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Bilinear and biquadratic exchange coupling in bcc Fe/Cu/Fe trilayers: Ferromagnetic-resonance
and surface magneto-optical Kerr-effect studies
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Ferromagnetic-resonance (FMR) and surface magneto-optical Kerr-effect (SMOKE) studies of the ex-
change coupling in bcc Fe/Cu/Fe(001) structures are presented. It is shown that the interfaces in bcc
Fe/Cu/Fe(001) trilayers grown on a Ag(001) single-crystal substrate can be significantly improved by
choosing an appropriate growth procedure. Low-energy electron-diffraction data are presented, which
show that the bcc Cu(001) overlayer follows a nearly perfect bcc lattice. The exchange coupling in bcc
Fe/Cu/Fe trilayers was studied as a function of interlayer thickness ranging from 7 to 14 monolayers.
Quantitative data from FMR and SMOKE measurements are compared. The interpretation of magneti-
zation loops for Fe/Cu/Fe trilayers requires the simultaneous presence of bilinear and biquadratic ex-

change coupling between the magnetic layers. Computer calculations were used to determine the
strength of the bilinear and biquadratic exchange couplings. It is shown that the strength of the biqua-
dratic exchange coupling increases with increasing terrace width. The measured values of the bilinear
and biquadratic exchange coupling were compared with a model recently proposed by Slonczewski,
which treats the exchange coupling in trilayers with imperfect interfaces. Slonczewski's model was used
to deconvolute the data to obtain the intrinsic behavior of the bilinear exchange coupling in bcc
Fe/Cu/Fe(001) trilayers. It is shown that the exchange coupling unobscured by interface roughness ex-

hibits a strong short-wavelength oscillatory behavior that is in agreement with recent first-principles
band calculations. Composite Ag-Cu structures were also studied. The presence of a few atomic layers
of Ag(001) added to the Cu layer rapidly decreases the exchange coupling.

INTRODUCTION

The study of the exchange interaction between ul-
trathin ferromagnetic layers separated by ultrathin non-
ferromagnetic interlayers has enjoyed a great deal of at-
tention from both theorists and experimentalists. The ex-
change coupling through nonferromagnetic interlayers is
strongly affected by the interface roughness. The ability
to observe short-period oscillations i.e. , oscillations on
the scale of 2 —3 monolayers (ML), depends sensitively on
the quality of the interfaces.

The role of interface roughness has been recently treat-
ed by Slonczewski. ' Slonczewski showed that when the
exchange interaction changes rapidly with the number of
monolayers and the interface consists of randomly distri-
buted atomic terraces, then an additional term —J&sin 0
arises in the effective exchange interaction which couples
two ferromagnetic layers through a nonmagnetic inter-
layer:

E = —JocosO —J&sin 0,
where 0 is the angle between the magnetic moments and
J, is always positive: it is commonly known as the biqua-
dratic exchange energy. Its presence in ultrathin films
was first identified experimentally in the studies of the ex-
change interaction in the bcc Fe/Cr/Fe (Ref. 2) and in
the fcc Co/Cu/Co(001) (Ref. 3) systems where the

equivalent effective exchange energy was written as

E = —(Jo —J&cosO)cosO . (2)

Our studies of the exchange coupling were carried out
using ferromagnetic-resonance (FMR) and surface
magneto-optical Kerr-effect (SMOKE) techniques. The
intention of this paper is to present our studies of the ex-
change coupling in bcc Fe/Cu/Fe(001) trilayers in which
the first Fe layer was grown at elevated substrate temper-
atures in order to decrease the number of atomic steps
and thereby to increase the area of the individual atomic
terraces at the Fe/Cu interface. The results on these
samples will be compared with trilayers which were
grown entirely at room temperature: in these trilayers
the interfaces consist of many terraces of smaller area.

As the role of the interfaces is important to all aspects
of this work, the paper starts with a discussion of
growths studied using reAection high-energy electron
diffraction (RHEED). Low-energy electron-diffraction
(LEED) studies of the bcc Cu interlayer are also present-
ed. Next, values of Jo and J, are extracted from the
magnetization loops measured using SMOKE. Quantita-
tive results for the exchange coupling as obtained from
the FMR and SMOKE studies will be compared for indi-
vidual specimens.

The strength of the bilinear and biquadratic exchange
interactions and their thickness dependences will be dis-
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cussed within the framework of Slonczewski's model. '

The samples with many small area terraces at the Fe/Cu
and Cu/Fe interfaces result in an effective averaging out
of the short-wavelength oscillations, while samples in
which the interfaces are characterized by larger atomic
terraces exhibit more pronounced short-wavelength oscil-
lations in the exchange coupling. It will be shown that
the Slonczewski model can be used to extract the intrinsic
bilinear exchange coupling despite the interface rough-
ness and therefore one can extract the change in the ex-
change interaction for a change of 1 ML in thickness.
The results of these analyses show that the bilinear ex-
change coupling in bcc Fe/Cu/Fe(001) trilayers exhibits
both short- and long-wavelength oscillations. The thick-
ness dependence of the measured exchange coupling will
be compared with recent first-principles calculations.

Comparison with our previous studies showed that the
coupling in Fe/Ag/Fe ultrathin trilayers exhibited quite
different behavior than Fe/Cu/Fe trilayers despite simi-
larities between the Cu and the Ag valence bands. The
Fe/Ag/Fe(001) trilayers grown at room temperature ex-
hibited only ferromagnetic coupling which, with increas-
ing interlayer thickness, reached a zero value by 7 ML.
It will be shown that just two Ag(001) atomic layers add-
ed to the Cu(001) spacer layer between two iron films was
enough to destroy the strong antiferromagnetic coupling
through Cu.
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should point out that the RHEED diffraction intensities
in stepped surfaces are very strongly affected by the pres-
ence of Kikuchi bands and consequently the interpreta-
tion of RHEED streak intensities is very complex.

The RHEED streak splittings represent a characteris-
tic lateral spacing. It can be shown by a computer simu-
lation that the reciprocal of the RHEED streak splitting
is proportional to the average spacing between atomic is-
lands (terraces). The inverse value of the observed
RHEED splitting suggests that an average minimum sep-
aration between atomic islands is —6 nm for RT growth.
When Fe(001) is grown on a Ag(001) substrate possessing
atomic terraces which are smaller than 60 A, the Fe-atom
positions are distorted by the vertical mismatch between
Ag and Fe. The preparation of Ag(001) substrates is
rather difficult. Ag single crystals are very soft and a
Ag(001) substrate which has undergone mechanical pol-
ishing exhibits a badly damaged surface region. We
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The preparation of Ag(001) substrates has been de-
scribed in previous papers. Here we will summarize
only those aspects and ideas which are relevant to the ex-
periments discussed in this paper. The experiments were
carried out in a PHI-400 MBE machine equipped for
RHEED and Auger electron spectroscopy. The RHEED
studies showed that the Fe growth on Ag(001) at room
temperature (RT) proceeds in a quasilayer by layer
growth in which the surface roughness is confined to the
last two atomic layers. The Fe growths on Fe(001),
Cr(001), and Ag(001) templates at room temperature ex-
hibit a well-defined splitting in the RHEED streaks, see
Fig. 1(a). The shape of the observed streak splitting is
characteristic of the intersection of Ewald's sphere with
reciprocal rods consisting of alternating segments of hol-
low cylinders and straight lines. We refer to this struc-
ture as the Henzler structure, for it was observed by
Hahn, Clabes, and Henzler in their LEED studies of
W(011) grown on W(011), and explained by them to be
the result of the formation of clusters of atoms in one-
atom-high islands with a strong correlation of the dis-
tances of separation of the island centers. The RHEED
specular beam spot of the Fe(001) layers exhibits a
significantly stronger intensity when it is located centrally
between the split streaks. The corresponding RHEED
intensity oscillations are in this case either very weak or
even absent. This result suggests that the center of the
split streaks corresponds to the Bragg reAection region.
This is contrary to the conclusion of Hahn, Clabes, and
Henzler in which the diffraction cylinders are assumed
to be centered in the anti-Bragg region. However, one
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FIG. 1. RHEED patterns: (a) along a I 110I azimuth for a
S.7 ML-thick bcc Fe(001) layer grown on a Ag(001) single-
crystal substrate at room temperature; (b) along a I100I az-
imuth for 3.2 ML-thick Fe(001) grown on an Fe(001) template
at 415 K.
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found that it is necessary to remove a layer several pm
thick by means of a proper electropolishing procedure
before the substrate is subjected to a UHV annealing and
sputtering treatment. Substrates which have only been
mechanically polished prior to a UHV treatment do not
possess large atomic terraces. Scanning tunnel micro-
scope (STM) studies of Ag(001) substrates prepared by
mechanical polishing and subsequently treated by a UHV
sputter-annealing procedure without electropolishing did
not show well-defined atomic terraces at all, but yet they
exhibited good LEED patterns. ' Such samples show
unacceptable RHEED patterns, and no sign of RHEED
oscillations during growth.

The good lateral match between the Fe(001) and
Ag(001) lattices in the plane is not found for the vertical
direction. The difference in the vertical stacking between
the fcc and bcc lattices results in a large vertical
mismatch of approximately 16%. The growth of bcc
Fe(001) on fcc Ag(001) templates with a high density of
atomic steps is strongly affected by this large atomic ver-
tical mismatch. In order to maintain good growth one
has to use Ag(001) substrates characterized by atomic ter-
races which are significantly larger than the average
Fe(001) nucleation site separation. Substrates with atom-
ic terraces of several tens of nm are required to grow
good ultrathin epitaxial Fe(001}. In all our growths the
first few atomic layers of Fe(001) are aff'ected by Ag(001)
substrate atomic steps. At least 3 —4 ML of Fe have to be
deposited in order to heal the distortions produced by the
mismatch at the atomic steps. After 5 —6 atomic layers of
Fe(001), a constant periodicity in the RHEED intensity
oscillations is achieved. Ag substrates which have short-
er atomic terraces are more severely affected by Ag(001)
substrate atomic steps and much thicker Fe(001} layers
are required to reach an observable epitaxy. " The verti-
cal mismatch problem mentioned above does not arise for
bcc Fe grown on bcc Cu.

The growth of Fe(001) on Fe(001), Ag(001), and
Cr(001) templates Iall having a good lateral match to bcc
Fe(001)] proceeds in the manner described above. At
room temperature the nucleation centers of a newly
forming atomic Fe(001) layer are separated approximate-
ly by 6 nm (determined from the RHEED streak split-
ting). When a Cu layer is grown on Fe surfaces showing
the RHEED streak splitting, the splitting disappears
abruptly. One Cu(001) atomic layer is sufficient to re-
move any trace of it.

For Cu grown at room temperature on Fe(001) the
RHEED streaks are sharp and the specular spot shows
strong RHEED oscillations, see Fig. 2. The growth of
bcc Cu on Fe(001) is epitaxial as is the Fe growth on
Ag(001) but without the problems of vertical mismatch.
The absence of RHEED streak splitting and the sharp-
ness of the RHEED patterns indicate that the average
atomic terrace width is significantly larger than that ob-
tained for Fe grown on Ag(001) at RT. The width of
RHEED streaks in the early stages of the Cu growth ap-
proaches that of the Ag(001) substrate and therefore the
average separation between Cu(001) atomic terraces
exceeds significantly 6 nm.

At a critical thickness of 11—12 ML, the Cu(001) over-
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FICi. 2. RHEED intensity oscillations measured at the specu-
lar spot during the growth at room temperature of metastable
bcc Cuc001) on bcc Fe(001). The electron beam angle of in-
cidence was 1, close to the first anti-Bragg condition.

layers start to undergo a weak but noticeable surface
reconstruction. ' A similar situation was observed in bcc
Ni(001) overlayers where the critical thickness is much
smaller (3—4 ML) and where the surface reconstruction is
eventually accompanied by an appreciable lattice trans-
formation. ' Reconstructed Cu overlayers which are
thicker than 12 ML most likely undergo a significant lat-
tice transformation as well. The amplitude of RHEED
intensity oscillations during the growth of Cu, see Fig. 2,
gradually decreases with increasing thickness. This trend
is even more pronounced as the critical thickness is ap-
proached. Therefore, it appears that the average atomic
terrace width decreases with an increasing Cu thickness.

The surface of the first Fe layer grown at room temper-
ature does not change sufficiently upon annealing (for
10—15 min) to produce any observable changes in the
RHEED patterns. The RHEED streak splitting remains
unchanged even at 510 K. The Ag Auger peak intensity
measurements indicate that no appreciable interdiffusion
between the Ag(001) substrate and a 6 ML-thick Fe layer
occurs up to 470 K. However, the RHEED patterns
change significantly when the growth is carried out at
raised temperatures. In our sample preparation pro-
cedure the first 5 —6 ML of Fe were grown at RT to pro-
tect the Ag/Fe interface from atomic intermixing. Then
the substrate temperature was raised and 3 —4 additional
atomic layers of Fe were added. The growth at raised
substrate temperatures exhibited a behavior which was
similar to that observed during the growth of Fe on Fe
whisker substrates. '" The RHEED streak splitting of Fe
on Ag(001) became more pronounced (sharper lines) and
the separation between split lines decreased with increas-
ing substrate temperature and disappeared completely for
temperatures greater than 410 K, see Fig. 1(b). The am-
plitude of the RHEED intensity oscillations increased
substantially, -2—3 fold, see Fig. 3, compared with that
observed during the growth at RT. The first period was
definitely longer than subsequent periods which were reg-
ular and corresponded to 1 ML formation. At a sub-
strate temperature of -420 K, Henzler's streak splitting
of Fe disappeared after one additional atomic layer was
deposited. The corresponding RHEED patterns were
sharp and comparable with the best patterns observed.

In Fe/Cu/Fe trilayers with thin Cu interlayers (1 —4
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FIG. 3. RHEED intensity oscillations measured at the specu-
lar spot during the growth of bcc Fe(001) on a Ag(001) single-
crystal substrate at 295 K and Fe(001) on an Fe(001) template at
415 K. The electron beam angle of incidence was 1', close to
the first anti-Bragg condition.

ML) deposited on Fe layers, which were prepared using
raised substrate temperatures, the Fe/Cu and Cu/Fe in-
terfaces consisted of large and comparable atomic ter-
races. With increasing Cu thickness the average terrace
width in the Cu/Fe interface decreases and for
thicknesses approaching the critical thickness (12 ML) it
definitely becomes smaller than that at the Fe/Cu inter-
face. Here we are using a notation in which Fe/Cu refers
to a copper layer which was grown on an Fe(001) film and
Cu/Fe refers to an iron layer which was grown on a
Cu(001) film.
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where n is an integer, a~ is the distance between atomic
0

planes perpendicular to the surface in A, and Uo is the
average potential energy which is negative. Plots of ener-
gies at the main maxima of LEED intensity vs n are
shown in Fig. 5 for an Fe(001) substrate and in Fig. 6 for
6- and 8.5 ML-thick Cu(001) layers. By fitting straight
lines to these data we obtained a& =1.44 A for both the
Fe substrate and the Cu overlayers. The fits gave
Uo = —12 V for the Fe and Uo = —6 to -11 ~~ for the 6
and 8.5 Cu layers, respectively. In both Fe and Cu addi-
tional weak maxima occurred between the main maxima
for which no mechanism is presented here. They can be
included in the data analysis if the indices are replaced by
2n. The above LEED studies confirm that Cu(001) over-
layers grown on Fe(001) templates are bcc with a lattice
spacing equal to that of the bulk Fe. '

LEED STUDIES OF bcc Cu(00')
5 al 9
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RHEED studies do not easily yield information on the
vertical spacing between atomic layers and therefore we
could not determine the vertical distortion of the Cu in-
terlayers from the bcc stacking. For that reason addi-
tional LEED studies of Cu(001) on Fe(001) were carried
out. Two epitaxial bcc Cu(001) films were grown on
Fe(001) single-crystal whiskers for LEED studies. These
layers were deposited in another multichamber MBE
machine (VG Semicon V80M). The Fe whiskers were
subjected to several cycles of Ar-ion sputtering at 1020 K
and were then given a final anneal of 30—40 min at 970
K. Auger spectroscopy showed the presence of C
( (2%) and 0 ( (1%). Cu was evaporated at 6 A/min
from a Knudsen cell. These depositions were monitored
by means of RHEED oscillations. Two Cu layers were
grown, 6 and 8.5 ML thick.

The Cu(001) layers showed well-defined LEED pat-
terns at each stage, see Fig. 4. The symmetry and in-
plane lattice spacing determined from the LEED patterns
for Fe and Cu were precisely the same. The vertical
spacing between the Cu(001) atomic layers was deter-
mined from the LEED e-beam energies for which there
are enhancements along the (00) beams. At higher ener-
gies these corresponded quite well to simple Brag g
reAections and can be used to determine the perpendicu-
lar lattice spacing from kinematic LEED theory. ' The
enhanced rejections appeared at energies E„
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FICs. 4. LEED patterns: (a) Fe whisker; (b) 8.5 ML-thick
Cu(001) layer grown on an Fe(001) whisker. LEED energy
=93 eV.
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Typical SMOKE data for the applied field along one of
the in-plane fourfold easy I 100I axes are shown in Fig. 7.
The polarization of the incident light is such that the
magneto-optical signal (MO) signal is proportional to the
magnetic moments along the direction of applied field
(oriented along the easy axis in the plane of the film).
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FIG. 5. The primary beam energies of the main LEED inten-
sity maxima vs n [see Eq. (3)] for an Fe(001) whisker template

MAGNETIC STUDIES
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FIG. 6. The primary beam energies of the main LEED inten-
sities vs n maxima [see Eq. (3)] for 6- and 8.5-Ml-thick Cu(001)
layers grown on an Fe(001) template.

Magnetic studies were carried out using ferromagnetic
resonance and surface magneto-optical Kerr effect. The
merits of both techniques and the interpretation of the
measured data have been presented in detail in our recent
paper.

The studies in the present paper were restricted to sam-
ples in which two magnetic layers were separated by a
Cu layer in which Cu maintained an unreconstructed bcc
structure (2—12 ML thick) and therefore the measured
exchange coupling was unobscured by the Cu layer lat-
tice transformation. The Cu lattice transformation (see
Growth Studies) very likely changes the Cu Fermi sur-
face topology and consequently affects the exchange cou-
pling.

(b)
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Magnetic Field (kOe)

FIG. 7. Typical hysteresis loops measured by the SMOKE
technique: (a) sample 9.4Fe/12Cu/16Fe. The applied field lies
along the easy magnetic axis, [100] direction. Fields, H„and
H, 2 are clearly visible (see text) indicating that the exchange
coupling is antiferromagnetic. The abrupt change near zero
fields is due to magnetization reversal via domain walls. The
solid line is a calculated curve using the following parameters:
4~M,&=6.08 kG, 2K, /M, =0.31 kOe for the 9.4-ML Fe(001)
layer; 47TM fI. =15.52 kG 2K)/M =0.47 kOe for the 16-ML
Fe(001) layer; Jo= —0.237 ergs/cm, J, =0.027 ergs/cm [see
Eq. (2) in the text]. Observed and calculated intensities have
been set equal at high magnetic fields. The discrepancy between
the calculated and observed intensities at low magnetic fields is
thought to be due mainly to the difference in optical properties
between the iron and copper films. It is estimated that the
structure behaves as if the iron film next to the substrate has
been reduced in thickness by —12%. (b) Sample
9.4Fe/9Cu/16Fe. The applied field lies along the easy magnetic
axis, [100] direction. The solid line is a calculated curve using
the following parameters: 4~M,&=6.08 kG, 2K, /M, =0.31
kOe for the 9.4 ML Fe(001) layer; 4~M, &

= 15.52 kG,
2A, /M, =0.47 kOe for the 16-ML Fe(001) layer; Jo= —0.015
ergs/cm, J, =0. 1 ergs/cm [see Eq. (2) in the text]. Note that
in this case the second critical field H„is not present and the
magnetic moments are nearly perpendicular to each other in

zero magnetic field.
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Two critical fields are clearly visible in Fig. 7(a). The
upper critical field, H„,corresponds to the field at which
the magnetic moments of the individual Fe layers start to
deviate from the direction of the dc external field. The
second critical field, H, 2, corresponds to reaching an anti-
ferromagnetic configuration along the easy axis in which
the magnetization in the thicker layer lies in the field
direction, and the magnetization in the thinner layer lies
opposite to the field direction. If the magnetization loops
are calculated using fourfold anisotropy and only bilinear
exchange coupling, the main features of the observed
loops are preserved, but two obvious differences become
apparent. First, the calculated total magnetic moment
along the applied field at the critical field H„shows a
well-defined jump that is not observed in Fig. 7(a).
Second, the observed position of the second critical field
H, 2 is usually at a lower field than that calculated from
the value of the exchange coupling determined by H„.
In fact, in some samples the second critical field is absent
altogether and the total magnetic moment in zero applied
magnetic field corresponds to a configuration in which
the individual trilayer magnetic moments are nearly
oriented along the mutually perpendicular easy magnetic
axes ({100]),see Fig. 7(b). This observation is not pre-
dicted if one uses only the bilinear term. Also one always
needs to decrease the value of the antiferromagnetic ex-
change coupling with an increasing angle between the
magnetic moments in order to bring H, 2 into agreement
with the measured value. This behavior was observed al-
ready in our first reported SMOKE measurements on
Fe/Cu/Fe samples, ' but it was not until later during the
studies of fcc Co/Cu/Cu(001) (Ref. 3) that we explained
the measured magnetization loops using an angular-
dependent exchange coupling of the form

J=Jp JicosO (4)

Both descriptions are equivalent. Recently Slonczewski
identified a possible origin for such behavior. He showed
that interface roughness resulting in variations of the in-
terlayer thickness together with short-wavelength oscilla-
tions (layer by layer) in the exchange coupling resulted in
the presence of biquadratic exchange coupling. The
strength of the biquadratic exchange coupling is givenb'

Positive J, lowers the energy when the angle between the
magnetizations is 90' [see Eq. (5) below]. Similar behav-
ior was found also be Ruhring et al. in Fe/Cr/Fe sam-
ples where they introduced the concept of a biquadratic
exchange coupling

E= —Jocos(O) —J, sin (0) .

one-half of the change in exchange coupling from odd to
even ML (thus it is the slowly varying amplitude of the
short-period oscillations), D& and D2 are the thicknesses
of the individual ferromagnetic layers, 2L is the average
distance between atomic terraces, see Fig. g, and g (f ) is a
function of the partial coverage.

The field dependence of all of our magnetization loops
measured by means of SMOKE are better described when
biquadratic exchange is included. The biquadratic ex-
change term removes the jump in the calculated magnetic
moment at H, &

and moves the second critical field H, 2 to-
wards lower dc fields. Even for the sample with 5.7-ML-
thick Fe layers (possessing very small in-plane four-fold
anisotropies), the field dependence of the magnetization
loop deviates from linearity (for K, « Jo/d) and the ob-
served dependence can be explained by the presence of a
small biquadratic exchange coupling. The results of our
analyses are summarized in Table I. The values of bilin-
ear and biquadratic exchange couplings obtained by
fitting the magnetization loops are listed in the second
and third columns. The fitting was carried out by assum-
ing that the magnetization process follows the path of
minimum energy. ' For completeness, the fourth and
fifth columns include the analyses in which the measured
critical field H, &

is interpreted by assuming a bilinear ex-
change coupling only. The fourth column corresponds to
the rotational magnetization process and the fifth column
corresponds to a magnetization process following the
path of minimum energy. The measured trilayers were
mostly prepared with the Cu interlayer grown at RT.
The substrate temperature during the Cu growth
significantly affects the values of Jp and J], compare en-
tries 1 with 2, 4 with 5, and 7 with 8 in Table I. Ji is in-
creased by growing Cu above RT. The dependences of Jp
and J& on Cu layer thicknesses are shown in Fig. 9.

In samples grown at elevated temperatures the thick-
ness dependence of the exchange coupling is similar to
that observed in Fe/Cu/Fe trilayers which were entirely
prepared at RT. However, there was a significant
difference, see Fig. 10. The samples with the first Fe lay-
er prepared at -420 K showed a distinct decrease in
magnitude of the antiferromagnetic exchange coupling
for an interlayer thickness of 10.5 —11 ML ( —0. 16
ergs/cm ). The exchange coupling is stronger at 10 ML
(
—0.2 ergs/cm ) and at 12 ML ( —0.22 ergs/cm ). All

2L

coth[m(2m —1)(D
&
/L ) ]fr, (2. 1)

2L

cath[sr(2m —1)(D2/L )]+
(2m —1)

(6)

where 3 is the bulk exchange coupling constant, AJ is

FIG. 8. Schematic diagram of the last layer fractionally
covered. Clusters with an average area a are separated by an
average distance 2L.
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Fe/Cu/Fe trilayers with a Cu interlayer thickness less
than 9 ML showed only ferromagnetic coupling. Sam-
ples with a Cu interlayer thickness equal to or less than 7
ML showed only the acoustic FMR peak and therefore
possessed strong ferromagnetic coupling.

COMPARlSON
OF FMR AND SMOKE MEASUREMENTS.

The strength of the antiferromagnetic exchange cou-
pling was also studied by means of FMR. The evaluation
of the exchange coupling from the FMR measurements is
well described in our recent paper. Values of the
effective bilinear exchange coupling measured using
FMR are listed in Table I, the sixth column.

FMR measurements were carried out in large dc mag-
netic fields (6—10 kOe) which significantly exceeded the
critical field, H„(0.6—2 kOe), at which the magnetic mo-
ments start to deviate from saturation due to the antifer-
romagnetic coupling. In FMR the strength of the ex-
change coupling was measured and evaluated with the
average static magnetic moments oriented parallel with
the applied dc field. It is interesting to compare the
values of the exchange coupling obtained from the FMR
and SMQKE techniques. The fact that the FMR mea-
surements were carried out in large dc fields makes this

comparison particularly interesting. The biquadratic ex-
change coupling is a consequence of small in-plane devia-
tions of the dc magnetic moments from their average
direction. ' The applied dc field in FMR measurements
decreases those deviations and could consequently result
in a decreased value of the biquadratic exchange cou-
pling. If the role of the applied field in FMR on the mea-
sured value of the biquadratic exchange coupling is negli-
gible then the effective exchange coupling in FMR is
Jo —2J, . Note that the values of (Jo —2J, ) calculated
from the second and third columns of Table I are very
nearly equal to the effective bilinear exchange coupling
obtained from the critical field H„and with the assump-
tion that the magnetization follows the rotational pro-
cess, see the fourth column in Table I. Except for the
third and eighth entries listed in Table I, the values of the
exchange coupling measured using FMR are less than
Jo —2J& and therefore it appears that the value of the bi-
quadratic exchange coupling is decreased by the presence
of the applied magnetic field. In fact, it is interesting to
note that the effective exchange coupling measured by
means of FMR is approximately equal to the effective bi-
linear exchange coupling obtained from the critical field

H, &
and by assuming that the magnetization process fol-

lows the path of minimum energy, see the fifth column in
Table I.

TABLE I. The results of the exchange coupling as a function of Cu interlayer thickness deduced
from SMOKE and FMR measurements. All results listed are in units of ergs/cm . Jo and J& denote
the bilinear and biquadratic exchange coupling, respectively, see Eqs. (2) and (4), and assuming the path
of minimum energy using the following parameters: 4~M,&=6.08 kG, 2K&/M, =0.31 kOe for a 9.4-
ML Fe(001) layer; and 4m.M,&= 15.52 kG, 2E

& /M, =0.47 kOe for a 16-ML Fe(001) layer. Bilinear ro-
tation and bilinear minimum denote exchange couplings which were calculated based on purely rota-
tional processes or upon magnetization process which follow the path of minimum energy, respectively.
FMR results denote the values of the exchange coupling determined from FMR measurements. Easy
and hard indicates the easy ( I 100I ) and hard ( [110]) in-plane magnetic axes.

Sample and growth
temperatures (K)

(1) 9.4Fe/ 9Cu/ 16Fe
420 310 295

(2) 9.4Fe/ 9Cu/ 16Fe
420 340 295

(3) 9Fe/ 10Cu/ 16Fe
420 295 295

(4) 9.4Fe/10. 5Cu/16Fe
400 295 295

(5) 9.4Fe/10. 5Cu/16Fe
420 330 295

(6) 9.4Fe/ 11Cu/ 16Fe
420 330 295

(7) 9.4Fe/ 12Cu/ 17Fe
400 295 295

(8) 9.4Fe/ 12Cu/ 16Fe
430 325 295

(9) 9.4Fe/ 14Cu/ 16Fe
420 295 295

(10) 5.7Fe/ 11Cu/ 5.7Fe
295 295 295

(11) 8.7Fe/10. 5Cu/16Fe
295 295 295

—0.059

—0.015

—0.084

—0.118

—0.070

—0.074

—0.198

Easy —0.237
Hard —0.221

—0.103

—0.193

—0.195

0.055

0.10

0.060

0.027

0.050

0.050

0.017

0.027
0.035
0.012

0.010

0.024

Bilinear
rotation

—0.169

—0.215

—0.204

—0.172

—0.169

—0.174

—0.233

—0.291
—0.283
—0.137

—0.218

—0.243

Bilinear
minimum

—0.152

—0.207

—0.195

—0.152

—0.155

—0.159

—0.220

—0.289
—0.281
—0.110

—0.218

—0.236

FMR
results

—0.156

—0.192

—0.224

—0.163

—0.209

—0.294

—0.110

—0.209
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INTERPRETATION OF THE DATA
USING THE SLONCZEWSKI MODEL

The rapid variation of the exchange coupling for the
Cu interlayers 9—12 ML thick, see Figs. 9(a) and 10, and
the presence of the biquadratic exchange coupling in all
our measurements, see Fig. 9(b), strongly indicates that
the exchange coupling in bcc Cu(001) has short-
wavelength oscillations. It is therefore reasonable to ex-
plore the applicability of the Slonczewski model to our
measurements. In the limit of small D/L, Eq. (6) can be
rewritten in the form

0.12
E

0.10—

- 0.08—

I

(b)

0.06—

0.04—

0.02—

0.00
7

I ~ I I ~ I I ~ I ~ I

8 9 10 11 12 13 14 15

Cu Thickness (ML)

FIG. 9. (a) The bilinear exchange coupling, Jo, vs. Cu inter-
layer thickness (ML). (b) the biquadratic exchange coupling, J&,
vs Cu interlayer thickness. For 9 and 12 ML Cu two samples
were prepared: the open symbols correspond to samples which
were grown at raised Cu substrate temperatures (see Table I).

0.4

0.3
b6

0.2

~~ E 0.1

P 0.0

-0.1

cQ 02
-0.3

5.0
I

7.0
I

9.0
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11.0 13.0 15.0
Cu Thickness (ML)

FICs. 10. The thickness dependence of the total bilinear ex-
change coupling J=Jo —2J, in Fe/Cu/Fe trilayers measured at
room temperature. Solid symbols correspond to trilayers with
the first Fe layer grown at an elevated temperature (-415 K):
open symbols correspond to samples grown entirely at room
temperature. The open symbols represent the bilinear exchange
coupling measured using the FMR technique (Ref. 5). The solid
symbols in the AF region represent the bilinear exchange cou-
pling determined from the critical field H„and assuming the
path of minimum energy (see the fifth column of Table I): the
solid symbols in the FM region were measured using FMR.
The solid line (cubic spline fit) has been added to help guide the
eye. The error in J and the interlayer thickness are smaller than
the symbol size.

23k
M,

where k =~/L. This is a typical expression involving the
phenomenon which is referred to as exchange narrowing
(here more appropriately exchange averaging). Varia-
tions in the direction of the dc magnetic moment, caused
by a fluctuating part of the exchange coupling field
(b,J/M, D ), are partly suppressed by the in-plane fer-
romagnetic exchange field (2Ak /M, ). The k vector of
the in-plane exchange field is given by the length scale of
the lateral variations, which in the Slonczewski model is
equal to 2L. It follows that the fluctuating exchange cou-
pling, (b,J ), is scaled down by the factor
(bJ/M, D)/(22~ /L M, ). In the limit of L~O the
contribution to the biquadratic exchange disappears.
This is a well-known feature of ultrathin structures: 2
sample exhibiting fast spatial variations acquires properties
corresponding to the average torque which in our case
translates into the average bilinear exchange coupling.
More perfect interfaces exhibit a smaller ferromagnetic
restoring torque and that results in a larger biquadratic
exchange coupling. Our measured values of the biqua-
dratic exchange coupling fully support this picture. The
atomic terraces in the Cu/Fe interface become progres-
sively smaller with an increasing Cu thickness, see the
section Growth Studies. In the Slonczewski model small-
er terraces correspond to a decreasing value of 2L, and
therefore 2L is expected to decrease with increasing Cu
thickness. This fact is directly reflected in the measured
values of the biquadratic exchange coupling. The
strength of the biquadratic exchange coupling J& de-
creases with increasing Cu interlayer thickness, see Fig.
9(b).

Most of the Fe layer and Cu interlayer growths were
terminated at the RHEED intensity maxima. We assume
that their corresponding interfaces can be described by
two atomic levels, see also the section Growth Studies.
The Cu interlayer "XML" thick has its interface formed
by a completely filled Ãth layer but the N+1 layer is
partially filled with mesas. Mesas occupy a fractional
area f=a /(2L), where a represents the average area
of the mesas and 2L represents the average distance be-
tween mesas, see Fig. 8. The growth studies showed that
it is the second, Cu/Fe interface which has smaller ter-
races and therefore the above growth parameters describe
the Cu/Fe interface. The Slonczewski model includes
several parameters. The variations in the exchange cou-
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pling are described by a parameter hJ=[J(N+I)
—J(N) ] /2, where J ( N) represents the intrinsic exchange
coupling through X atomic layers of Cu which would be
measured in the absence of interface roughness. The in-
terface roughness is described by two sets of parameters:
(1) The parameters L(N) describe the length scale in
which atomic terraces are distributed across the inter-
face, see Fig. 8. (2) The parameters f (N) are fractional
coverages for each thickness.

The idea is to identify the intrinsic bilinear exchange
coupling J (N) from measured values of Jo(N) and J, (N).
In order to do this we need additional information for
f(N) or L (N). We decided to start by choosing the frac-
tional coverages f(N) =0.3. The initial choice of
f (N)=0. 3 was found to lead to a divergent behavior of
AJ with increasing Cu thickness. To avoid that we had
to increase f (N) with layer number: We used the set
f= 03, 03, 03,0.3, 0. 35, 04 for Cu interlayers 7, 8, 9,
10, 11, and 12 ML thick, respectively.

The measured bilinear exchange coupling is given by

Jo(N) =J(N) + [J(N + 1 ) J(N) ]f,— (8)

and the biquadratic exchange coupling is given by formu-
la (6). In order to determine J(N) and L(N) one has to
identify one additional parameter. The bilinear exchange
coupling strength is slowly varying for Cu interlayer
thicknesses of 10—11 ML, see Fig. 9(a). Therefore, we
used L for 10 ML-thick Cu as an additional parameter
[L(10)]which allowed us then to determine the values of
J(N) and L(N) for all the other samples measured. Us-

ing Eqs. (6) and (8) one can determine values for J(10)
and J(11). This approach then allows one to propagate
the analysis. Equation (8) determines J(N) and Eq. (6) al-
lows us to evaluate L (N) for a given Cu interlayer. The
results of such an analysis are summarized in Table II for
three different preselected values of L(10) (100, 200, and
300 A). The exchange coupling J(N) always shows an os-

cillatory behavior, see Fig. 11. A decreasing value of the
biquadratic exchange coupling and an increasing value of
b,J= [J(N + 1 ) —J(N) ] /2 with increasing Cu thickness
leads to a rapid decrease of L with increasing Cu inter-
layer thickness, see Table II. The choice of L(10)=100
A leads to very short terrace separation 2L for samples
with 11 and 12 ML Cu (35 and 10 A). The RHEED pat-
terns for these samples are not appreciably broadened,
hence this particular case has to be considered unrealis-
tic. Calculated values of L increase with an increasing
value of L(10). Because the choice of L(10)=300 A
leads to a rather large value of L(730 A) for 9 ML-thick
Cu, the choice of 200 A for L (10) seems to be more ap-
propriate.

In all analyses the values of L decreases rather rapidly
with increasing Cu thickness, but the RHEED patterns
do not provide any evidence for such a rapid change in
surface roughness with increasing Cu thickness. It is
therefore important to find out whether the Slonczewski
model is able to predict a more realistic behavior. Calcu-
lations show that an increased partial coverage, f, results
in a more gradual change of L with Cu thickness. An
analysis was carried out using f=0.5 for all Cu inter-
layers, and using L(10)=100, 150, and 200 A. The re-
sults are shown in Table III. The parameter L decreases
again with an increasing Cu thickness but this depen-
dence is much slower than that in the first case. The
thickness dependence of the bilinear exchange coupling
J(N) exhibits short-wavelength oscillations, see Fig. 12.
Note that the exchange coupling J(13) is less than J(12)
as expected from the measured overall thickness depen-
dence of the exchange coupling. This shows again that
the choice f=0.5 is very realistic. At this point one
would like to find some additional evidence which sup-
ports such a choice. The partial coverage f=0.5 implies
that "X" ML Cu corresponds to a total Cu coverage of
(N+0. 5) ML. This particular point is easy to verify.

TABLE II. The exchange interaction for "structurally perfect" Fe/Cu/Fe trilayers as a function of
the Cu interlayer thickness. The analyses were carried out on a subset of samples (with the first Fe lay-

er grown at raised substrate temperatures) listed in Table I. The results of the analysis were obtained
from the measured values of the bilinear and biquadratic exchange coupling terms by an application of
the Slonczewski model (Ref. 1). See details in the text. The pairs of J(N) and L(N) were evaluated by

0

using L(10)=100, 200, and 300 A, respectively. The underlined entries correspond to samples in which

the Cu interlayer was grown at a higher substrate temperature: In these underlined samples the bilin-
0

ear exchange coupling was evaluated by using the values J(N) for L(10)=200 A and adjusting ap-

propriately the coverage f; f=0.19 and 0.38 for Cu interlayers 9 and 12 ML thick, respectively.

Cu thickness

(ML)

J(N)
ergs
cm

L (A)

J(N)
ergs
cm

L (A)

J(N)
ergs
cm

L (A)

7.0
8.0
9.0

9.0
10.0
1 1.0
12.0
12.0
13.0

0.30
0.30
0.30

0.30
0.35
0.40

0.38
0.279
0.326
0.326

—0.564
1.03

—2.040
—2.04

2.56

180
240
100
35

6
10

0.331
0.394
0.076
0.076

—0.33
0.49

—1.1
—1.1

1.16

410
550
200

85
25
35

0.325
0.41
0.021
0.02

—0.246
0.294

—0.746
—0.746

0.624

540
730
300
140
50
70
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FIG. 11. Values deduced for the thickness dependence of the
exchange coupling J(N) which pertain to a smooth interface.
These coupling strengths have been calculated from the data us-

ing the Slonczewski model (Ref. 1) assuming

f=0 3,0.3,0.3,0.3. ,0.35,0.4 for 7, g, 9, 10, 1 1, and 12 ML Cu re-

spectively, and L(10)=200 A (see the text). The solid line is a
cubic spline fit to guide the eyes.

FIG. 12. Values deduced for the thickness dependence of the
exchange coupling J(N) which pertain to a smooth interface.
These couplings strengths have been calculated from the data
using the Slonczewski model {Ref. 1) assuming f=0 Sfor all .Cu
interlayers, and L (10)=150 A (see the text). The solid line is a
cubic spline fit to guide the eyes.

The RHEED intensity oscillations allow one to deter-
rnine the overlayer thickness. %'e have found in all our
growth studies that the period of the RHEED oscilla-
tions corresponding to 1 ML formation (stationary
period) is observed only after several initial oscillations.
The first few oscillations involve a phase slip which re-
sults in a longer period. Therefore, the total thickness of
a given film in ML can be determined by dividing the to-
tal growth time (for constant evaporation rate) by the sta-
tionary period. Using this approach one finds, see Fig. 2,
that the Cu interlayer terminated at the Nth RHEED
maximum indeed corresponds to the thickness N+0. S (in
ML) as was used in the analysis of the exchange coupling.
A sample which displays N RHEED oscillations
represents a coverage of N+0. 5 ML. The RHEED oscil-
lations cannot be used to determine the distribution of
atoms in the top layers. The presence of oscillations indi-

cates strongly that only the last two top atomic layers are
partially filled but RHEED oscillations do not allow one
to determine the coverages of the last two atomic 1ayers.
Growth modeling leads to the conclusion that there will
be some pits in the "Nth" ML. This was ignored in ap-
plying the Slonczewski model because it deals with only
two layers. But it matters not whether there are pits or
mesas; in one case we would use 2b J=

i J(N) —J(N —1)
~

and in the other 2bJ=iJ(N+1) —J(N)~. For the case
f =0.S these two values are nearly the same. The
Slonczewski model then would say that f is the sum of
the pits and the mesas. It would be interesting to check
the actual distribution of pits and mesas using STM.

The exchange coupling, J (N), corresponding to a per-
fect interface shows strong short-wavelength ( —2, 2 ML)
oscillations independent of the particular choice off (N).
Herman, Sticht, and van Schilfgaarde have carried out

TABLE III. The exchange interaction for "structurally perfect" Fe/Cu/Fe trilayers as a function of
the Cu interlayer thickness. The analyses were carried out on a subset of samples (with the first Fe lay-

er grown at raised substrate temperatures) listed in Table I. The results of the analysis were obtained
from the measured values of the bilinear and biquadratic exchange coupling terms by an application of
the Slonczewski model (Ref. 1). See details in the text. The pairs of J(N) and L(N) were evaluated by

using L(10)=100, 150, and 200 A, respectively. The underlined entries correspond to samples in which

the Cu interlayer was grown at a higher substrate temperature: In these underlined samples the bilin-
0

ear exchange coupling was evaluated by using the values J(N) for L(10)=150 A and adjusting ap-

propriately the coverage f;f=0.46 and 0.45 for Cu interlayers 9 and 12 ML thick, respectively.

Cu thickness

(ML)
ergs
cm'

L (A)

J(x)
ergs
cm

L (A) ergs
cm

L (A)

7.0
8.0
9.0

9.0
10.0
11.0
12.0
12.0
13.0

0.50
0.50
0.50

0.50
0.5
0.50

0.50

0.818
—0.118

0.704
0.704

—0.82
0.654

—0.802
—0.802

0.406

91
127
100
91
60
80

0.59
0.11
0.476
0.564

—0.594
0.426

—0.574
—0.574

0.178

134
183
150
137
104
117

0.464
0.237
0.349
0.45

—0.467
0.30

—0.448
—0.448

0.052

178
240
200
185
160
190
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first-principles calculations of the exchange coupling
through bcc Cu in Fe/Cu/Fe structures. The thickness
dependence of the exchange coupling, see Fig. 1 in Ref. 4
shows a behavior similar to that observed in our measure-
ments, Figs. 9(a) and 10. This similarity is even more ob-
vious if their calculations are compared with Figs. 11 and
12. The first-principles calculations by Herman, Sticht,
and van Schilfgaarde show that the exchange coupling
crosses from ferromagnetic to antiferromagnetic coupling

0

at dc„=8 A, and then a rapid variation in the antiferro-
magnetic coupling occurs with a separation between anti-

0
ferromagnetic maxima of 3.4 A (2.4 ML). The antiferro-
magnetic coupling strength reaches maximum values
near 8 and 12 A with a slightly positive ferromagnetic
coupling in between (at 10 A). Our values for J(N) show
a similar trend. The measured periodicity (2.2 ML) of
short-wavelength oscillations is very close to those ob-
tained from the first-principle calculations by Herman,
Sticht, and van Schilfgaarde (2.4 ML). The significant
difference between the measured results and the calcula-
tions appears to be in the first crossover from ferromag-
netic to antiferromagnetic coupling. The measurements
show that this first crossover occurs for 9—10 ML-thick
Cu. The first-principles calculations show the crossover
at approximately 5.5 ML of Cu. We do not intend at this
point to discuss this difference.

The strength of the oscillatory exchange coupling
J(N), see Figs. 11 and 12, is similar to that calculated by
Bruno and Chappert' for fcc Cu(001) (0.4 ergs/cm ).
The first principles calculations for bcc Fe/Cu/Fe(001)
by Herman, Shicht, and van Schilfgaarde gave
significantly larger values for the exchange coupling (25
ergs/cm ). Deaven, Rokhsar, and Johnson, ' showed
that it is difficult to obtain correct quantitative results for
the amplitude of the oscillations but that the period of
the oscillations is usually well described by present
theoretical methods.

Slonczewski's model assumes that the exchange in-
teraction provides the only field which keeps the satura-
tion magnetization in each individual layer closely
aligned along the common magnetization axis. It is pru-
dent to ask at this point if this assumption is satisfied in
our analysis. The parameter L for f =0.5 is approxi-
mately 200 A, which gives the exchange field
23k /M, -6 kOe. This field is appreciably larger than
any other field involved in SMOKE measurements and
therefore the use of Eqs. (6) and (7) is fully justified. In
FMR measurements, the applied magnetic field is compa-
rable to the exchange field and therefore one could expect
some decrease in the biquadratic exchange coupling in
the FMR studies, see the section Comparison of FMR
and SMOKE Studies.

Several points can be addressed at this time. It is in-
teresting to note that the value of the bilinear exchange
coupling for 10.5 ML-thick Cu was found to be nearly
the same as that of the 10- and 11 ML-thick Cu layers.
The fractional coverage in this sample cannot be
represented by a surface with only one partially filled
atomic layer. A thickness of 10.5 ML corresponds to a
growth which has been terminated at a RHEED oscilla-
tion intensity minimum. A RHEED intensity minimum

+J(N+2)f2,

f, +fi = 1 for f =0.5,
(9)

where f &
and f2 are partial fillings of the top two atomic

Cu layers. Using this formula with previously deter-
mined values of the exchange coupling for perfect sur-
faces J(10), J(11), and J(12) [

—0.594, 0.426, —0.574
ergs/cm for f=0.5 and L (10)= 150 A], one calculates
for the two 10.5 ML-thick Cu samples (see entries 4 and 5
in Table I) f, =0.73, 0.76 and f~ =0.27, 0.24. The re-
sulting coverages f, and f2 are very reasonable. The
eleventh ML increases its coverage by 0.25 and the
twelfth ML gets partly filled, f2=0.25. Note that the
twelfth ML requires half of the coverage which would be
obtained if the growth were to be terminated at the
eleventh RHEED maximum.

Since the width of RHEED streaks for the Fe and Cu
overlayers grown on iron deposited at an elevated tem-
perature is mainly determined by the Ag(001) substrate
mosaic spread, it is hard to determine the terrace width
from RHEED streak patterns only. However, the sam-
ples which were grown entirely at RT showed a well-
defined splitting of the RHEED streaks which allows one
to estimate the average separation between the atomic
mesas, 2I., see the section Growth Studies. Therefore, it
is interesting to find out whether the measured values of
the biquadratic exchange coupling in those samples are in
agreement with the above analysis. The sample
5.7Fe/11Cu/5. 7Fe, see Table I, was entirely grown at
room temperature. Its biquadratic exchange coupling
was found to be J, =0.01 ergs/ cm . Using the values for
J(11) and J(12) (

—0. 594 and 0.426 ergs/cm ), which
were determined above, see Fig. 12, one can estimate
from the measured value J, the parameter 2L. Equation

0

(6) leads to 85 A. This estimate is very close to the aver-
age terrace separation which was determined from the
RHEED streak splitting. One can also use formula (8) to
interpret the corresponding value of Jo observed in this
sample. The partial coverage required is f=0.6. The 0.6
coverage is then the sum of holes and pits.

Recent calculations by Edwards showed that the bi-
quadratic exchange coupling can be also generated by an
intrinsic mechanism. In model calculations it is predict-

f2 J(N+2)

fl J(N+1)

J(N)

FIG. 13. Schematic diagram of partly filled atomic layers for
a growth which was terminated at a RHEED intensity
minimum, see the text.

corresponds to maximum surface roughness, and in this
case there are two incomplete layers covering a filled lay-
er, see Fig. 13. Three atomic layers are involved in the
bilinear exchange coupling. The measured bilinear ex-
change coupling can be written in terms of the J(N),

Jo(N+ —,
'

) =J(N)(1 f, )—+J(N + 1)(f, —fi )
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ed that it can be equal to approximately —,
'

(12%%uo) of the
bilinear contribution. In our samples the biquadratic ex-
change coupling is very thickness dependent and can be
comparable to the bilinear counterpart. Slonczewski's
mechanism is definitely a major contributor to the
strength of the biquadratic exchange coupling. However,
for those samples which exhibit a small biquadratic ex-
change coupling part of this coupling term could be in-
trinsic in origin. The analysis of the data would not be
changed in an appreciable way. The Slonczewski's con-
tribution would be decreased by the contribution arising
from the intrinsic contribution and this would require a
decrease of the terrace separation 2L. One can try to es-
timate the value of the intrinsic biquadratic exchange by
choosing a reasonable value for the terrace separation.

0

An acceptable choice of 2L =100 A for a sample with a
12 ML Cu thick interlayer would require a decrease of
the Slonczewski contribution by a factor 2 and therefore
approximately half of the measured biquadratic exchange
coupling for the 12 ML Cu sample could be ascribed to
the intrinsic contribution (0.008 ergs/cm ). This would
suggest an intrinsic biquadratic exchange coupling which
is approximately 5% of the bilinear contribution.

EXCHANGE COUPLING
THROUGH Cu/Ag(001) INTERLAYERS

The exchange coupling between iron layers separated
by Ag(001) or Au(001) exhibited very unusual behavior
despite the fact that their Fermi surfaces are very similar
to that of Cu. In samples of Fe/Ag/Fe(001) grown at
RT, the exchange coupling rapidly disappeared with Ag
thickness. For Ag(001) interlayers thicker than 7 ML
the exchange coupling was too weak to be observable.
This unusual behavior was further investigated by insert-
ing Ag(001) atomic layers epitaxially into Cu(001) inter-
layers. Several samples were grown with one and two
Ag(001) atomic layers inserted at various locations in the
Cu(001) interlayer, see Table IV. In all cases the presence
of one Ag atomic interlayer resulted in a substantial de-
crease of the antiferromagnetic exchange coupling. Two
Ag(001) atomic layers even led to a small ferromagnetic
coupling. It is interesting to note that two Ag(001) atom-
ic layers block a direct path between the Cu and the Fe
atoms. Note that Ag does not alloy with Cu and there-
fore the hybridization between Cu and Ag is weak. This
fact could imply that the Ag(001) atomic layers create a
mismatch in the interlayer valence electron wave func-
tions which results in a significant change of the ex-
change coupling. In all cases the presence of Ag resulted
in a broadening of the FMR linewidths associated with
both Fe layers (from 80 to 240 Oe in the 16 ML Fe and
from 170 to 320 Oe in the 9.5 ML Fe): this indicates that
the role of Ag is more complicated than would be expect-
ed from a mere decrease of the exchange coupling. One
could argue that the broadening of the FMR linewidth is
caused by a Auctuating exchange coupling across the
sample. The observed broadening would correspond to a
fluctuating exchange coupling of -0.01 ergs/cm . It is
interesting to point out that both peaks are broadened al-
most equally (from their FMR linewidths which were

TABLE IV. The exchange coupling in Fe/Cu/Ag/Fe struc-
tures at 295 and 77 K. All results listed are in units of ergs/cm ~

J is the bilinear exchange coupling deduced from FMR. The
numbers listed below the sample compositions indicate the
growth temperature for each layer. Positive J indicates fer-
romagnetic coupling.

Sample and growth
temperature (K)

9.4Fe/14Cu/1Ag/16Fe
420 340 300 300

9.4Fe/ 9Cu/ 2Ag/16Fe
420 340 310 295

9.4Fe/ 5Cu/ 2Ag/5Cu/14Fe
420 295 295 295 295

9.4Fe/10Cu/2Ag/15Fe
420 340 300 300

J
at 295 K

—0.084

0.07

0.125

0.05

J
at 77K

0.1

0.3

0.06

CONCLUSIONS

It has been shown that the average atomic terrace
width in Fe/Cu/Fe trilayers can be significantly in-
creased by increasing the substrate temperature during
the growth of the first Fe layer. LEED data were
presented in which it was shown that unreconstructed
bcc Cu(001) grows in a bcc structure which imitates that
of the bcc Fe(001) substrate.

measured in the individual layers) which suggests that the
exchange coupling is present and is indeed weak. This
conclusion is further supported by the FMR intensities
which are proportional to the total magnetic moment in
the layer. The presence of the exchange coupling be-
tween layers changes the intensity ratio between the opti-
cal and the acoustic peak in FMR measurements. From
entries 2 and 4 in Table IV the intensity ratio of the two
FMR peaks was found to be —1.2 which corresponds to
a weak ferromagnetic coupling.

The decrease of the exchange coupling by a few ML of
Ag in Fe/Cu/Ag/Fe films is most likely caused by the
valence band mismatch between Cu and Ag. However,
one should point out that the presence of a Ag layer can
also lead to a very effective averaging out of the exchange
coupling due to interface roughness. The importance of
the interface averaging is supported by our studies of the
exchange coupling in more recently prepared Fe/Ag/Fe
samples ' which have improved interfaces and which ex-
hibit a very symmetric oscillatory exchange coupling.
Similar results were obtained recently by the NIST group
using SEMPA measurements. The Fe/Ag/Fe samples
entirely grown at RT are accompanied by mismatched in-
terface terraces. The first Fe/Ag interface has
significantly shorter terraces than the second Ag/Fe in-
terface (see Growth Studies). In these films the exchange
coupling was equal to zero for Ag interlayers thicker
than 7 ML. This behavior is most likely caused by an
averaging effect of the exchange interaction. Further
studies will be needed to disentangle the Cu, Ag valence
band mismatch contribution from the effect of exchange
coupling averaging which is caused by rough interfaces.
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The exchange coupling in Fe/Cu/Fe trilayers was
studied as a function of the Cu interlayer thickness. The
studies were carried out using the FMR and SMOKE
techniques. Quantitative data from both techniques were
in good agreement. The magnetization loops for
Fe/Cu/Fe trilayers can only be well explained by includ-
ing biquadratic exchange coupling. Values for the bilin-
ear and biquadratic exchange coupling terms were deter-
mined from a detailed analysis of the observed magneti-
zation loops. It has been shown that contrary to intuitive
expectations the strength of the biquadratic exchange
coupling term increases with increasing terrace width.

A quantitative analysis of the measured bilinear and bi-
quadratic exchange coupling contributions was carried
out using the Slonczewski model' for biquadratic ex-
change coupling. It has been shown that the exchange
coupling J(N) for N perfectly smooth monolayers exhib-
its an oscillatory behavior. Its amplitude has been es-
timated. The observed thickness dependence of the ex-
change coupling has been compared with the recent first-
principles calculations by Herman, Sticht, and van Schilf-
gaarde. The measured period (2.2 ML) of short-

wavelength oscillations is very close to that (2.4 ML) cal-
culated in the first-principles calculations by Herman,
Sticht, and van Schilfgaarde. " Recent studies by Johnson
et al. of the exchange coupling on Fe
whisker/Cu/Fe(001) samples showed also a maximum of
the antiferromagnetic coupling for even numbers of
Cu(001) ML.

The results of the measurement of the exchange cou-
pling through composite Cu/Ag(001) interlayers have
been presented. It is shown that the presence of a few
atomic layers of Ag(001) very rapidly removes the anti-
ferromagnetic exchange coupling. This rapid decrease is
most likely caused by the mismatch between the valence
electron states of Cu and Ag, but a spatial averaging over
imperfect Ag(001) interfaces can also play a partial role.
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