layers were separ
by a pure semiconductor layer or rather a compound la
was formed, due to the reactivity between Fe/Si and Fe/
respectively. Therefore, x-ray photoelectron spectrosc
~XPS! measurements have been performed on Fe/Si
Fe/Ge bilayers to examine the layer structures and the ch
cal interface properties.21 During preparation of the sampl
and measurement the temperature was kept low such tha
conditions were similar to the ones of the coupling expe
ments. Between the Fe layer and the Si~Ge! substrate a
compound layer of homogeneous composition was dete
while a Si ~Ge! layer on top of a Fe substrate could not
observed to intermix. The thickness of the compound laye
the Fe/Si~Fe/Ge! interface at 30 K is small enough such th
in the trilayers, where the coupling has been observed,
ferromagnets still are separated by a pure semicondu
Obviously, the thickness of the pure spacer layer is redu
compared to its nominal value. Finally, the resolving pow
of XPS is too low to observe any change of the interfa
properties while annealing.

To reveal the coupling mechanism, however, some c
cepts can be excluded. All attempts to explain the media
of heat-induced exchange coupling by free electrons~which
in the context of this paper means quasifree or band e
trons! should be abandoned because of the occurrence o
coupling at low temperatures and because of the lack o
dependence on the size of the semiconductor’s energy
Moreover, free electrons would not be sensitive to sm
structural changes and therefore no irreversible transi
would be observed. ‘‘Metal-induced gap states,’’ free ele
trons which leak from the Fe into the semiconductor, wou
not be annihilated by such structural changes either. So
the mediation via defect states remains the favorite expla
tion. Evidence for such defect states will be unveiled in t
following section, and it will be the basis for a model d
scripition of the coupling mechanism.

III. TRANSPORT MEASUREMENTS: EVIDENCE FOR
INTERFACE DEFECT STATES

A. Transport in amorphous semiconductors

Some features of the heat-induced coupling give rise
the assumptionof defect states to be the key to the unde
standing of the coupling mechanism. Assumption is not e
dence. The location, the density, and the relative position

e
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HEAT-INDUCED EFFECTIVE EXCHANGE IN MAGNETIC . . . PHYSICAL REVIEW B64 134421
the energy scale of the defect states are needed to be kn
in order to understand the interaction.

To answer these questions we present transport mea
ments which have been performed along bilayers consis
of one ferromagnetic metal layer and one amorphous se
conductor layer. In amorphous semiconductors with
Fermi energyEF lying in the range of localized defect state
the conduction may be described by two differe
mechanisms.22 First, the current may evolve across the def
states by variable range hopping and second, electrons
be excited into the conduction band and establish a cur
carried by free electrons. The energy gap between
conduction-band edgeEC and the center of the defect leve
ES (;EF in our case! even for shallow donors is in th
range of 10 meV. Therefore at low temperatures the cond
tivity depends onN(EF), the density of the defect states
the Fermi level, while at higher temperatures the energy
EC2EF rules the current.

In heterostructures the influence of the neighboring me
lic layers on the formation of interface defect states can
be neglected. The specific conductivity of these metal lay
is enormous compared to the one of semiconductors, e
cially at low temperatures. In order to observe the contri
tion of the semiconductor to the total current of a met
semiconductor heterostructure we keep the thickness of
metal layer in the range of a few monolayers.

For a mathematical description of the mentioned cond
tivities we follow the considerations by Mott and Davis.22

They describe variable range hopping in noncrystalline se
conductors. The conductivity for a hopping current in
three-dimensionalsemiconductor is given by

s3D~T!5s0,3D~T!exp~B3DT21/4!, ~3!

where s0,3D52e2N(EF)R2nph and B3D5(24a3)/
@pN(EF)k#1/4. R5(3/2)1/4@paN(EF)kT#21/4 is the mean
hopping distance,nph the electron-phonon interaction con
stant, anda the decay constant of the localized states. Fo
two-dimensionalcurrent evolving in thin layers or along su
faces and interfaces Eq.~3! is slightly altered,

s2D~T!5s0,2D~T!exp~B2DT21/3! ~4!

with

s0,2D52e2N~EF!R2nph ,

B2D5~28a2!/@9pN~EF!k#1/3,

and

R5~3/2!@paN~EF!kT#21/3.

The conductivity caused by free electrons which are th
mally excited from defect states follows the familiar excit
tion law

sexc~T!5C expS 2
EC2EF

kT D , ~5!

whereC is a parameter which depends on the details of
electronic structure and the mean free path. We assume,
13442
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first approximation, that if a metal layer has percolated
conductivity is temperature independent.

B. Experiment

We perform our measurements on a sapphire substra
depicted in Fig. 6. The sapphire surface is cleaned by s
tering with Ar. Onto this surface two Au electrodes a
evaporated which are separated by a gap of 3 mm width
30 mm length. The Au electrodes are contacted by thin
wires. The sapphire is fixed onto a Cu block for temperat
control in the range of 20–450 K. The temperature is m
sured by a cromel-alumel thermocouple.

For the semiconductor layer we use ZnSe, for the me
layers Fe or Co are used. We note that Fe and ZnSe as
as Co and ZnSe are known to hardly intermix at t
interfaces16,23 and not to form any compound layers wit
particular electronic properties. To achieve thin layers wit
similar consistency as used in the coupling experiments
work at UHV conditions and we grow the heterostructur
the same way, by molecular-beam epitaxy onto the subst
surface held at 30 K. For details see Sec. II B.

As we are investigating metastable structures it is of
cisive importance to clearly distinguish between reversi
and irreversible thermal behavior. Therefore in order to pr
erly analyze the temperature dependences we introduc
annealing temperatureTi . We heat the sample up to an arb
trarily chosenTi and measure the temperature dependenc
the conductivity with decreasing temperature, ‘‘freezing’’ th
sample. In order to varyTi we run heating and cooling cycle
of conductivity measurements where the annealing temp
ture increases on each cycle. Since the bilayer samples
very inhomogeneous we consider the absolute conducti
instead of the specific one.

C. Results

In bilayers, a current may run along the bottom layer,
top layer, along the interface, or along a combination of
the three. Therefore, in order to determine the various c
tributions to the current, we first examine the different laye
separately.

A pure ZnSe layer of 150 Å thickness evaporated at 30
is found to be completelyinsulatingat all temperatures up to
450 K, i.e., the conductivity is below 10211 V21 which is
our detection limit; compare Fig. 7, full dots.

A pure Fe layer of 4 Å thickness evaporated at 30 K
top of the sapphire substrate exhibits a measurable con
tivity; see Fig. 7, empty dots. The conductivity behaves li
an amorphous, two-dimensional semiconductor — the d
can be fitted by Eq.~4! quite accurately. Assuminga21

510 Å, which is somewhat arbitrary, we findN(EF)52.5
31012 eV21 cm22 to remain constant upon annealing.

In order to examine the interface properties between
and ZnSe we study bilayers of three configurations. Firs
thin Fe layer on top of a ZnSe bottom laye
(4 Å Fe/130 Å ZnSe), second, a thicker Fe layer on Zn
(18 Å Fe/150 Å ZnSe), and third, an inverse bilayer co
sisting of a thin Fe layer covered by ZnS
(60 Å ZnSe/12 Å Fe). The results are given in Fig. 8, upp
1-5
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center, and bottom panels, respectively.
The measurements provide manifold results. First,

analyze what happens to a thin Fe layer on top of ZnSe
shown in the top panel. We start at 30 K with zero cond
tivity. At all temperatures the conductivity behaves stric
like an amorphous, two-dimensional semiconductor. While
low temperatures the conductivity slightly decreases u
annealing, a sharp and large transitionreducesthe conduc-
tivity at 250 K. Above, a rather moderate annealing proc
continues.

In contrast, the thicker Fe layer~center panel! starts at 30
K with a finite conductivity. At low temperatures a semico
ductorlike behavior is found after subtraction of a const
value ofsm5531022 V21. However, no annealing proces
is visible. At 250 K an irreversible transition occurs as we
but this transition sharplyenhancesthe conductivity. After
the transition the temperature coefficient of the conductiv
is negative and a moderate annealing process takes pla

The inverse bilayer with a thin Fe bottom layer~bottom
panel! behaves quite similar to the bilayer with the thin F
layer on top. The effect of the annealing at low temperatu
is smaller, as well as the one of the transition at 250 K. Af
the transition no further annealing is observed until at aro
450 K where crystallization processes of ZnSe start to pla
role.

During the evaporation process of this particular laye
truly remarkable feature is observed: The coverage of
ground Fe layer by ZnSe enhances the conductivity by th
orders of magnitude, even if ZnSe on its own has been m
sured to be insulating. We state that in all measurements
data do hardly depend on the thickness of the ZnSe laye

The transition at 250 K, which occurs for all measur
Fe-ZnSe bilayers, is the most remarkable result, of course
order to get more information about the origin of this tran
tion we alter the bilayer: First, we roughen the interface o
Fe/ZnSe bilayer and second, we study bilayers with Co
placing Fe.

In order to produce a bilayer with a rough interfac
155 Å ZnSe are sputtered with Ar for a few seconds at 2
Then the sample is completed by 18 Å Fe. The data of
conductivity measured on this sample are given in Fig. 9
empty dots. For comparison, the data measured on the s
but unsputtered sample, already presented in Fig. 8, ce
panel, are given again by full dots. The results of this m
surement reveal that the transition temperature strongly
pends on the roughness of the interface. The transition of
rough sample is shifted to about 350 K. Furthermore,sm is
reduced and the temperature dependence of the conduc
is less pronounced.

Finally we perform measurements on Co/ZnSe bilaye
Analog to the measurements on Fe/ZnSe we evapora
4-Å- and an 18-Å-thick Co layer on top of ZnSe holding t
sample at 30 K in each case. The results, which are show
Fig. 10, exhibit a slightly different behavior compared to t
data measured on Fe/ZnSe. On one hand, already 4 Å
~upper panel! provoke a nonzero conductivity at low tem
perature. On the other hand, the conductivity for 18 Å
~lower panel! shows a negative temperature coefficient
ready for an as-grown sample. However, both samples
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dergo a transition at 250 K, with decreasing conductiv
in the case of a thin Co layer and increasing conductiv
for 18 Å Co.

D. Conclusions

In a heterostructure consisting of two well separated l
ers the current may propagate along three channels: A
one of the two layers and along the interface. In the case
Fe-ZnSe bilayers the contribution of the ZnSe layer to t
propagation is found to be zero, even at room temperat
This result agrees with the measurements on amorph
ZnSe performed by Lim and Brodie.17 They found for
samples, which were annealed at 140 °C, a density of de
states of aboutN(EF);1017 eV21 cm23. This translates in
the case of a thin film of 130 Å thickness toN(EF)
;1011 eV21 cm22. The conclusion is straightforward: Th
energy gap of ZnSe is too large and its density of def
states is too low such as a measurable current could be
tablished.

The conductivity of a thin Fe layer on top of the sapph
substrate behaves like an amorphous, two-dimensional s
conductor. The current thus must propagate along the
layer hopping from one site to another. We conclude that
on top of the sapphire surface grows in a distribution
grains. As the conductivity of a Fe/ZnSe bilayer reveals
similar behavior, Fe on top of ZnSe must grow similar
Thin Fe layers exhibit zero conductivity towards 0 K which
indicates that the grains are well separated from each o
Further, the slight reduction of the conductivity upon anne
ing may be attributed to a contraction of the Fe grains wh
also widens the gaps between them. Finally, thicker Fe lay
or Co layers on a ZnSe bottom layer exhibit a semicond
torlike conductivity after subtraction of a ‘‘metallic’’ offse
sm . In this case the growth still yields grains, however, th
are connected to each other.

The large irreversible transition at 250 K measured
Fe-ZnSe bilayers deserves particular attention. This tra
tion occurs neither in pure ZnSe layers nor in pure Fe lay
compare Fig. 7. Therefore we conclude that the origin of t
transition is located at theinterface. Possible coagulation ef
fects, which could dramatically contract the Fe grains a
thus reduce the conductivity, can be excluded. The reaso
the occurrence of the transition in inverse bilayers where
Fe grains are covered by ZnSe and therefore have no deg
of freedom for a dramatic deformation. Furthermore, at 2
K no intermixing between Fe and ZnSe is expected to oc

The origin of the transition is unveiled by the behavior
the conductivity: In the case of samples with thin Fe lay
the transition leads to a reduction of the conductiv

FIG. 6. Sample substrate as described in the text.
1-6
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whereas on samples with thicker Fe layers the conductivit
sharply enhanced. We conclude that at temperatures b
the transitionlocalized electron statesare present at the in
terface between Fe and ZnSe which disappear upon an
ing at 250 K. In the case of thin Fe layers where the
grains are disconnected and the conductivity is in the h
ping regime these states provide additional hopping si
The conductivity is reduced when they disappear. In the c
of thicker Fe layers where the Fe grains are connected
band electrons dominate the conductivity these locali
states may act as traps and scatter the free electrons. T
reduction of these traps enhances the total conductivity.

These conclusions are supported by a quantitative an
sis of the data. We fit the data with Eq.~4!, where we set
a21510 Å, which has been found to be appropriate for d
fects in amorphous Si,22 and which in our case is assumed
not alter upon annealing. The results are given in Table I.
the thin Fe layers~top and bottom sections! best fits before
and after the transition are available. The density of de
states which is lost by the transition is aboutDN(EF)'1
31013 eV21 cm22. We neglect the complexity of a granula
interface and shall take this value as an approximative m
sure of the density of defect states at Fe-ZnSe interface

Finally, we state that an Fe induced band bending in
ZnSe layer does not exert a major influence on the cond
tivity. Because of the low defect concentration in ZnSe
bending would be of long range. However, the conductiv
does not depend on the thickness of the ZnSe layer.

The coincidence of the transition temperatures of m
netic and transport measurements on Fe-ZnSe multilaye
obvious. Since the layers are produced the same way in
experiments it is conclusive that these transitions have
same origin. On one hand this transition makes the h
induced antiferromagnetic coupling disappear, on the o
hand it annihilates localized electron states at the interfa
Therefore we conclude that interface defect states are res
sible for the heat-induced exchange coupling.

FIG. 7. Conductivity vs temperature of 150 Å ZnSe~full dots!
and 4 Å Fe~empty dots!. In two separate experiments the layers a
evaporated at 30 K onto a sapphire substrate. The measureme
the Fe layer are performed by stepwise annealing, the course o
experiment is indicated by arrows. The full lines are best fits
cording to Eq.~4!.
13442
is
ow

al-
e
-

s.
se
nd
d
s a

ly-

-

r

ct

a-

e
c-
e

-
is
th
e
t-

er
s.

on-

While the existence, location, and density of the def
states could be identified, their relative position on the
ergy scale remains an open question. The present data d
include a contribution of free electron conduction, compa
Eq. ~5!, which would determineEC2ES . Either this energy
gap is too large or the parameterC is too small such as a
contribution by free-electron conduction could be measur
Therefore alternative methods like photoemission should
applied.

Finally, the origin of the interface defect states remain
subject of speculations. We may state that rough interfa
lead to a higher stability of the defect states which is a
evidenced by magnetic measurements.24 Further, the replace-
ment of Fe by Co does not alter the transition temperatu
This indicates that the transition is governed by the structu
stability of the ZnSe.

In order to stimulate the discussion we would like to su
gest two possibilities which could stabilize defects at F
ZnSe interfaces:

• The metal-semiconductor interface may be strain
which might lead to defects. The measured densityN(EF)

t on
he
-

FIG. 8. Conductivity vs temperature measured along bilay
consisting of ZnSe and Fe evaporated at 30 K. The samples
stepwise annealed. Top panel: 4 Å Fe layer on 130 Å ZnSe; ce
panel: 18 Å Fe layer on 150 Å ZnSe; bottom panel: inverse bilay
60 Å ZnSe on 12 Å Fe layer. The course of the measuremen
indicated by arrows.
1-7
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MICHAEL HUNZIKER AND MARTIN LANDOLT PHYSICAL REVIEW B 64 134421
'131013 eV21 cm22 and an assumed level width ofDES
'0.1 eV yields an estimate of the absolute density of defe
of N'1012 cm22. This means that there is a defect sta
every 100 Å. Strain takes several rows of atoms to be es
lished and therefore this value supports the suggest
Moreover, the annealing temperature can lead to small st
tural changes which in this case would be sufficient to an
hilate the defects.

FIG. 9. Conductivity vs temperature measured along bilay
Fe/ZnSe with sputtered~empty dots! and as-grown~full dots! inter-
faces. All layers are evaporated at 30 K and stepwise annealed
course of the measurement is indicated by arrows.

FIG. 10. Conductivity vs temperature measured along Co/Z
bilayers evaporated at 30 K. Top panel: 4 Å Co on ZnSe. Bott
panel: 18 Å Co on ZnSe. The samples are evaporated at 30 K
stepwise annealed. The course of the measurement is indic
by arrows.
13442
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• Fe impurities in ZnSe are known to be Fe31 ions replac-
ing Zn21.25 This impurity obviously can bind an electron
However, the energy level of Fe donors in ZnSe is de
lying, about 1.7 eV belowEC ,26 which means that the ex
tension of the donor orbital is small. This reduces the abi
of long-range interaction which is necessary for the transm
sion of a magnetic exchange. If this donor is located close
an interface the nearby metal surface may influence the
ergy of the donor. One might think of a mirror charge esta
lished in the Fe layer which perturbs the donor and lifts
energy level. Co levels in ZnSe are even deeper lying (EC
2ES52.2 eV),27 which could be an explanation why in Co
ZnSe/Co trilayers heat-induced exchange has not b
found.28,29

IV. MOLECULAR-ORBITAL MODEL

A. Requirements for the model

The knowledge of the importance of interface defe
states for the occurrence of heat-induced effective excha
coupling gives us the inspiration to devise a correspond
model for the coupling. The concept of this model diffe
from any known description of magnetic coupling mech
nisms in solid-state physics. However, the magnetic inter
tion of this model is analog to the spin interaction in chem
cal bindings. Therefore we call this concept ‘‘molecula
orbital model.’’

First of all, we briefly recall the requirements for a mod
of heat-induced exchange coupling. The model should l
to antiferromagnetic coupling across an amorphous, se
conducting spacer layer in the spacer-thickness range
about 20 Å. At the upper edge of this range the size of
interaction should decrease and finally disappear. At
lower edge the coupling should exhibit a ferromagnetic
teraction. However, the occurrence of ferromagnetic c
pling for very thin spacers is not decisive as in this thickne
range other effects may be involved. Further, the tempera
dependence of the coupling should result to be positive w
a saturation behavior at temperatures around 100 K. It m
be considered that the coupling does not depend on the s
conductor’s energy gap, rather a dependence on the diele
constant should appear.

Several earlier approaches have been made in orde
model a coupling across semiconductors. So far,k-dependent
tunneling,30 direct tunneling,31 resonant tunneling,12 tunnel-
ing across defect states,32 excitons in a direct band gap,33 and
quantum size effects in a double quantum well34 have been
studied. The coupling strength mediated byk-dependent or
direct tunneling exponentially depends on the size of
semiconductors energy gap. As well, a mediation by excit
in a direct band gap depends on the size of the band
Therefore these models do not apply. Resonant tunne
however, is able to describe an interaction with a posit
temperature behavior, even a saturation behavior res
Still, it remains unclear how an antiferromagnetic interacti
within an isolated range of spacer thickness shall be
plained. Size effects in a double quantum well can reprod
the thickness dependence of the coupling. However, the t
perature coefficient turns out to be negative, moreover,
assumptions of the model do not fully coincide with the e
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HEAT-INDUCED EFFECTIVE EXCHANGE IN MAGNETIC . . . PHYSICAL REVIEW B64 134421
perimental situation. Finally, the work on tunneling acro
defect states claims to explain antiferromagnetic coup
with a spacer thickness dependence in agreement with
experiment. However, the line of arguments is unclear
the report does not treat the temperature dependence o
coupling.

Shallow interface defect states which interfere across
spacer layer, on the other hand, do not depend on the siz
the energy gap and therefore fulfill an important requirem
so far. In the remainder of this section we sketch the conc
of the molecular-orbital model, we present an approxim
calculation, and we compare the calculated results with
experimental data.

B. Coupling mechanism

Let us consider an amorphous semiconductor layer
thicknessd embedded between two ferromagnetic metal l
ers of thickness much larger thand. The semiconducting ma
terial is characterized by a dielectric constant« and a re-
duced massm* . The defect states in the semiconductor bu
material are neglected at a first step. The ferromagnetic m
layers are characterized by a spin polarized free-electron
and a chemical potentialm. At the interfaces localized elec
tron states shall be present in the semiconducting mate
We assume these electron states to be shallow donors
describe them as ground states of hydrogenlike impurit
These states shall have large extensions due to the scre
of the central charge by the dielectricity of the semicond

TABLE I. N(EF) for various annealing temperaturesTi calcu-
lated from best fits of the data presented in Fig. 8. Calculated w
Eq. ~4! settinga21510 Å.

4 Å Fe/130 Å ZnSe
Ti @K# N(EF)@eV21 cm22#

90 3.331013

150 3.531013

200 3.631013

250 2.531013

300 2.531013

18 Å Fe/150 Å ZnSe
Ti @K# N(EF)@eV21 cm22#

120 5.031014

180 4.531014

60 Å ZnSe/12 Å Fe
Ti @K# N(EF)@eV21 cm22#

130 2.431014

180 2.431014

230 2.331014

300 2.131014

380 2.131014

450 2.031014
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tor. The extensions of these 1s-like electron states are s
large that they may overlap across the spacer layer an
this way mediate the effective exchange coupling betw
the ferromagnets. The density of donor states at one inter
N, however, shall be low enough so that the donors do
interact along the interfaces.

Metal-semiconductor junctions cause Schottky barri
related with depletion layers. The trilayer considered in t
model is no exception, a possible charge transfer between
metal layers and the semiconductor gives rise to electr
dipoles across the interfaces. Sinced is small the effect of
these dipoles can be approximated by a shift in energy
tween the band structures of the metal layers and the s
conductor.

The coupling mechanism is illustrated by the ener
schemes depicted in Fig. 11. Two configurations with
magnetizations aligned parallel~FM! and antiparallel~AFM!
are distinguished. On the two energy scales on each pic
the relevant electron states at the two interfaces of the sam
are shown. The horizontal scale not only includes spa
position but also density of states. ‘‘Up’’ and ‘‘down’’ spin
states are placed to the right- and to the left-hand side of e
energy scale, respectively. The spin polarizedd-bands repre-
sent the relevant electron states of the ferromagnetic lay
Thes↑(↓)* states represent the shallow donor states. Level
overlapping donor states are drawn in between the ene
scales.m finally is the chemical potential of the system. Th
mechanism of the coupling involves two magnetic intera
tions, namely the coupling of the donor states to the nea
ferromagnets at the interface and the coupling among o
lapping donor states across the semiconductor.

First, we consider the magnetic coupling of the don
states with the nearby ferromagnet at the corresponding
terface. The donor orbitals overlap the ferromagnetic la
considerably and therefore we describe this coupling
mean-field approximation by a strong exchange field,
Weiss field Hw . The magnetic energy of an electro
with magnetic momentm in this field is given by
Em52m•Hw . In the ground state,m is parallel to the field.
A magnetic moment standing antiparallel toHw thus gains an
energy of 2mHw relative to the ground state. A Weiss field
approximatelyHw;107 Oe which yields 2mHw to be of the
order of 1 eV. At ambient temperatures this energy is hu
compared tokT. Consequently, in Fig. 11 thes* states with
antiparallel moment are drawn at a highly elevated ene
The magnetic moments of the donor states are there
strongly coupled and aligned parallel to the magnetization
the nearby ferromagnet. This allows us, even at ambient t
peratures, to consider the magnetic and the donor-spin
figurations to be always the same.

The exchange interaction between overlapping do
states is much weaker and therefore it is the decisive o
Because of the low density of donor states at each interf
we only have to consider the interaction across the spa
i.e., of one pair of donor states situated at the two interfa
at opposite positions, let us say at the ‘‘right’’ and at t
‘‘left’’ interface. The Pauli principle requires that th
molecular-orbital wave function with parallel spins has
lower probability amplitude within the spacer layer than t

th
1-9
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MICHAEL HUNZIKER AND MARTIN LANDOLT PHYSICAL REVIEW B 64 134421
one with antiparallel spins. In Fig. 11 this consequence
quantum mechanics is symbolically represented with ov
lapping and separated circles for antiparallel and parallel s
configurations, respectively. This inequality causes an ene
difference for interfering donors with different spin config
rations which eventually drives the effective exchange c
pling. In analogy with singlet and triplet states the level
antiparallel spin configuration is always lower than the o
of parallel configuration. Therefore if all interfering dono
states are occupied an antiferromagnetic coupling
preferred.

However, if all interfering donor states are empty no co
pling results. The temperature dependence of the effec
coupling strengthJ thus is a consequence of thermal repop
lation of the donor states. In this thermodynamical pictu
the Fe layers are the particle reservoirs with chem
potentialm.

Let us roughly and qualitatively estimate the results
this model. In a range of spacer thickness where the do
states interfere an energy difference is caused and antife
magnetic coupling prevails. At spacer thicknesses larger t
the extension of the donor states there is no interference
therefore no coupling should be found. Ifm is lower than the
level of the donor states, as depicted in Fig. 11, there are
interfering donor states at 0 K and no coupling should resul
With rising temperature these states get occupied by the
excitation and the coupling strength increases. At some t
perature, depending on the relative position ofm and the
donor levels, a maximum share of donor states is occup
and the coupling strength saturates.

C. An approximate calculation

The mathematical description of the molecular-orbi
model is developed in two steps. First, we calculate the r
tive energies of the electron states which are relevant for
coupling mechanism. We separately consider the two c
figurations with the magnetizations aligned parallel and
tiparallel. Second, we calculate the occupation of these le
for the two configurations. Subtracting the resulting energ
of the two configurations we eventually acquire an equat
for the effective coupling strengthJ.

The relevant energies for the coupling are the donor lev
and the chemical potentialm. The unperturbed donor level
ES do not depend on the spin configuration while the lev
of interfering donorsE↑↓ and E↑↑ are determined by the
configuration of their spins.

In order to calculate the energy levels of the shallow d
nors we neglect the Weiss fields and the nearby meta
surfaces and treat the donors as hydrogenlike atoms with
corrections, namely the screening factor« and the reduced
mass m* . The standard Hamiltonian for shallow dono
reads35

HS5
\2

2m*
¹22

e2

«r
~6!

of which the ground state is a 1s-like orbital,
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f~«,m* !;S m*

m«a0
D 3/2

•expH 2
m* r

m«a0
J , ~7!

wherea050.52 Å is the Bohr radius. The corresponding e
ergy is

ES5
m*

m

1

«2
E0 , ~8!

whereE05213.6 eV is the Rydberg energy.
A modified Bohr radius aS may be defined asaS

5a0•«•m/m* . The introduction of a screening factor«.1
and a reduced massm* ,m obviously enlarges the spatia
extension of the impurity states, as required. We note that
variation of both parameters qualitatively has the same
fect. Therefore, for the sake of simplicity, we choosem*
5m and only retain« as afree parameter. Because of their
large spatial extensions the donor orbitals from the ‘‘le
and the ‘‘right’’ interface, indeed, may overlap across t
semiconductor to form giant molecular orbitals.

FIG. 11. The molecular-orbital model. On the energy scales
states at the ‘‘left’’ and ‘‘right’’ interfaces of two ferromagneti
layers separated by a semiconducting spacer layer are shown.
allel and antiparallel alignments of the magnetizations are dis
guished in the upper and lower parts, respectively. The horizo
axis shows spatial position and density of states. The spin-spd
bands represent the ferromagnets,s↑(↓)* are the donor states at th
interfaces, andm is the chemical potential. The levels between t
energy scales are overlapping donor states forming molecular o
als in the spacer. The energies of these molecular orbitals depen
the spin configuration which gives rise to the effective exchan
coupling.
1-10



r a
th

ar
he

ly

le

or
he
it

th
ro

rg

y
a
i

th

o
.
tw
ls

.
on

nt

om
is

l-

ec-

ults

the
he
ft on
u-
fect

ful

be-

the
r-

to
the

ls
n.

HEAT-INDUCED EFFECTIVE EXCHANGE IN MAGNETIC . . . PHYSICAL REVIEW B64 134421
For the calculation of the interfering levels we conside
pair of shallow donors situated at opposite positions at
‘‘left’’ ~L! and the ‘‘right’’ ~R! interface. In order to develop
Hamiltonian and wave functions the ferromagnetic layers
neglected at a first step. This allows us to follow t
molecular-orbital method.36

The Hamiltonian consists of Coulomb interactions on
i.e., of the single electron energiesHS,L andHS,R , whereL
andR denote ‘‘left’’ and ‘‘right,’’ and of the Coulomb inter-
actions across the spacer layer. The electrons are labe
and 2, andr j ,i stands for the distanceur j2r iu with j 5R, L,
and i 51,2.

H5HS,L1HS,R1
e2

« S 2
1

r L,2
2

1

r R,1
1

1

r 1,2
1

1

dD . ~9!

For the wave functions the orbitalsfL(r ) andfR(r ) are
combined tobondingandantibondingmolecular orbitals, re-
spectively:

c1,s~r ,s!;@fL1fR#~r !xs~s!, ~10!

c2,s~r ,s!;@fL2fR#~r !xs~s!. ~11!

xs(s) denotes the spin-wave function withs5↑,↓ ands is
the z component of the spin with the values↑,↓. The value
of the spin-wave functions isx↑(↑)51, x↓(↓)51, and zero
otherwise. A Slater determinant combining two bonding
bitals leads to the well-known singlet state. On the ot
hand, a combination of a bonding and an antibonding orb
yields the triplet state.37

These wave functions are heavily perturbed if each of
donors interacts with the magnetization of a nearby fer
magnet. Close to the interfaces the electrons experience
Weiss fields. Their energy is lowered by the magnetic ene
Em5mHw if their magnetic momentm is aligned parallel to
the respective Weiss field. Outside the ferromagnetic la
Hw decreases rapidly such that the electrons have an elev
amplitude towards the respective interface. Particularly
the case of antiparallel alignment of the magnetizations,
symmetry of the molecular orbitals is broken.

In order to take this perturbation into account we intr
duce two parametersa and b into the molecular orbitals
Because of the broken symmetry we have to consider
linear combinations of the bonding and antibonding orbita
Eqs.~10! and ~11!, respectively:

cL,s~r ,s!5@afL1bfR#~r !xs~s!, ~12!

cR,s~r ,s!5@bfL1afR#~r !xs~s!. ~13!

The parametersa and b would have to be optimized now
For the sake of simplicity and for a very first approximati
we seta51 andb50. cL,s(r ,s) andcR,s(r ,s) combined
in a Slater determinant lead to the wave functions for a
parallel and parallel alignment,C↑↓ andC↑↑ , respectively.
Note that these wave functions are completely different fr
the well-known singlet and triplet states and that there ex
only one wave function for each magnetic alignment,
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C↑↓~1,2!5
1

A2
@fL~1!x↑~1!fR~2!x↓~2!

2fL~2!x↑~2!fR~1!x↓~1!#, ~14!

C↑↑~1,2!5
1

A2~12S2!
x↑~1!x↑~2!@fL~1!fR~2!

2fL~2!fR~1!#, ~15!

where S is the overlap integral*fL(r )fR(r )d3r . The de-
rived wave functions@Eqs. ~14! and ~15!# and the Hamil-
tonian@Eq. ~9!# allow to calculate the energies for antipara
lel and parallel alignmentE↑↓ andE↑↑ ,

E↑↓5ES~«!1
1

2 F e2

«d
1Vc~d,«!G , ~16!

E↑↑5ES~«!1
1

2 F e2

«d
1

Vc~d,«!2Vex~d,«!

12S2~d,«!
G . ~17!

Vc andVex are the Coulomb and exchange energies, resp
tively,

Vc5E E fL
2~r 1!fR

2~r 2!
e2

« S 2
1

r L,2
2

1

r R,1
1

1

r 1,2
Dd3r 1d3r 2 ,

~18!

Vex5E E fL~r 1!fR~r 2!
e2

« S 2
1

r L,2
2

1

r R,1
1

1

r 1,2
D

3fL~r 2!fR~r 1!d3r 1d3r 2 . ~19!

The orbitalsfL(R) are inserted from Eq.~7!. We resolveVc
and Vex using the integrals by Sugiura38 and then numeri-
cally evaluateE↑↓ and E↑↑ with the free parameter«510,
which roughly corresponds to the value of ZnSe. The res
are compiled in Fig. 12.

The relative position of the chemical potentialm is not
easy to determine. As mentioned, a charge transfer at
metal-semiconductor junction may result in a shift of t
respective energy structures. The dependence of this shi
the electronic structures of the materials, additional infl
ences of metal-induced gap states, interface, and bulk de
states are still a subject of discussion.39 Therefore we use
ES2m as thesecond free parameterof the model, repre-
sented in Fig. 12 as a broken line at a physically meaning
position.

The compiled energies in Fig. 12 already indicate the
havior of J. As E↑↓ is always lower thanE↑↑ antiferromag-
netic coupling is expected to predominate.E↑↓ has a charac-
teristic minimum which for«510 occurs at about 10 Å. In
this range the donors are most likely occupied and if
minimum is lower thanm, as suggested in Fig. 12, antife
romagnetic coupling occurs already at 0 K. A variation of«
to smaller and larger values shifts the energy minimum
shorter and longer distances, respectively. The value of
energy minimum relative toES is not accurate as the leve
of interfering donors are calculated in rough approximatio
1-11
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MICHAEL HUNZIKER AND MARTIN LANDOLT PHYSICAL REVIEW B 64 134421
For the Slater determinant, we use orbitalsf of which the
amplitude is centered only at the position of one donor; i
we set the parametersa51 andb50. However, if we apply
valence-bond theory, which combines orbitals with finite a
plitude at both donor positions (a5b), the contribution of
the exchange energy is larger and the energy minimum
E↑↓ results to be much deeper. The singlet and triplet w
functions and the wave functions derived in this paper@Eqs.
~14! and~15!#, respectively, are expected to approximate
precise molecular-orbital wave function from two extrem
points. Therefore we expect the energy minimum of an
proved approximation with optimized parametersa andb to
be lower than the one in the present case.

The coupling strengthJ depends on the population of th
energy levels. In order to maintain overall charge neutra
we must allow for transfer of electrons from or to the me
layers, which serve as particle reservoirs. We therefore h
to consider the thermodynamic potentialV5( iniEi
2m( ini , whereEi are the one particle energiesES , E↑↓ ,
and E↑↑ and ni their respective occupations. The effecti
coupling strengthJ, which phenomenologically is defined i
Eq. ~1!, is identified with the difference of the thermody
namic potentials per unit areaA.5

J5
1

A
~V↑↓2V↑↑!, ~20!

V↑↓ and V↑↑ are the thermodynamic potentials for the r
spective spin configurations.

The occupationsni , on one hand, are governed by th
Fermi distributionf (Ei)5@11exp$(Ei2m)/kT%#21 since the
interfering electrons still are fermions. On the other handni
strongly depend on the density of donor states at one in
face N. Basically, the occupation may be considered as
available states of a specific energy levelN* (Ei) weighted
by the Fermi distribution, ni5N* (Ei) f (Ei). However,
N* (Ei) cannot simply be identified with 2N, the density of
donor states at the two interfaces. The reason is that elec
may have different energies on the very same donor state
one hand, the electron energy in a pair of potentially int
fering donor states amounts toES for single occupation. On
the other hand it equalsE↑↓ or E↑↑ for double occupation,
depending on the spin configuration. In order to prope
account for this we first make all donor states at both in
faces available and calculate the share of doubly occu
donor pairs,

n↑↓(↑↑)52N f~E↑↓,(↑↑)!. ~21!

In a second step the remaining empty donor states are m
available for single occupation. As single occupation me
that only one state of a pair is populated, henceN* contains
N once and further a prefactor which withdraws the sta
which have been doubly occupied,

nS5@12 f ~E↑↓(↑↑)!#N f~ES!. ~22!

N is treated as thethird free parameterof the model.
With the knowledge of the occupations we may write t

thermodynamical potentialsV↑↓ andV↑↑ ,
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V↑↓(↑↑)5AN$2 f ~E↑↓(↑↑)!@E↑↓(↑↑)2m#

1@12 f ~E↑↓(↑↑)!# f ~ES!@ES2m#%. ~23!

Introducing V↑↓ and V↑↑ into Eq. ~20! we finally get an
equation for the coupling strengthJ.

J5N$2 f ~E↑↓!@E↑↓2m#22 f ~E↑↑!@E↑↑2m#

1@ f ~E↑↑!2 f ~E↑↓!# f ~ES!@ES2m#%. ~24!

We present numerical results ofJ in Fig. 13 for one ap-
propriate choice of the free parameters. The screening fa
«510 lies in the range of the dielectric constant
ZnSe («ZnSe59.2). The density of defect statesN51
31012 cm22 is realistic for this type of interfaces and it i
supported by the transport measurements on Fe/ZnSe he
structures~see Sec. III!. The relative position ofm is freely
chosen to beES2m52 meV such that it corresponds to
characteristic temperature in the range of about 50 K. In F
13 the dependences on the spacer thickness~top panel! as
well as the temperature behaviors~bottom panel! are com-
piled.

D. Discussion

The numerical results presented in Fig. 13 agree am
ingly well with the experimental data shown in Figs. 2 and
With a physically meaningful choice of the three free para
eters, even in a roughly approximated calculation, we fi
the requirements for the model perfectly fulfilled. First of a

FIG. 12. Calculated energy levels versus distance between
interfering donors for parallel~top panel! and antiparallel~bottom
panel! spin configurations, respectively. The free parameter« is
chosen to be 10, which roughly corresponds the dielectric cons
of ZnSe («ZnSe59.2). E↑↓(↑↑) are the energies of interfering elec
trons,ES is the energy of a noninteracting donor state, set to ze
andm is the chemical potential.ES2m is treated as a free param
eter.
1-12
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the antiferromagnetic coupling occurs in a spacer-thickn
range of about 10 Å which well corresponds to the expe
mental observations. At low temperatures this range is q
narrow and it broadens towards larger spacer thickne
with rising temperature. For thick spacers we find weak or
coupling. At the lower edge of the antiferromagnetic thic
ness range ferromagnetic coupling is found. It does not c
pletely predominate, at variance with the experimental ob
vations. However, very thin spacers cannot be expecte
perfectly separate the ferromagnetic layers. Therefore
holes may occur and align the magnetizations paralle
each other. Eventually, it is hard to resist emphasizing
detail that even the heat-induced sign change, measure
the thicker edge of the antiferromagnetic range, is rep
duced by the model ford'16 Å. The calculated temperatur
dependences exhibit a positive temperature coeffici
which is the key feature of exchange coupling across am
phous semiconductors. In particular, one finds good ag
ment to the experimental data for larger spacer thicknes
the coupling strength saturates above 100 K. Finally,
magnitude of the coupling strength is well reproduced,
calculated and experimental results turn out to be within
same order of magnitude:J amounts to 1026 J m22 at ther-
mal saturation.

The quality of a model is indicated by the agreement of
results with the experimental data. However, the quality a
ments considerably if, upon a variation of the free para
eters, the results behave in a physically meaningful way
the present case, the easiest parameter to understand
number of donors per interface areaN. The coupling strength
J is proportional toN, and thus a variation ofN does not
result in a qualitative change ofJ. As the chosen value ofN
is based on transport measurements, the reliability of
calculated magnitude ofJ is supported. The screening fact
« and the position of the chemical potentialm, in contrast,
influence the thickness and temperature dependencesJ.
However, we wish to emphasize that the gross featuresJ
persist upon a considerable variation of the free parame
as is shown in Fig. 14. On one hand an increasing« shifts the
thickness range where the coupling occurs to larger sp
thicknesses and it reduces the coupling strength sligh
compare Fig. 14, panels~a! and ~b!. On the other hand the
position ofm mainly influences the temperature depende
of J. The larger the energy gapES2m the higher the
temperature whereJ saturates; compare Fig. 14, pane
~c! and ~d!.

In conclusion, we propose a molecular-orbital model
heat-induced exchange coupling between ferromagnetic
ers separated by an amorphous-semiconductor spacer
The mechanism is based on the assumption of localiz
weakly bound electron states to exist at the semiconduc
metal interfaces. They are described as ground states o
drogenlike donors which are screened by the dielectricity
the semiconductor. They can form molecular orbitals acr
the spacer layer and thus mediate an exchange interac
The present calculation, even with rough approximatio
yields good agreement with the experimental data. Moreo
the calculated results behave quite stable upon variatio
the free parameters. Hence we are confident that
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molecular-orbital model will persuade as a valuable desc
tion of heat-induced effective exchange coupling.

V. SUMMARY AND OUTLOOK

The molecular-orbital model presents a different conc
of a magnetic coupling. However, it is calculated in t
roughest approximation. Therefore it is expected to stimu
further theoretical activity.

The most interesting task is the precise description of
interfering donor wave functions, the molecular orbitals.
stated in Sec. IV C we work in a very first approximation. A
optimization of the parametersa and b or even a new de-
scription would lead to a better calculation of the exchan
energies. On the same footing the description of the sin
donor states should be improved. The influence of the nea
metal layer has to be considered which will perturb the
ometry and the energy of the donor states. It is to be
pected that the donor levels do not form singular distrib
tions. A finite width of the energy distribution will mainly
correct the coupling behavior at low temperatures.

The theoretical work needs to be supported by experim
tal evidence of the origin of the donor states. For examp
this origin could be unveiled by an artificial implantation
impurities which are expected to form shallow donors.
order to get these impurities close to the interfaces, as
quested by the model, one would have to evaporate
multilayer like a good Italian lasagne. A submonolayer of t

FIG. 13. Top panel: Calculated effective coupling strengthJ vs
spacer thicknessd for various temperatures. Bottom panel: Calc
lated effective coupling strengthJ vs temperatureT for various
spacer thicknesses. For all calculations the free parameters ar
N5131012 cm22, «510, andES2m52 meV.
1-13
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FIG. 14. Calculated effective coupling
strengthJ vs spacer thicknessd ~left panels!, and
vs temperatureT ~right panels! under variation of
the free parameters« and ES2m. ~a! «57, ES

2m52 meV. ~b! «515, ES2m52 meV. ~c! «
510, ES2m50 meV. ~d! «510, ES2m
54 meV. The density of defect statesN51
31012 cm22 is held constant for all calculations
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impurities has to be evaporated between the ferromagn
and the semiconductor layer like cheese crumbs sprin
between the pasta sheets and the tomato sauce. This sa
may be expected to be stable at room temperature an
could be examined by photoemission, for example. The
periment is also of technical interest because the stabilit
room temperature is a necessity for an application of h
induced exchange coupling in technical devices.

The insight that the population of interface donor stat
which in the present case is governed by thermal excitat
causes magnetic coupling leads to the question of whe
this population and hence the coupling also could be in
enced by an applied voltage. Avoltage-controlled exchang
l,

w
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coupling, eventually, would definitely have great potenti
for powerful technical applications.
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