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Magnetoresistance and magnetic properties of Fe/Cu/Fe/GafB00)
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A procedure for growth of smooth As free Fe surfaces(4x6)-GaAg100) is presented. Ferromagnetic
resonancéFMR) revealed that the Fe films have anisotropies equal to bulk Fe, modified only by interface
anisotropies. The Fe films served as templates for the growth of epitaxial Fe/Cu/Fe trilayers which were
subsequently characterized by FMR, magneto-optical Kerr effect, and magnetoresistance. At room tempera-
ture, films coupled through a 13.2-ML Cu spacer exhibited 2.0% giant magnetoresistance and 0.3% anisotropic
magnetoresistance. The results showed that the interlayer exchange coupling for a 13.2-ML Cu spacer could
not be described by bilinear and biquadratic contributions alone. A different coupling, which varied as cosine
cubed of the angle between the magnetizations of the Fe films, was required to explain tileicidtia
exchange coupling[S0163-182609)05037-1

[. INTRODUCTION whereas it increases to 70 ML for deposition temperatures
above 200 °C.

Most giant magnetoresistan@@MR) studies to date have Sputtering and annealing Ga@d90 eliminates the dam-
been carried out on samples of lesser quality than is typicallage created by the desorption of native oxides. Low-energy
possible with metallic systems. Although the first GMR stud-sputtering is, however, required to minimize the damage cre-
ies were performed on molecular-beam epita@yBE) ated by sputtering since the original surface quality cannot be
grown samples, a larger portion of the studies to date haveecovered by annealing as is typically the case for metals.
been prepared by sputtering. This has enabled a larger surv&ganning tunneling microscop{STM) studies show that
of the magnetoresistance of multilayered systems than would00-eV Ar" sputtering and annealing results in a respectable
otherwise be possible. MBE, however, enables a better corsurface quality with terraces 50 nm wide. Room-temperature
trol over interfaces, which has been identified as the regio@rowth of Fe on(4x6) GaAg100) prepared in this fashion
responsible for GMR. prevents any magnetic dead layer formatiaex situmagne-

The lack of high quality structures for GMR studies is in fOMetry measurements show that the onset of ferromag-
part due to difficulties associated with metallic growth on netism occurs at the first monolayer. A magnetic moment per

insulating substrates. One of the difficulties presented by F&©M Of fz_l'l‘B at the Fe/GaAd.00) interface is inferred from
growth on GaA&100) is that the Ga and As diffuse into the & 7-ML film.

: By thermally desorbing a thick As cap from a homoepi-
metal overlayers and As segregates to the suffatkis xially grown GaA100). Xu et al. were able to prepare

A
problem has been addressed by growth on sulfurpasswate(axe) GaA<100 substrates without introducing sputter

surfaced and ozone treated surfacktn the case of sulfur damagé In situ magneto-optical Kerr effedMOKE) mea-
passivation, the sulfur acts as a surfactant, instead of the A§uremer;ts show an evolution of the magnetic phase as a

preventing any diffusion of Ga or As into the Fe layer. HOW- ¢,ction of thickness. For thin films less than 3.5 ML thick,
ever, even in the case of metal-organic chemical vapor depQpe Fe is nonmagnetic. The thickness dependence after the
sition (MOCVD) passivated surfaces, which have atomicqnset of ferromagnetism at 4.5 ML suggests that the Fe layer
high, micron wide terraces, reflection high-energy electronecovers its full magnetic moment with no magnetic dead
diffraction (RHEED) indicates that the segregation of S re- |ayers.
sults in a rough Fe growth. For Fe grown on any of the various GaAs surfaces men-
The magnetic properties of Fe overlayers on GaAs argioned above, a large in-plane uniaxial anisotropy is present.
sensitive to both substrate preparation and growth condifhe direction of the uniaxial anisotropy is dependent on
tions. On unpassivated Ga@90 surfaces, the amount of sample preparation conditioA$-'? Speculations have been
As and Ga out diffusion into the Fe has been shown to benade as to its origin, however conclusive evidence has not
dependent on the substrate temperature and to affect thyet been presented. One feature common to all of these stud-
magnetization. Fe grown on Ga@$0 surfaces prepared by ies is that the uniaxial easy axis is perpendicular to the di-
thermally desorbing the native oxide shows evidence for amection of the dangling bonds. Ga-terminated and As-
Fe;Ga _As, pseudocubic hexagonal phase at the metalierminated surfaces have easy uniaxial axes gl and
semiconductor interface with half the bulk magnetization of[110] directions, respectively.
bulk iron® Magnetometry measurements indicate that this In this paper, a procedure will be presented to produce
ternary is 10 monolayeréML) thick for 50 °C deposition, clean, high quality Fe surfaces with large atomic terraces on
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this point. The RHEED streaks were short and narrow indi-

cating that the sample’s atomic terraces are wide. The super-
lattice streaks were arranged in a circle. This may be under-
stood in terms of an Ewald sphere intersecting the reciprocal
lattice rods. The fact that narrow rods may describe the re-
ciprocal lattice is an indication of a well ordered surface.

B. Fe/GaAg100

Fe was deposited on room-temperature GaAs from a re-
sistively heated piece of Fe in a base pressure>ofid 1°
Torr. The rate of deposition was roughly 1 A/min as deter-
mined by a quartz-crystal monitor. The RHEED beam was
set to the first anti-Bragg condition for Fe, at a polar angle of
1° glancing incidence. The azimuthal angle was set to 0.8°
away from the[1-10] direction in order that Kikuchi lines
not overlap with the specular spot. Under these conditions,
the intensity of the specular spot oscillated during the growth
with a one monolayer period, allowing accurate determina-
tion of the Fe thickness. For the first two monolayers, the Fe
growth proceeds in a Volmer-Weber fashion where wide
RHEED streaks due to Fe islands and th&4econstruction
from the GaAs surface are both visible. By the third mono-
layer evidence of the GaAs surface has disappeared, and by
the fifth monolayer the RHEED intensity increased as a re-
sult of the coalescence of the Fe islands. Quasi-layer-by-
layer growth, for which a second layer nucleates prior to the
. . completion of a first layer, was observed for a thickness
Ga-rich (4x6)-GaAg100. The GaA$100 is prepared by greater that 5 ML, as indicated by the RHEED oscillations

sputtering in a fashion similar to Gestetral’® Similar to all -+ persisted beyond 20 ML. Shown in Figbgis the split-

Fe growths on GaAd00, As segregates to the Fe surface_ting of the RHEED streak for a RHEED beam perpendicular

and leads to a degradation in the surface quality. This is in, the[110] direction giving a terrace spacing of 40 A in the
contrast to recent reports which show for particular case 110] direction for a 20.5-ML Fe film. The splitting in Fig.

surfactants have an advantageous smoothing effect for e (c) could not be resolved along th&-10] direction, how-

taxial growth, as shown in Ref. 13. By removing the AS o o1 the streak width is comparable to that in Fith)2Re-
using low-energy sputterlng_, it will be shown that hlgherCent STM studies have shown for a 20-ML Fe film 6h
qqallty Fe surfaces are obtained. The Fe Iayers_ produced QYG)—GaAs(lOO), the islands are separated by 40 A in both in
this procedure serve as good_template; for growing s_tructur ﬁ-lO] and[110] directions' The Fe growth presented here
fqr transport stud!es. In particular, t_hls paper examines th similar to that on(2x4)-GaAg100),'® where STM studies
giant magnetoresistance produced in exchange coupled F&,, for 35 ML of Fe, the islands are 580 A elongated
CulFe trilayers. along the[1-10] direction.
The chemical evolution of the Fe film was monitored us-
Il. GROWTH ing x-ray photoelectron spectroscop¥PS). Measurements
were recorded with a PHI 10-360 analyzer providing a
0.8-eV energy resolution. A shoulder with 1.1520.20 eV
Samples prepared for magnetic characterization wertower binding energy than the Gad3oeak is visible. This
grown onn™ GaAg100). For transport measurements, semi-shoulder is attributed to Fe-Ga bonding, in agreement with
insulating GaAs was used. The GaAs surface was prepardtie 1.1-eV shift obtained by Chambessal?
by inserting an epiready American Xtal Technology wafer Arsenic segregated to the Fe surface for all Fe growths on
into UHV without prior treatment and annealed at roughly GaAg100) regardless of the substrate reconstruction or
500 °C to outgas the sample holder and desorb the carbopreparation. The segregation was most easily observed by
The sample’s in-plane angle was rotated while the oxide wathe 162-eV kinetic energy Asp, XPS line. A comparison
removed by 500-eV Af sputtering at an angle of 75° with of the integrated As and Fe XPS peaks indicated that there
respect to the surface normal. The sputtering was performedas 0.75 ML of As. Further evidence of the segregation was
at room temperature under Auger observation until the congiven by the weakc(2X2) reconstruction as seen by
taminants were removed. The sample was then transferred RHEED. In order to remove the As surfactant from 20-ML
the growth chamber in order to monitor the surface reconFe/GaA$100), the films were sputtered with 500-eV At
struction with RHEED while annealing the sample. Thean angle of 75° with respect to the surface normal. The
sample temperature was raised in 10° steps until a well orsample was rotated around its normal during sputtering. The
deredp(4X 6) reconstruction was obtained as shown in Fig.As 2p5, line was used to monitor the amount of As at the
1. The temperature was estimated to be roughly 600 °C aurface; the sputtering was stopped once this peak disap-

FIG. 1. RHEED patterrt4x6)-GaAg100 prepared by sputter-
ing and annealing(a with the RHEED beam perpendicular to
[1-10] and (b) perpendicular to thg€110].

A. Substrate preparation
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FIG. 2. (a) RHEED intensity oscillations during the growth of
Fel4x6)-GaAg100) at room temperature. The polar angle was set
to 1° glancing incidence, the first anti-Bragg condition for Hs.
The RHEED specular spot for the beam perpendicular td 1h6)
direction. The splitting of the RHEED streak gives a mean terrace  (0)
separation of 62 A(c) RHEED specular spot for the beam perpen-
dicular to the[1-10] direction.

peared. In the process of cleaning the surface, 2.2 ML of Fe
was removed as determined from the decrease in thekgg 2
peak. The Ga @5, peak[which has an 8-A inelastic mean
free path in Fe(Ref. 18] increased during the sputtering
suggesting that some Ga diffused into the Fe as a result of
cascade mixing’ Depending on whether the Ga is assumed
to be in the first 10 ML, linearly distributed or homoge-
neously distributed, XPS intensities indicate that there was in
total between 0.2 and 0.3 ML of Ga released into the Fe
layer as a result of the sputtering.

In order to anneal the damage created by sputtering, the
sample was heated while monitoring the Ga and As XPS
lines. The temperature could be raised to 200 °C without any
out diffusion of As or Ga into the Fe layer, as was the case of k|G, 3. (a) RHEED intensity oscillations of 9-ML Fe grown on
Fe grown on S-passivated G&#A80) substrates.75-ML-  20-ML-Fe/4x6)-GaA<100) at 200 °C.(b) RHEED pattern of 20-
thick FeGa,_,As, layers have been observed for deposi-ML-Fe/(4x6)-GaAg100) prior to 200 °C Fe growth(c) RHEED
tions at substrate temperatures above 200 9@. post-  pattern of 27-ML-Fe#ix 6)-GaAg100).
deposition annealing of room-temperature growths the bulk
diffusion activation energy prevents alloy formation. was an Fe surface, free of As contamination with large

The sample was then transferred back to the growtlatomic terraces as illustrated by the narrow RHEED streaks
chamber. RHEED showed that tle¢2<2) reconstruction in Fig. 3(c).
had been removed, however, there was only a small im-

rovement in the quality of the RHEED pattern. By growin
gt 200°C, the qu?ality zf the surface w%s signific):/agrlnly img- C. CulFe/GaA4100
proved, as indicated by an increase in the specular spot in- The high quality FELO0) templates on GaA&00) en-
tensity, an increase in the amplitude of the RHEED oscilla-abled the growth of trilayers for magnetoresistance studies.
tions and a narrowing of the RHEED streaks. The end resulerom Cu growths on Fe templates deposited ofi18g),® it

(c)
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structuré?® The Cu/Fe/GaAs samples were capped with a
protective 20-ML-thick Cr film in order to perform anisot-
ropy measuremensx situ

D. Fe/Cu/Fe/GaA$100)

Four Au/Fe/Cu/Fe/GaAs trilayers were grown with 9, 11,
13, and 14 ML of Cu. A 20-ML Au cap served to protect the
films against oxidation duringx situmagnetic characteriza-
tion. Although thicker Cu films are of less desirable quality,
they were necessary in order to observe antiparallel align-
ment of the magnetizations. Weak RHEED oscillations were
observed during the growth of Fe on Cu and Au on Fe.

RHEED Intensity (arb. units)

Ill. MAGNETIC CHARACTERIZATION AND
TRANSPORT MEASUREMENTS

0 200 400 600
(a) Time (sec)

Ferromagnetic resonan€EMR) was used to measure the
magnetocrystalline anisotropies in the sample. Measure-
ments were performed in the parallel configuration using a
36-GHz Tk, resonant mode. In order to determine the sur-
face anisotropies of single Fe films, a series of samples were
prepared consisting of 20Cr/10CGiFe/GaA$100), whereX
is the number of Fe layers. Analysis was performed using the
ultrathin film limit.2* The validity of this assumption was
verified by numerical calculations where the effect of an in-
homogeneous rf magnetization and effective field was con-
sidered and was found to be negligible for the range of Fe
thickness measured in this paper. Each sample was fit ac-
cording to the Landau-Lifshitz equatitinwith terms includ-
ing an in-plane fourfold anisotropi, an in-plane uniaxial
anisotropy K,, and an effective demagnetizing field
(b) 47M . If the perpendicular uniaxial anisotropy originates
only from the surface and contains no bulk contribution then
the effective demagnetizing field may be written as

FIG. 4. (a) RHEED intensity oscillations of Cu/28-ML-F&/

X6)-GaAq100) grown at 85 K. The polar angle was again set to the 2K
same anti-Bragg condition as was used for 8. The RHEED 477M gg=47DM — - (1)
pattern from the Cu surface after 13 ML have been deposited. dMg

where K¢ is the perpendicular surface anisotroplyjs the
is known that Cu grows epitaxially with a bcc structure up tofilm thickness, andV is the saturation magnetizatioD. is
12 ML. The growth of Cu on Fe/GaAs00) was expected to the demagnetizing factor which is nearly equal to 1 for the
have a similar behavior. At room temperature, the RHEEDrange of Fe thickness considered.
specular spot oscillated for one monolayer, but then rapidly The thickness dependence of the fourfold anisotropy
fell in intensity with a corresponding large increase in streakcould be fit by a constant term representing a bulk contribu-
width. At this point the growth was no longer epitaxial: the tion and a surface term proportional to 1/tbhi|Ekness. From the
Cu collected in mounds on the surface leading to wide threeslope of Fig. %a), the bulk term K;"*=(4.6-0.3)
dimensional features in the RHEED pattern. It is interestingt0” erg/cnt was found to be within error of the bulk term for
to note that this result was also observed in recent STMFe, 4.74<10°erg/cn?. The surface contributiork "%
studies on FE00 whiskerd® in which Cu was found to (—5.1+0.5)10 ?erg/cnt indicated that the anisotropy
form nanoscopic crystallites on the Fe surface. This growthvould reverse sign belo8+1) ML and create an easy axis
mode could be suppressed by cooling the substrate to 85 Blong the FEL10] direction as has been observed by Brock-
and thereby lowering the diffusion length of adsorbed Cumannet al?
atoms. In this case RHEED oscillations persisted up to 14 Similarly in Fig. 5b), a bulk term and a surface term
ML. There was an initial decrease in specular spot intensity¢ould fit the effective demagnetizing field™M . The bulk
however, reasonable oscillations continued up to 6 ML afteterm gives a 4 Mg of (21.55-0.47) kOe in agreement with
which their amplitude and the intensity of the specular spothe bulk magnetization of Fe. The perpendicular surface an-
decreasedsee Fig. 4. As is the case for Cu/Fe/A§00 isotropy K= (1.72+0.10) erg/crA had its easy axis perpen-
structures with a Cu thickness greater 11 ML, a reconstrucdicular to the surface. By subtracting from the measured an-
tion was visible with RHEED. Extended x-ray-absorptionisotropy, the surface anisotropy obtained for Fe/Cu
fine structurd EXAFS) studies have shown that Cu gradually interfaces’* 0.62 erg/crf, a value for the Fe/GaA$00) in-
evolves with increasing thickness into its bulk fcc terface was found to blﬁ?’GaAS: 1.1erg/cr. It is interest-
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ing to note that this is even larger than the value for the
Fe/vacuum interfaceK 53" 0.96 erg/crf, which is the
largest value so far reported ford3 transition-metal
interfaces’?

As has been found by a number of other groups an in-
plane uniaxial anisotropy is present for Fe/Ga&AY). Its
orientation is, however, 90° rotated with respect to the direc-
tion reported previously for FeIx6)-GaAq4100, with a
hard axis along1-10]. Given the fact that As segregates to
the Fe surface regardless of the GEI&X) reconstruction it
is evident that there is significant disruption of the initial
GaAs surface. Further studies of the Fe/GaAs interface are

K1 (10 3 ergs/cm 3)

0 . i required to better interpret the origin of the in-plane uniaxial
0 0.05 0.1 0.15 anisotropy. The uniaxial in-plane anisotropy was found to be
@) 1/Thickness (1/ML) sensitive to the precise sample preparation conditions pro-

ducing large scatter in the data, as has been observed
previously?° The data could be best fit by a term propor-
tional to 1/thickness, which supports the view that the
uniaxial anisotropy is created at the Fe/GaAs interface. A
value K5 (32+1.2)10 2erg/cn? was obtained from
the fit in Fig. 5c), which is smaller than the value (12
+2)10 2 erg/cnt measured by Brockmanet al?® for mul-
tiple Fe thickness on a single wafer. Recent STM studies
have shown that th@l < 6)-GaAg100) surface as prepared in
this paper is a pseud@x6) reconstruction comprised of
(1x6) domains and4x2) domainst* The amount of each
domain is sensitive to the temperature and provides an ex-
planation of the large variations in the uniaxial anisotropy.
These results will be presented in a subsequent publication.
J . FMR measurements were also performed on 20Au/10Fe/
0 13.2Cu/28Fe/GaA400 in order to determine the interlayer
0 0.05 0.1 0.15 exchange coupling as well as the anisotropies. Normally a
(b) 1/Thickness (1/ML) 20Au/10Fe/Cu/GaA4.00 sample would have been prepared
in order to determine directly the interlayer exchange cou-
pling in trilayers. This, however, was not possible due to
____________________________________________________________________ difficulties associated with Cu growth on GaA80). The
3.0 b § coupling across the 13.2-ML Cu spacer was weésde be-

i low). It turns out that in this limit the in-plane anisotropies
are unaffected by the exchange coupling. The size of the
fourfold anisotropy of the 28-ML film,K;=3.1x10°
erg/cnt, was as expected from the single Fe layer studies of
Fig. 5. The uniaxial anisotropl{,=5.0x 10° erg/cnf, how-
ever, did not follow the expected trend. The 28 ML was
found to be much smaller than expected and was found to
have its easy axis-3° away from thg 100] direction; this is
nearly 45° flipped from what is expected from the single film
studies.

; The 10-ML film grown on C(100 had a fourfold anisot-
i ropy K,=1.7x 10° erg/cn?, which is 66% of the value ob-
0 0.05 0.1 0.15 tained for Fe films on A(GLO0) substrate$! The uniaxial
© 1/Thickness (1/ML) in-plane anisotropy ,= 1.0x 10* erg/cn?, had an easy axis
roughly +20° away from[100]. The presence of a uniaxial
in-plane anisotropy in the Au/Fe/C100) indicates some de-
gree of atomic step ordering in the top Fe fifnAs can be
FIG. 5. Thickness dependence of the magnetocrystaline€€n from the FMR measurement shown in Fig. 6, the easy

anisotropies for 20Cr/10Cu/XFe/Ga@0), whereX is the thick- ~ axes are inequivalent, giving rise to a hard-easy and easy-
ness of the Fe layer expressed in monolajét ). The thickness is  €asy axis differing in field by 10 Oe.

given in multilayer format, where the value in front of each element ~ Without knowing the perpendicular anisotropy field con-
is the number of atomic layers. The solid lines are fitgdpthe  tribution to the 47M ¢ for the 10-ML sample, the resonant
fourfold in-plane anisotropy(b) the effective demagnetizing factor, fields alone were not sufficient to measure the exchange cou-
and(c) the uniaxial in-plane anisotropy. pling. However, the relative intensities of the resonance
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FIG. 6. The resonant FMR fields for 20Au/10Fe/13.2Cu/28Fe/
GaAg100). The films are weakly coupled, therefore one may at-
tribute the high-field resonance predominantly to the thin film and
the low-field resonance to the thick film. The angles are plotted with
respect to thé100] direction. The curves are fits to the data using
the Landau-Lifshitz equation. Note that the sample has an easy-easy
axis at 0° and a hard-easy axis at 90°.

)

peaks could be used to fit the exchange coupling and the
perpendicular anisotropy field of the 10-ML Fe film by com-
parison to calculation: The fit in Fig. 7a) indicated that
the coupling was ferromagnetic with a coupling strength of
+0.005 erg/crhand the effective demagnetizing field for the
10-ML Fe was 4rMg4=14.55kG which is within 10% of
the value expected for Au/Fe/CiD0) interfaces!
Magnetoresistance and longitudinal MOKE measure-
ments of 20Au/10Fe/Cu/28Fe/GaAS0 were performed
along the easy axes in order to study the low-field behavior

Dervative of Absorption (arb. units)

of the magnetization. These studies were performed on pat- b) Field (kOe)
terned films in order to simultaneously measure Kerr effect
and magnetoresistance. The patterning was achievéd by FIG. 7. FMR along the easy axis for 20Au/10Fe/13.2Cu/28Fe/

etching through a Mo mask, allowing four-probe measure-GaAg100). A value of J.4(0)=-+0.005 erg/criwas obtained from
ments over a region 0>51.2 mm. The inequivalence be- the fit of the two peaks iffia), and is compared to the curde), the
tween the easy axes observed in FMR was also present in tisignal expected for the couplingy(0)=—0.012 erg/crf obtained
MOKE data. The MOKE measurements from 9- and 11-ML by fitting the magnetoresistance using only bilinear and biquadratic
Samp|es showed very Simp|e sing|e ]ump hysteresis |oop§’oupling. Dots are experiment; solid lines are calculations.
indicating that the exchange coupling was ferromagnetic.

The hysteresis from the 13.2-ML sample had a muchhe easy-easy axis in an antiparallel configuration. This is the
more interesting magnetization curve. Interpretation of thdowest energy for the system. As expected, such a plateau
MOKE data was obscured by the presence of relatively larggvas not observed during magnetization reversal along the
hysteresis, as seen in the magnetization loops of Fa@. B easy-easy axis. The observation of a weak inequivalence in
order that the field dependence of magnetization follow theeasy axes using the Kerr effect is a demonstration that the
minimum energy, a gradually increasing and decreasing aanisotropy measurements which were taken at high fields in
in-plane magnetic field was applied perpendicular to the dé&-MR are applicable to the low-field MOKE measurements.
field between successive increments of the dc field. The ac Trilayers with a 13.2-ML Cu spacer exhibited respectable
field had an amplitude of roughly 100 Oe at a driving fre- GMR ratios. This was also surprising, given the FMR data,
quency of 300 Hz. The fact that the hysteresis is removed isince the existence of GMR requires the angle between the
Fig. 8(b) proves that the magnetization follows the minimum magnetizations to vary with field, something which does not
energy for each given value of applied dc field. The magnenormally occur for ferromagnetic coupling. The size of the
tization curve from a sample with a 13.2-ML Cu spacermagnetoresistanc®%=[R(H=0)—R(Hsa) [/R(Hsy) was
shows two well defined jumps between zero applied field andound to be 2.0% at room temperature and 5.5% at 4 K. The
saturation. These are labelety andH, in Fig. 8b). Most  magnetoresistance had a one-to-one correspondence with the
surprising is the fact that the shape of the magnetizatiofKerr effect data. For room-temperature measurements with
curves are characteristic of antiferromagnetic coupling, evethe current parallel to both the applied field and the hard-
though coupling measured by FMR was ferromagnetic. ~ easy axis, the GMR showed a 0.11% drop in resistance

When the sample was magnetized along the hard-easshown in Fig. &). This corresponded to the zero-field pla-
axis, the MOKE signal in zero applied field dropped to ateau observed in MOKE. In zero applied field the magneti-
plateau corresponding to the magnetization jumping 90° taation lies along the easy-easy axis, perpendicular to the cur-
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"""""""""""""""""""""""""""""""""""""""""""""" rent, giving rise to a decrease in resistance through
anisotropic magnetoresistance. This was verified by measur-
ing the difference between the resistance with the saturation
field parallel to the currer®R;, and perpendicular to the cur-
rent R, . At room temperature,R;=25.91Q and R,
=25.83(, which results in an anisotropic magnetoresis-
tance(AMR) ratio of (Rj— R, )/Rgayerage= 0.3% in agreement
with the value previously reported for Fe/G4A80).2° The
fact that the AMR at saturation was larger than the zero-field
drop in resistance indicated that in the ground state the mag-
netization was distributed between the two easy axes. This
indicated that there was some inhomogeneity in the uniaxial
anisotropy, however, the uniaxial anisotropy amounts to only
a few percent of the total anisotropy and should therefore
play a small role in the behavior of the magnetization for
150 -100 -50 0 50 100 150 nonzero applied fields.

Field (Oe) As compared to Co/Cu and Cr/Fe systems, the 5.5%
@ GMR is relatively small. However, the GMR is not expected
to be large, due to a mismatch between the electronic band
structures of Cu and F8.Sputtered (15-A Fe/15-A Qg
multilayers grown on $%100) have a 2.6% GMR at room
temperaturé! which is comparable to our results. Our GMR
in Fe/Cu/Fe/GaA4d00) is relatively large if one considers
that multilayers may have an enhanced magnetoresistance
due to a reduction of diffuse scattering at the outer surfaces.

Theoretically, for a 10-A nonmagnetic spacer, a multilayer

T T GMR can expect a fivefold enhancement over trilayers.

MOKE Intensity (arb. units)

Furthermore, the Fe/Cu multilayers do have a stronger tem-
perature dependence: the magnetoresistance increases five-
fold as the temperature is dropped to 4 K, compared to a
H, 2.8-fold increase in Fe/Cu/Fe/GaA§0).

MOKE Intensity (arb. units)

IV. DISCUSSION

150 -100  -50 0 50 100 150 Quantitative analysis of the exchange coupling present in
the MOKE and GMR data was made by comparison to
minimum-energy calculations using the theory in Ref. 29.
L : The values for the magnetocrystalline anisotropies used in
e - the calculation were those obtained by FMR measurements.
[ VT H2 The interlayer exchange energy as a function of the afgle
f i between the magnetization of the two films, was initially
109 + ,’ \ assumed to be of the form
v S i
,i/ \ Eexeri= — J1 C0SH+J, cog 6. (2)

(b) Field (Oe)

The total effective coupling in the magnetic torque is thus
108 |

Rs (Q/ Square)

1 Je(0)=J3,—2J, cosé. 3

f
J bt The bilinear couplingl; and biquadratic couplindg, were
used as fitting parameters. MOKE data are known to be dif-
10.7 - ’ ’ : ficult to interpret quantitatively, especially for noncollinear
-150 -100 -50 0 50 100 150 configurations of the magnetic momertsSince the magne-
© Field (Oe) toresistance is expected to have a simplé(@®) angular
dependence, the GMR data were compared to the calcula-

FIG. 8. (2) The MOKE hysteresis loops for 20Au/10Fe/13.2Cu/ ions. J1=—0.0166 and),=0.0022 erg/crwere able to fit
28Fe/GaALL00). (b) shows the MOKE magnetization curve for the the critical fieldsH, andH, as shown by the dashed line in
same sample with the hysteresis removed by a transverse ac fielig. Aa. ) . ) ] ] ]

The applied dc magnetic field is in both the plane of the sample and Calculations predict that the thick film will deviate no
the plane of incidence. The sheet resistance as a function of fielfnore than 3° from the applied field direction when the total
was recorded simultaneously and is presente@)ifior the current ~ magnetic moment of the 10-ML filmM,;, and the moment
parallel to the applied field. of the 28-ML film Mc, are noncollinear. Once the field is
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respectively. As a result the anisotropy will play an impor-
tant role in the behavior of the magnetization reversal and
insures that the magnetic moments do not deviate far from
the easy axes. It is the magnetocrystalline anisotropies which
are responsible for the discontinuous jump$atandH,.

There were two sources of discrepancy between the data
and a model assuming bilinear and biquadratic exchange.
The first was a disagreement between measured and calcu-
lated angles betweeMy,, and M. Calculations showed
that the net effect al;, J, and the anisotropies caus@d,
to jump 86° with respect to the applied field at the critical
0 20 40 60 80 100 field H,. M made a small rotation such that the angle
between the magnetizations was 88°. This was in contrast to
the GMR data in Fig. 9 which indicated that ldt, Min
jumped to make an anglé=98° with respect toM ek -

The second cause for concern was the fact that the total
coupling at saturatiod.4(0)=J;—2J,=—0.012 erg/crh was
antiferromagnetic, opposite to the FMR measurements. The
expected FMR signal fromJg4(0)=—0.012 erg/crf is
shown to be in disagreement with experiment in Fig).7
These two points of disaccord casted doubt on a purely bi-
linear and biquadratic description of the interlayer exchange.

Higher-order couplingd; was introduced in Eq(2) in
attempt to reconcile the disagreements:

1-cosz(e/2)

(a) Field (Oe)

—_

1-cosz(e/2)

Weight
( Arb. Units)

o

0.84 1.4
J3 (10° erglem® )

o ] ‘ | .
Eoyop= —J; cOSO+ J, cog 6—J; cos 6. 5
0 20 40 60 80 100 exch ! 2 3 ®

(b) Field (Oe)

The total effective coupling thus becomes

FIG. 9. Fits of the GMR data are used to measure the interlayer Jeil(6) = 31— 23, COSO+ 335 ¢0S' 6. 6)

exchange coupling(@ The solid line is the fit using bilinear and A fit of the GMR data is shown in Fig.(8) with exchange
bicubic exchange couplingBL+BC) J,=-0.0277,J,=0, and coupling constants J;=—0.0277, J,=0.0, and J,
J3=O.Ql erg/crﬁ. The dgshed line is the fit using purely bilinear —0.0104 erg/cr?'l The first point to note is that both the
zin(;i Og’z'gu;d;zgz (g;)u,f\lmw%iathJer ng\)/éril: ;fO'cO;Sgataerc]id éZMR positions of the critical field$1; andH, and the angle be-
cur\./es Withgcoupling strengt?lbﬁ —0.027% erg/crhand J; rang- t""e‘?.” the magneti_zations were able to b.e explained by the
ing from 0.0084—-0.0140 erg/émThe inset represents thse relative e.lddltlon Of‘.J3 coupling. Second, at saturation the total (.affec'
weights given to each coupling strength. tive coupling Jeg (0)=J,—2J,+3J3=+0.0035 erg/crh is .
positive, in accord with the FMR data. The total effective
' . . . coupling Je(6) does become negative for 158<160°,
lowered to the fieldHy, Mthmj_umps ov:_ar a hard aX|_s, and is however, ite is interesting to note that the total effective cou-
temporally caught by the anisotropy in a noncollinear con-jing for antiparallel orientations of the magnetic moments is
figuration. When the field has fallen below a critical value again positive, Jo(180°)=J,+2J,+ 3J;= +0.0035 erg/
Hi, the magnetization of the 10-ML film jumps over the oy This is a surprising result considering that the ground
second hard axis into an antiparallel configuration. The anglgate is in an antiparallel configuration. Such a situation has
between th_e magnetizations in the noncollinear regime Wagyot peen observed yet in any system, and requires further
however, higher than that expected from the calculation. gejinerations. To fully understand the magnetization rever-
It is worth noting the importance of the magnetocrystal—saL minimum-energy calculations must be performed. By
line anisotropies in the magnetization reversal. The CUbi‘?ninimizing only the exchange energy with respect to the
anisotropy is comparable to the total effective exchange COUsngled, using the coupling constants shown above, one sees
pling found here. An estimate of the effective exchange fieldy 5t the net effect od; andJs would be to holdM,,;, at an
may be obtained b)_/ takir_lg the limit of small-angle rotation angle 160° with respect td . In order to determine the
from a parallel configuration, angular dependence of the magnetic moments as a function
applied field, the anisotropies must also be considered. As
@) the field is lowered to the critical fielt,, M, jumps in
' the direction of the minimum of the exchange eneigy.is
only weakly dependent on the in-plane anisotropy of the thin
whered, anddg are the thickness of the magnetic layers andfilm. Calculations show that even without anisotropy a jump
Mg is the saturation magnetization. From the values of coueccurs atH, with an angle of¢=115°. The presence of a
pling obtained from GMR,H,=1200e. This is smaller fourfold anisotropy reduces this angle to 98°. With further
than both the effective fields from the cubic anisotropies:decreasing field My, rotates in the direction of the ex-
2K,/M¢=200 and 370 Oe for the 10- and 28-ML films, change energy minimum. However, the presence of the mag-

H 3123, 1+ 1
&7 Mg \da dg
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netocrystalline hard axis at 145° provides a barrier over It is interesting to compare the results with trilayers
which My,;, must jump in order to reach 160°. It turns out grown on other substrates. The exchange coupling of Fe/
that the magnetocrystalline anisotropy is strong enough sucBu/Fe was also measured for samples grown of18g.%!

that My, jumps not to 160°, but rather to an antiparallel In these samples only long-wavelength coupling was ob-
configuration with the magnetic moments collinear with theserved. The existence of short-wavelength oscillations in ex-
applled magnetic field and the easy crystalline axis. Thi%hange Coup”ng through a GLOO) spacer was present in the
happens despite the fact that for small-angle rotations, thgjquadratic exchange coupling, which was increasing with
exchange coupling in this configuration is ferromagnetic.ncreasing size of atomic terraces in agreement with Slonc-
The effective exchange field felt for small angle rotation,qwski's modef? The smoothness of Cu samples prepared

from an antiparallel configuration is given by on Ag substrates were noticeably better than for Cu grown
on Fe/GaA&l00) as indicated by RHEED patterns and

_J11+2J,+3Js (iJr i) (77  RHEED intensity oscillations. This was evident in the mea-

ex Mg dy dg/’ sured values of the bilinear and biquadratic exchange cou-

pling. In the same thickness range as the trilayers grown on
For the coupling measured by GMR.,=20 Oe, which is  GaAs, the bilinear coupling was roughly an order of magni-
far less than the effective fields due to the cubic anisotropiegide larger in the case of Fe/Cu/FefAg0). This difference
of either Fe film. Therefore at zero field the magnetocrystalis explained by interface roughness sidgds an algebraical
line anisotropy will dominate and create an antiparallelaverage of positive and negative bilinear exchange coupling
alignment of the magnetic moments. from local variations in the spacer thickneds, which cre-

The discrepancy between the coupling strengths measureges a tendency to orient the magnetic moments perpendicu-
by GMR and FMR may be explained by considering inho-|arly, originates from magnetic frustrations due to lateral
mogeneity in the sample. The fact that the jumps in magneyariations in positive and negative coupling between Fe lay-
toresistance shown in Fig. 9 are not perfectly sharp is indicagrs. The absence of biquadratic coupling in Fe/Cu/Fe/
tive of inhomogeneity. By varying the anisotropies andGaAg100) is consistent with Slonczewski's model sindg
coupling constants input into the calculation of the GMR decreases quadratically with the Fe/Cu interface roughness
curves, the width of the jumps in magnetoresistance wagsee Equatiori2.17) in Ref. 21].
seen to be due to inhomogenealyscoupling. A weighted The origin of the bicubic interlayer exchange coupling is
average of calculated GMR curves with coupling strengthsn question. The positive value df creates a tendency for
ranging fromJ;=0.0084—0.0140 erg/chris present in Fig. parallel coupling. Given the negative signdf, it is reason-
9(b). Note that the broadening of the jump in resistance ahple to expect that there is also a residual ferromagnetic bias
the critical fieldH, is larger than that &l , and is accurately in the next higher-order term in an angular dependent expan-
described by the calculation. This could not be modeled b%ion of the exchange Coup"ng_ The presencéﬁh Fe/Cu/
an inhomogeneous bilinear coupling for which calculationsre/ag100 samples was difficult to detect since the size of
show broadens both the critical flelHﬁ ande. Variations ‘]l and ‘J2 were Considerab|y |arger than was the case for
in the fourfold anisotropy were also unable to describe thgrjlayers grown in GaA&00). In fact the significantly re-
broadening of the switching fields. Since the fourfold anisot-qyced values o, andJ, observed for trilayers grown on

ropy of the thin filmA affected little the critical fieldd, an  GaAs enabled the observation of the bicubic tekm
inhomogeneous distribution of its value would produce a

sharp jump at a fieltH, and therefore would not account for
the broadening present in the data. The uniaxial anisotropy
was small, and variations in its value resulted in only small
changes in the switching fields. The bicubic coupling was the
only single parameter whose variations could accurately A procedure has been presented to prepare Fe surfaces on
model the data. The distribution in the bicubic coupling fur-GaAg100), yielding a template for growing high quality
thermore brings FMR and GMR into more quantitative structures for magnetoresistance studies. By removing As
agreement. The distribution in bicubic coupling shows thafrom the Fe surface, lower step density surfaces could be
the total effective exchange coupling measured by FMR isachieved. XPS suggests that there may be 0.2—0.3 ML of Ga
within the range of values ofl4(0)=(0.0035-0.0012) diffusion into the Fe as a result of cascade mixing from sput-
erg/cnt determined from GMR. Differences in values mea-tering. The magnetic anisotropies of the Fe thin films have
sured by these two techniques is due to the fact that FMB®een found to be composed of a surface and a bulk contri-
measures over an areax3 mm determined by the sample bution. The bulk terms were equal to the values of bulk Fe.
size of the film, whereas GMR measures over an area deteEpitaxial Cu in Fe/Cu/Fe trilayers could only be prepared by
mined by the patterning, 0»561.2 mm. cooling during the copper growth. Broad RHEED features
Interestingly, the coupling in our samples is ferromagneticshow that the Cu layer is rougher than was observed for the
for small-angle rotations. The change in the sign of the couroom-temperature growth of Cu layers on Fe(2@0). The
pling implied that as the external field was lowered fromtrilayers were measured by FMR, which is a high-field tech-
saturation, large-angle fluctuations of the magnetization weraique, and by MOKE and GMR which are low-field tech-
needed to bring the thin film away from parallel alignmentniques. The good agreements between the results obtained
with the thick film, into a lower energy state. This was ac-from each method indicates that the high-field measurements
complished through the application of the transverse fieldf anisotropies are applicable to the analysis of magnetiza-
described previously. tion and magnetoresistance curves. For exchange coupled

V. CONCLUSION
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Fe/13.2Cu/Fe/GaA%00, a 2.0% room-temperature GMR sine of the angle between the magnetic moments, bicubic
ratio was observed, which is comparable to Fe/Cu multilay-exchange, has been proposed to explain the field dependence
ers prepared by sputtering. This represents a significardf the GMR. Further studies are required to determine
GMR if the factor of enhancement due to multilayer struc-whether the origin of bicubic interlayer exchange is intrinsic
tures is expected to be fivefold. The anisotropic magnetoreer extrinsic. In the case of Fe/Cu/Fe on GaAs, the bicubic
sistance was found to be 0.3% in these samples. exchange coupling is comparable in strength to the bilinear
The coupling as measured by ferromagnetic resonanceoupling which leads to an unexpected experimental result.
and giant magnetoresistance could not be explained simpl@MR and MOKE shows noncollinear coupling in low mag-
by bilinear and biquadratic exchange alone. A phenomenaoretic fields, and FMR shows ferromagnetic coupling where
logical coupling parameter that varies as the cube of the caneasurements are performed at fields well above saturation.
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