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Modification of initial growth and magnetism in FeÕCu„100…
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The influence of the deposition rate upon the initial growth morphology and magnetism of ultrathin Fe films
on the Cu~100! surface has been studied with low-energy electron diffraction, reflection high-energy electron
diffraction, surface magneto-optical Kerr effect~SMOKE!, and spin-polarized low-energy electron microscopy
~SPLEEM!. Dramatic changes in the first diffraction intensity oscillation during growth at room temperature
indicate that simultaneous growth of the first and second atomic layers is converted to more perfect layer-by-
layer growth when the deposition rate is reduced below 0.5 ML/min. SPLEEM and SMOKE demonstrate the
sensitivity of magnetism in Fe/Cu~100! to details of interface formation during the initial growth in this range
of deposition rates. Kinetic and thermodynamic mechanisms that relate to place exchange at the interface are
discussed as the source of the observed growth and magnetic behavior.

DOI: 10.1103/PhysRevB.65.024409 PACS number~s!: 75.70.Ak, 68.35.Fx, 68.37.Nq, 68.55.Jk
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I. INTRODUCTION

Face-centered-cubic~fcc! Fe is one of the most interestin
systems for studying the origin of magnetism due to the p
sibility of diverse magnetic phases it may manifest. Bulk
at room temperature has body-centered-cubic~bcc! structure
and is ferromagnetic. fcc-phase bulk Fe exists only ab
1184 K. As this temperature is excessively high for magne
ordering, it was impossible to study the magnetic proper
of fcc Fe. Nonetheless, the close match between the la
constants of fcc Fe and Cu has led to the idea of stabiliz
fcc Fe at low temperature as epitaxial thin films grown
Cu~100!.1,2 The fcc Fe/Cu~100! system has since the
continuously attracted great interest in the investigation
magnetism.

While it was generally recognized that up to;11 ML fcc
Fe film can be stabilized on Cu~100!, early experiments
showed seemingly ‘‘contradictory’’ results on the magne
phases of fcc Fe films.3,4 This contradiction was later re
solved to have come from the different growth condition
low-temperature growth of an fcc Fe film on Cu~100! results
in the ferromagnetic~FM! phase alone, while the room
temperature-grown Fe film exhibits the following rich ma
netic phases. Below 5 ML, the Fe film is FM. Between 5 a
11 ML, the Fe film is antiferromagnetic~AFM! except that
the top two layers at the vacuum interface are ferromagne
These two ferromagnetic layers are often refereed to
‘‘magnetic live layers’’ and their magnetic moment in ze
magnetic field is oriented perpendicular to the fi
surface.5–7 Besides, characteristic surface reconstructio
found associated with these different magnetic phases8 sug-
gest that magnetism in this system is strongly correlated w
its structural properties. Detailed structural analysis us
low-energy electron diffraction~LEED! shows that the FM
phase is associated with the tetragonally distorted fa
centered-cubic~fct! structure resulting from expansion of th
fcc lattice in the normal direction of the film, while the AFM
phase is associated with the fcc structure.9 Lattice distortion
~both in- and out-of-plane! was also found to have a critica
0163-1829/2001/65~2!/024409~11!/$20.00 65 0244
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effect on the magnetic anisotropy of this system.10

These rich properties indicate that fcc Fe on Cu~100! may
just be at a magnetic instability point. In fact, great effort h
been made in theoretical calculations to explore the vari
possible magnetic phases of fcc Fe before the experime
realization of epitaxial fcc Fe films. Band structure calcu
tions showed that fcc Fe has multiple magnetic phase
contrast with bcc Fe.11 For r WS ~Wigner-Seitz radius! be-
tween 2.3 and 2.8 a.u., the total energy for bcc Fe has o
one minimum, corresponding to a ferromagnetic state.
the other hand, the total energy for fcc Fe has two minim
corresponding to low-spin~LS! and high-spin~HS! states,
respectively. The instability point between the LS and H
states occurs atr WS52.66 a.u. As the Wigner-Seitz radius
2.652 a.u. for fcc Fe and 2.667 a.u. for Cu, it seems plaus
to attribute the different magnetic phases to different str
tural phases. Total energy calculations have indeed c
firmed the existence of both the FM and AFM phases
Fe/Cu~100! under various conditions.12–14 However, due to
the small energy difference between different phases
also the limitation of theoretical computations in taking in
account realistic complications such as film roughness or
terlayer mixing, it is difficult to predict exactly which mag
netic phase will be favored over the others at critical poin
Despite these reservations, current theory has advance
deal with both Fe and Cu as a whole in the Fe/Cu~100!
system with first-principles total energy calculation. For e
ample, different spin configurations have been propo
within the AFM phase in the 5–11 ML Fe thickness range15

Parallel to theab initio calculation that usually deals with
zero-temperature properties, spin dynamics based on
nomenological models are also considered to explain the
usual properties of the Fe/Cu~100! system, especially the
AFM phase.16

Although there have been many successful developme
the magnetic phases and their origins in Fe/Cu~100! still re-
main a controversial and active field in thin-film magnetis
research. A particularly important question is have we d
covered all possible magnetic phases of fcc Fe? If not, w
©2001 The American Physical Society09-1



ew
t h
en
n

d
he

t
Fe

n-
e

nd
f

lly
nd

an
fo

ar
e

r
ru
ur
n

w
s
ull
s

th
n-

ha
as
e
o
e
ha
rd

di
at
te
if
to

ec
su

e
la

e
as
or
wth

Cu
nd

y
ros-

lly
ed
M
ous
the

IS
sub-
st
the
ace
r is
he

t
ag-
ange
is

lm
of

lly
a

ck-
and,

sig-

ial

We
t is,
n,
ly,
ge
on
ure-
ria-
ust
n

r
ce

he
ith
sig-

MAN, LING, PAIK, POPPA, ALTMAN, AND QIU PHYSICAL REVIEW B 65 024409
different conditions do we need to manifest those n
phases? To answer these questions, experimental effor
been made to synthesize fcc Fe thin films under differ
conditions. This includes the growth of FeNi alloy o
Cu~100!,17 the growth of fcc Fe on~100! substrates with
lattice parameter larger or smaller than that of Cu,18–20 and
the growth of fcc Fe on FM substrates such as Ni~100! and
Co~100!,21,22etc. A number of new features were discovere
For instance, magnetic live layers exist in Fe films in t
thickness range 5–11 ML grown on Co~100! and Ni~100!
substrates, but are located at both the surface and
interface.23,24 The magnitude of the magnetic moment of
is also different from that of Fe grown on Cu~100!.25

The growth of Fe/Cu~100! has also been a source of co
siderable controversy. First of all, it was noted that F
Cu~100! does not meet the necessary thermodynamic co
tion for layer-by-layer growth.26 That is, the change o
surface energy,Ds5sFe1sCu-Fe2sCu1se , should be
negative if a continuous film is to be thermodynamica
stable, wheresCu andsFe are the surface energies of Cu a
Fe, respectively,sCu-Fe is the interface energy, andse is the
elastic strain energy in the film, which is positive and
increasing function of thickness. In fact, the strain energy
fcc Fe on Cu~100! is expected to be small.27 The condition
that best describes the Fe/Cu~100! system,Ds>0, favors the
formation of three-dimensional islands directly on the b
substrate~Volmer-Weber growth!. Estimates of the surfac
and interface energies indicate thatsFe.sCu-Fe1sCu.26,28

Given this energetic relationship, the system may prefe
adopt a Cu/Fe/Cu sandwich structure. The sandwich st
ture has indeed been observed for room-temperat
deposited films, but only after application of a special a
nealing treatment following growth.28 Intermixing and
segregation are particularly severe at all stages of gro
above about 400 K.29–33 The fact that continuous Fe film
can be grown routinely at room temperature that are not f
terminated with Cu is a clear indication of kinetic limitation
during growth. However, the kinetics of the initial grow
during the formation of the Fe/Cu interface is not well u
derstood.

One aspect of the growth at room temperature that
been hotly debated is the initial growth morphology. It w
argued on the basis of breakpoints in Auger electron sp
troscopy~AES! that growth proceeds from the outset mon
atomic layer by layer.1,34–37However, the breakpoints wer
associated with the completion of atomic bilayers rather t
monolayers by considering AES together with Rutherfo
backscattering ~RBS! measurements.31 Complex initial
growth at room temperature is also indicated by unusual
fraction intensity oscillations. In particular, the point
which the first continuous atomic monolayer is comple
has been brought into question by the form of the first d
fraction intensity oscillation, which is most often reported
be strongly suppressed or absent,5,27,33,38–41although a full
oscillation has also been observed.6 Although a robust dif-
fraction oscillation peak corresponding to near-perf
completion of the second monolayer is always seen, the
sequent third oscillation is sometimes regular, sometim
not, or in between. It is widely agreed that regular oscil
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tions with 1 ML periodicity return with the completion of th
fourth layer. The diffraction intensity oscillation behavior h
been alternatively interpreted in terms of bilayer growth
agglomeration of three-dimensional islands. These gro
models are consistent with angular distributions in AES~Ref.
32! and x-ray photoelectron spectroscopy~XPS!.29 CO-
titration experiments confirm the persistence of exposed
beyond 1 ML Fe coverage that is implicit in the bilayer a
agglomeration models.29

The complexity of the initial growth was confirmed b
real-space measurements with scanning tunneling mic
copy ~STM!,42–47 low-energy ion scattering~LEIS!, and im-
pact collision ion-scattering spectroscopy~ICISS!.48,49 Al-
though distinct monolayer height islands were seen initia
with STM, the onset of growth in the second layer occurr
well before completion of the first layer. Quantitative ST
measurements of layer populations during simultane
growth of the first and second layers have accounted for
attenuation of the first diffraction oscillation.44,45 Clear evi-
dence of intermixing was also found with STM and LE
where deposited Fe atoms become incorporated into the
strate initially by exchanging with Cu atoms in the topmo
layer. Heterogeneous nucleation of Cu and Fe islands at
Fe inclusions was also observed with STM. These real-sp
measurements also confirm that growth of the third laye
initiated on a nearly complete two-layer film, despite t
complexity of interface formation.

The initial growth morphology should be of significan
interest because interface quality is known to influence m
netic properties, such as giant magnetoresistance, exch
coupling, and surface anisotropy. In particular, intermixing
a common problem that is confronted in magnetic thin-fi
growth. However, no systematic investigation of the effect
the initial growth on the magnetic properties of therma
evaporated Fe/Cu~100! films has been carried out, since
similar trend of the Fe phases as a function of Fe film thi
ness has been observed in previous work. On the other h
deposition of Fe/Cu~100! by laser ablation, which gives a
high instantaneous deposition rate, was found to have a
nificant impact upon the initial growth and magnetism.50 The
aim of the present work is to systematically vary the init
growth of thermally evaporated Fe/Cu~100! films and to de-
termine whether this has any impact upon magnetism.
concentrate on the opposite extreme of laser ablation: tha
very low deposition rates extending below 0.5 ML/mi
which have seldom been used in prior work. Alternative
variation of the deposition temperature within a small ran
of room temperature is expected to have a similar effect
the growth. Thus, the deposition rate dependent meas
ments described here also effectively describe small va
tions of the room-temperature deposition condition that m
occur from laboratory to laboratory. LEED and reflectio
high-energy diffraction~RHEED! were used here to monito
growth, and Fe film magnetism was probed with surfa
magneto-optical Kerr effect~SMOKE! and spin-polarized
low-energy electron microscopy~SPLEEM!. We report that
the initial growth morphology is strongly dependent upon t
deposition rate and different initial growth is correlated w
differences in magnetic properties, such as the SMOKE
9-2
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MODIFICATION OF INITIAL GROWTH AND . . . PHYSICAL REVIEW B 65 024409
nal, coercivity, and Curie temperature of the live layer pha

II. EXPERIMENTAL DETAILS

The experiments were performed on two differe
Cu~100! crystals using three experimental apparatuses.
LEED and SPLEEM experiments were carried out on
same crystal in two separate instruments, and the RHE
and SMOKE measurements were carried out together in
same instrument on the second crystal.

A. RHEED and SMOKE

The experiments were performed on a Cu~100! substrate
in an ultrahigh-vacuum system at UC Berkeley equipp
with quadrupole mass spectrometer, LEED, RHEED, AE
and SMOKE. The base pressure of the system wa
310211Torr and remained below 2310210Torr during
sample growth. The Cu~100! substrate was electropolished
air and cleaned in vacuum with cycles of Ar ion sputtering
;2 keV and annealing at;600 °C until a sharp (131)
LEED pattern was obtained. Surface cleanliness was che
by AES.

Fe was evaporated from an alumina crucible wrapp
with tungsten filament while the Cu substrate was kep
room temperature. The evaporation rate was monitored
quartz oscillator located at the sample position and was
calibrated by RHEED oscillations. The typical low Fe evap
ration rate was 0.017–0.06 ML/min and the high Fe eva
ration rate was 0.33–0.83 ML/min. Fe growth was monitor
by RHEED oscillations for low and high growth rates.

To study the effect of the different initial growth on th
properties of the subsequent films, we prepared the follow
sample on Cu~100! to avoid effects of substrate inhomog
neity and discrepancies in growth conditions. First we eva
rated 2 ML of Fe at a low rate~;0.06 ML/min! as a seed
layer on half of the substrate. Then an Fe wedge of 0–12
was grown at a high rate~;0.6 ML/min! on the entire
Cu~100! substrate. In this way, we have two identical hig
rate-grown Fe wedges on each half of the Cu~100! substrate:
one with a 2 MLlow-rate-grown Fe seed layer and the oth
not ~Fig. 1!. A study of these two wedges will thus single o
the effect of the initial growth due to different evaporatio
rates.

FIG. 1. Schematic of sample for SMOKE measurements. A s
layer of 2 ML Fe was grown at low rate~;0.06 ML/min! on half of
the Cu~100! crystal followed by a uniform Fe wedge of 0–12 M
perpendicular to the@011# direction grown at high rate~;0.6 ML/
min!. The Cu substrate was kept at room temperature du
growth.
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The magnetic properties of the Fe films were studied byin
situ SMOKE measurements in the temperature range
100–300 K. The sample was placed in the gap of two pa
of electromagnets which can apply magnetic field either p
pendicular or parallel to the sample surface. A linearly pol
ized He-Ne laser was used as the light source. The inten
of the reflected beam from the sample surface was meas
with a photodiode as a function of the applied magnetic fie
A 1/4 waveplate and a polarizer were placed in front of t
photodiode, with the polarizer 1° away from the extinctio
Hysteresis loops obtained by this SMOKE apparatus can
found in our earlier papers.22

B. LEED and SPLEEM

The LEED and SPLEEM experiments were performed
the same Cu crystal, but in two separate UHV systems
cated at the Hong Kong University of Science and Techn
ogy and the Lawrence Berkeley National Laboratory, resp
tively. The surface of the Cu sample was oriented paralle
the ~100! plane to within 0.1°. It was cleaned by repeat
cycles of Ar ion sputtering at 0.5 kV, and annealing to 875
This procedure yielded a well-ordered surface with large
races separated by monatomic height steps and that gave
to sharp, instrumentally limited LEED spots with low
background.51 Sample cleanliness was checked prior to ea
experiment with AES. Sample temperature was monitored
a W-3%Re/W-25%Re thermocouple attached to the side
the sample. Furthermore, a type-N thermocouple was
tached to the sample holder in close proximity to the sam
in the SPLEEM. The type-N thermocouple has better lo
temperature thermovoltage characteristics than the W
thermocouple and was used as calibration during exp
ments below room temperature. Fe was deposited from a
that was electron beam heated in the LEED and resistiv
heated in the SPLEEM experiments. The pressure rose to
mid-10210Torr range during deposition from a base press
of about 1 – 2310210Torr.

The LEED measurements were performed in a conv
tional low-energy electron microscope~LEEM!. The LEEM
was operated under conditions that give an illuminated a
on the sample of 6mm and LEED transfer width52 of about
65 nm. The contrast, resolution, and operation principle
the LEEM and SPLEEM have been describ
previously.51,53–56 The conventional LEEM diffraction and
phase contrast mechanisms are augmented by magnetic
trast when a spin-polarized electron beam is used to illu
nate the surface. Magnetic sensitivity of SPLEEM is bas
upon spin-dependent exchange scattering. The excha
asymmetry is defined as

Aex5~1/P!~ I 12I 2!/~ I 11I 2!, ~1!

whereI 1 andI 2 represent the reflected intensities for opp
sitely polarized incident beams, called spin-up and sp
down, andP is the degree of incident beam polarizatio
Subtraction of spin-up and spin-down images in the nume
tor eliminates nonmagnetic diffraction and topographical i
age features that are found in conventional LEEM imag
and leaves features that originate exclusively in the mag
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MAN, LING, PAIK, POPPA, ALTMAN, AND QIU PHYSICAL REVIEW B 65 024409
tism of the sample. Division by the spin-up and spin-do
image sum yields an asymmetry image in which intensi
are proportional to the incident beam spin polarization a
the component of the local magnetization vector that
along the incident beam polarization direction. The SPLEE
used in the present investigations is a compact flange
instrument57 equipped with a spin manipulator58 and sample
cooling.59 The spin manipulator can be used to adjust
azimuthal and polar angles of the incident beam spin dir
tion fully relative to its propagation direction. This allow
complete characterization of the sample magnetization di
tion in the in- and out-of-plane directions and tilted dire
tions in between.

An important part of this work was the development o
new approach to monitor film thickness and magnetism
multaneously with SPLEEM.51 This approach exploits the
fact that LEEM imaging of crystalline surfaces is fundame
tally based upon diffraction. In particular, the sum of t
spin-up and spin-down images that is found in the deno
nator of the exchange asymmetry@Eq. ~1!# contains only
diffraction information and no magnetic information. Th
well-known diffraction intensity oscillations that accompa
periodic nucleation, growth, and completion of layers a
obtained simply by integrating the intensity in the sum i
age. By monitoring diffraction intensity oscillations and th
evolution of the exchange asymmetry simultaneously, c
tinuously, and in the identical sample area during grow
with SPLEEM, the film thickness and magnetism can be c
related with great precision.

III. RESULTS

A. Growth

The dependence of Fe/Cu~100! growth upon deposition
rate was studied by LEED spot profile and RHEED intens
measurements. LEED line scans were recorded continuo
during growth in the@010# and @011# and equivalent direc-
tions for the~00! and ~10!-equivalent diffraction spots. The
measurements were performed at 24 eV and normal i
dence. The LEED spot peak intensity was determined
fitting the profiles with a Gaussian function without deco
volution of the instrumental function. The results of the
measurements are shown in Fig. 2 for the range of depos
rate from 0.056 to 2.0 ML/min. The deposition rates we
determined from the oscillations corresponding to the fou
layer onward. The peak intensity plots in Fig. 2~b! are nor-
malized to the same initial intensity.

The diffraction intensity oscillation that should corr
spond to the completion of the first atomic layer was stron
suppressed during growth at 0.5 ML/min and higher. Ve
strong oscillations are also observed near the completio
the second and third atomic layers, which are followed b
fourth and subsequent oscillations with diminished am
tude. Except for the form of the third oscillation, for whic
there is no general consensus, this reproduces the result
have been observed several times previously by var
other diffraction techniques for rates in the same range.
resumption of regular oscillations at 4 ML has been attr
uted to the structural transition from the fct to the f
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phase.5,6 However, we also find that the first diffraction os
cillation appears and is enhanced systematically as the ra
reduced below 0.5 ML/min. It should be noted that the fi
oscillation peak occurs before the equivalent of 1 ML of
has been deposited, but shifts gradually in the direction
the 1 ML position as the deposition rate is reduced, with
apparent power law dependence upon rate. These trend
observed in both the~00! and ~10! beams. The ratio of the
peak intensities at the first oscillation position~or extrapo-
lated position in the case of the highest deposition rate!, I 1 ,
and the fourth position,I 4 , are shown in Fig. 2~a!. The solid
lines through the data points are power-law fits. Howev
the physical significance of the power-law dependences
the first oscillation peak is unclear.

RHEED intensity measurements during Fe film growth
room temperature are shown in Fig. 3 for evaporation ra
of 0.52, 0.065, and 0.025 ML/min, respectively. At 0.52 M
min, the RHEED intensity exhibits irregular oscillations fo
the first three monolayers and resumes regular oscillation
the fourth monolayer, related to the fct-to-fcc transition.
the evaporation rate is lowered, this transition does
change, but the RHEED intensities of the first three pea
especially the first one, change dramatically. The ratio of

FIG. 2. ~a! Amplitude of the first LEED intensity oscillationI 1 ,
normalized to the fourth oscillation intensityI 4 , vs deposition rate
for the ~00! ~s! and ~10! ~h! spots. The RHEED results forI 1 /I 4

are also indicated~j!. The solid lines through the data points a
power-law fits: I 1 /I 45A rate2n, where A50.42 and 0.26 and
n50.46 and 0.35 for the~10! and ~00! spots, respectively.~b! Os-
cillations of the~10! diffraction spot peak intensity at 24 eV durin
growth of Fe/Cu~100! at various deposition rates at 300 K. Th
rates~ML/min! are indicated on the right-hand side.
9-4
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MODIFICATION OF INITIAL GROWTH AND . . . PHYSICAL REVIEW B 65 024409
intensity of the first peak to that of the fourth peak var
with the deposition rate, as indicated in Fig. 2~a!, in very
good agreement with changes observed with LEED.
should be mentioned that the peak intensities in RHE
oscillations depend on the incident angle of the elect
beam. We kept the same incident angle~with the error less
than one degree! for all RHEED oscillation measurements s
that the first peak intensity variation in Fig. 3 is not due
the incident angle variation.

The dramatic changes of the LEED and RHEED intens
oscillations that occur when the rate is reduced below
ML/min have not been reported before. In fact, deposit
rates below 0.5 ML/min have seldom been used to gr
Fe/Cu~100!, and there certainly has not been any system
study of the rate dependence of the growth. Although so
details of the diffraction oscillations are expected to dif
between measurements made by different techniques, ou
dependent LEED and RHEED results are consistent be
0.5 ML/min and also agree qualitatively with earlier wo
using RHEED, medium energy electron diffraction~MEED!,
and helium atom scattering~HAS! for rates above 0.5 ML/
min. Therefore, the change that is seen below 0.5 ML/min
not an artifact of using very low- or high-energy electron
The following can be said in consideration of the possi
action of C or O contaminants in our experiments. The b
pressure all through our RHEED experiments was below
310210Torr. H2, CO2, CO, and CH4 were the main compo
nents of the residual gas and each had a partial pres
,10211Torr, which amounted to,0.01 Langmuir~L!/ML
in all our growth conditions. While CH4 has a negligible
adsorption coefficient in this system,60 CO drastically affects
the growth of Fe on Cu~100!.5,27 As little as 0.08 L/ML of
CO extends the fcc region to more than 30 ML as intersti
incorporation of C, promoted by the presence of O, expa
the Fe lattice and stabilizes the fcc phase. However, CO d
not have a significant effect on the first monolayer grow

FIG. 3. RHEED intensity oscillations for Fe grown on Cu~100!
at room temperature at various deposition rates. For compar
the intensities are normalized to have equal intensity for the fo
oscillation.
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and C or O induces ac(232) surface reconstruction whic
was not observed after the growth in our experiments.
have also found that the initial growth was not altered
coadsorbed oxygen at pressures up to 1.031029 Torr in
LEED experiments, although a strong oxygen-inducedc(2
32) diffraction pattern was observed under these conditio
Similar tests on the influence of H adsorption were not ma
Although H adsorption during growth does influence ma
netic properties,61 no impact upon the initial diffraction in-
tensity oscillations was reported. Therefore, the dram
change of the first RHEED and LEED intensity oscillatio
is unlikely to be caused by C, O, or H contamination, b
rather we attribute it directly to an intrinsic dependence
the initial growth processes upon the deposition rate.

B. Magnetism

We then proceed to investigate the effect of deposit
rate on the magnetic properties of Fe films by perform
SPLEEM measurements on films grown entirely at a fix
deposition rate. Magnetic imaging was performed w
SPLEEM continuously during growth at various rates bel
0.5 ML/min, where significant changes in the initial grow
were observed with LEED and RHEED. An example of t
evolution of magnetic domain structure during growth

FIG. 4. SPLEEM magnetic difference images showing evolut
of out-of-plane magnetic domains during growth of Fe/Cu~100! at
300 K and deposition rate of 0.080 ML/min:~a! 2.13 ML, ~b! 2.20
ML, ~c! 2.33 ML, ~d! 2.87 ML, ~e! 3.13 ML, ~f! 3.29 ML, ~g! 3.60
ML, and ~h! 3.83 ML. Image contrast variations between imag
have not been altered. The imaging energy is 1.8 eV.
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MAN, LING, PAIK, POPPA, ALTMAN, AND QIU PHYSICAL REVIEW B 65 024409
shown in Fig. 4. This figure depicts the out-of-plane comp
nent of magnetization. No in-plane component was detec
Key observations were the absence of magnetism unti
onset in the form of magnetic stripe domains slightly afte
ML had been deposited, coarsening of magnetic domains
til a steady configuration was reached, and breakup of m
netic domains into a continuously smaller domain configu
tion until the complete disappearance of magnetism. T
onsetuo , breakupub , and completionuc coverages were
noted accurately and are discussed further below. The va
tion of exchange asymmetry@see Eq.~1!# determined from
SPLEEM magnetic contrast is shown in Fig. 5. The e
change asymmetry was found to increase sharply initi
and then more slowly until reaching a plateau slightly abo
3 ML, followed by a sharp decrease to zero. The point t
the exchange asymmetry begins to decrease correlates
the breakup of magnetic domains, atub , which is observed
visually. For example, a very small ‘‘bright’’ domain appea
in the left-hand side of Fig. 4~f! at a coverage slightly large
thanub , which is absent in the images Figs. 4~d! and 4~e! at
lower coverage.

Under certain conditions, the exchange asymmetry@Eq.
~1!# may be taken to be linearly proportional to th
magnetization.51 Assuming this to be the case for F
Cu~100!, these observations reproduce the generally
cepted behavior of this system, which is the onset of fer
magnetism with out-of-plane easy axis at room tempera
at a film thickness of about 2 ML and transition to a liv
layer phase with Curie temperature below room tempera

FIG. 5. ~a! Exchange asymmetry@Eq. ~1!# vs film thickness
determined fromin situ SPLEEM magnetic images during Fe
Cu~100! growth at 0.080 ML/min and 300 K~see Fig. 4!. The
vertical lines indicate the onset of magnetism (uo), break up of
magnetic domains (ub), and complete disappearance of magneti
(uc) determined by inspection of images.~b! Dependence ofuo

~l!, ub ~j!, anduc ~d! upon the deposition rate determined fro
SPLEEM images during growth of Fe/Cu~100! at 300 K.
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at higher thickness. Below 2 ML, the Curie temperature
the film is also below room temperature.62 The variation of
the exchange asymmetry with increasing thickness tha
determined with SPLEEM~Ref. 51! also resembles the
change of the magnetic remanence that is observed with
SMOKE ~see Refs. 5, 6, 9, and 61 and results presen
below!. However, the transitions distinguished by the ons
breakup, and completion coverages were found to dep
slightly, yet systematically, upon the deposition rate~Fig. 5!.
Specifically, the reduction of the deposition rate cause
delay of the transition to the live layer phase, defined byub
anduc in Fig. 5, while the onset of ferromagnetism at roo
temperature is largely unaffected. The error bars in this
ure represent twice the incremental coverage deposited
tween acquisitions of successive images.

The Curie temperature of the live layer was also det
mined with SPLEEM. Immediately after deposition of 5
ML Fe, as determined by diffraction intensity oscillation
during growth, the sample was cooled well below the Cu
temperature. This gave rise to well-defined out-of-pla
magnetic domains~Fig. 6!. Then the sample was warmed u
slowly until the magnetic contrast disappeared. The sam
temperature was then cycled slowly and within an incre
ingly smaller range until magnetic domains appeared
disappeared nearly reversibly at a temperature that was t
to be the Curie temperature. As shown in Fig. 7, the Cu
temperature is generally suppressed for films grown at lo
rates.

The SPLEEM measurements described above probe
influence of deposition rate of magnetism at all stages
growth. In order to focus more explicitly on the relationsh
between the initial growth and magnetism, thickne
dependent SMOKE measurements were performed at 10
along the two adjacent Fe wedges with and without a 2 ML
Fe seed layer grown at low rate~see Fig. 1!. For both
wedges, the magnetization was perpendicular to the sam
surface so that only polar hysteresis loops are reported
~see Fig. 8!. It should be noted that although the wedge slo
is well defined, there exists a systematic thickness error
to the registration of the wedge. From the SMOKE las
beam size~;0.3 mm! and the slope of the wedge~;2–3
ML/mm!, we estimate the systematic thickness error is

FIG. 6. SPLEEM image of the out-of-plane magnetic doma
configuration for the live layer at 5.5 ML film thickness atT
5240 K. The film was prepared at 300 K at a rate of 0.20 ML/m
The imaging energy is 1.8 eV.
9-6
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tween21 and 1 ML: i.e., the curves in Figs. 8 and 9 cou
shift in thinner or thicker directions by up to 1 ML due to th
systematic error. Since the SPLEEM measurement was d
on a nonwedge sample whose thickness is determined
LEEM intensity oscillations, any thickness discrepancy b
tween SMOKE and SPLEEM results should be attributed
the wedge registration error in the SMOKE sample.

Magnetic remanence and coercivity of the Fe films w
measured along the two Fe wedges. The results are show
Figs. 8 and 9 as a function of Fe film thickness. The gen
thickness dependences of the magnetic properties of the
samples are very similar and agree with the literature
molecular-beam-epitaxy-~MBE-! grown Fe films deposited
at room temperature.6 The magnetic remanence increas
with thickness for Fe films thinner than 4 ML, indicating th
formation of the fct FM phase. The remanence drops t
much lower value at;4 ML of Fe and remains at the low
value with weak oscillations in the 5–11 ML range. This
the fcc phase of AFM Fe plus a 2 ML FMsurface layer.5 The
fct-fcc transition is accompanied by a cusp in the coerc
field.

Despite the overall similarity of the magnetic phases
the two wedges, there are noticeable differences due to
initial deposition rate. First, the SMOKE remanence with t
2 ML Fe seed layer grown at a low rate is;30% lower than
without the seed layer. Although the Kerr signal is prop

FIG. 7. Dependence of live layer Curie temperature upon
deposition rate determined by SPLEEM~s! and SMOKE~d!. For
the SMOKE data, the rate refers to films with low-growth-rate se
layer ~0.055 ML/min! or without ~0.55 ML/min!. The total film
thickness for SPLEEM data is 5.5 ML and for SMOKE data is
ML.

FIG. 8. SMOKE remanence (MR) along the Fe wedges with
~s! and without~d! the 2 ML low-rate-grown seed layer.
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tional to the magnetization, the proportionality coefficie
depends on the optical properties of the film. On the ot
hand, in situ RHEED and LEED results indicate the gre
similarity of the Fe films with and without the seed laye
Therefore, it is unlikely that the 30% SMOKE signal diffe
ence is caused entirely by differences of the optical prop
ties that might be effected by the initial deposition rate. T
30% reduction of the SMOKE signal suggests, instead,
the magnetization of the Fe film is reduced by the low init
growth rate. Second, the coercivity of the SMOKE loop w
the seed layer is much smaller than that without the s
layer.

To ensure that the observed difference is inherent to
samples and not due to inhomogeneity of the substrate
did SMOKE measurements near the border between the
Fe wedges. Because there is a 2 MLthickness change acros
the border, we choose the live layer region~10 and 8 ML for
the wedges with and without the 2 ML seed layer, resp
tively! where there is no significant change of remanence
coercivity along each wedge. Figure 10 shows SMOK
loops at different positions across the border. We see cle
the transition from one wedge to the other. Hysteresis lo
with consistent saturation fields and coercivity change s
denly as the SMOKE laser beam crosses the border. In

FIG. 9. The coercive fieldHC measured using SMOKE alon
the Fe wedges with a 2 ML low-rate-grown seed layer present~s!
and with no 2 ML low-rate-grown seed layer present~d!.

FIG. 10. Polar hysteresis loops at constant Fe wedge thick
of 8 ML along the substrate crossing the boundary of the t
samples with~top! and without~bottom! the low-rate-grown seed
layer.
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ticular, the hysteresis loop becomes a superposition of
loops with different coercivities at the border due to the fin
laser beam size~;0.3 mm at half maximum intensity!. This
result gives unequivocal proof that the difference in the m
netic coercivity in the two Fe wedges is not an artifact fro
substrate inhomogeneity, but is intrinsic to the initial grow
rate.

The last difference we observed was the Curie temp
ture of the surface live layer. Motivated by the observation
the reduced magnetic remanence from low-rate ini
growth, we performed temperature dependence meas
ments of the hysteresis loops for 7 ML Fe~total thickness!
with and without the seed layer. If the seed layer reduces
magnetization of the Fe film, then a lower Curie temperat
would be expected. SMOKE loops at various temperatu
are shown in Fig. 11. Once again, we find a remarkable
ference in the Curie temperature of the two films. While t
film of 7 ML Fe grown at high rate has a Curie temperatu
of ;260 K, the film with 5 ML Fe grown at high rate on to
of 2 ML seed layer with low rate~total thickness 7 ML! has
a lower Curie temperature of;220 K. The SMOKE results
are plotted in Fig. 7 with respect to the rates that the ini
two layers were grown. These results are in close agreem
with the correlation of the Curie temperature versus dep
tion rate observed with SPLEEM.

IV. DISCUSSION

The initial growth morphology of Fe/Cu~100! at room
temperature has been clearly shown by diffraction inten
oscillations to depend upon the deposition rate. This p
nomenon is qualitatively similar to the dependence up
deposition temperature that was noted previously.39 The
strong suppression of the first diffraction oscillation that w
observed here and previously5,27,33,38–41during growth at
room temperature with high deposition rates has alre
been accounted for by quantitative measurements of la

FIG. 11. Easy axis hysteresis loops at various temperatures
7 ML Fe film grown with ~left! and without~right! the low-rate-
grown seed layer. The magnetic remanence disappears on
sample with seed layer at a lower temperature than on the
without, indicating a lower Curie temperature due to the seed la
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populations during simultaneous growth of the first and s
ond layers with STM.44,45 We also find that the diffraction
spots are broadened near the completion of nominally 1
at high rates. This is consistent with the high surface de
density detected with LEIS~Ref. 48! and HAS and the shor
step separation seen with HAS~Ref. 41! at this stage of
growth. The emergence and systematic enhancement o
first diffraction oscillation that occurs when the depositi
rate is lowered signals that the first atomic monolayer gro
more completely before significant nucleation and growth
the second layer.

The change of the initial growth morphology should be
significant interest because of the known relationship
tween interface quality and magnetic properties. Howev
the reasons for this change, and therefore the microsc
differences, if any, between interfaces formed at low a
high deposition rates are unclear. Of course, suppressio
premature growth in the second layer at lower deposition
must mean that step-down motion from the second to
first growing layer is enhanced relative to nucleation in t
second layer. This is understandable in a simple view
cause the nucleation rate should scale with the adatom
centration, which is generally diminished at lower depositi
rate. Besides the arrival rate, the presence of a step e
diffusion barrier that inhibits step-down motion can influen
the adatom concentration in the second layer, as well as m
phological factors such as island shape and size. Tha
step-down motion from small or irregular-shaped islands w
be enhanced because of the greater number of times th
atom encounters a step, i.e., higher attempt frequency. A
edge diffusion barrier between the second and first layers
been invoked to explain changes of the initial growth m
phology for Co/Cu~100! that occur upon reduction of th
deposition rate that are similar to those reported here
Fe/Cu~100!.63 Near-perfect completion of the second lay
prior to growth in the third layer, seen for Co/Cu~100! as
well as for Fe/Cu~100! at all deposition rates, was ascribed
the absence of a barrier to motion at homogeneous s
between the third and second layers. A step edge barrier
very well be present at the heterogeneous step between
second and first layers. However, this alone cannot exp
the change of initial growth morphology that is observ
upon reduction of the deposition rate. The reason is t
growth at a lower rate occurs closer to equilibrium than
high rates. This means that the growth morphology m
embody thermodynamics more so at lower deposition ra
not less. As mentioned above, three-dimensional isl
growth or possibly an inverted Cu/Fe layer, not a compl
Fe wetting monolayer, can be expected in consideration
surface and interface energetics.

An additional effect that could contribute to the change
the initial growth morphology may be that the number
attempts per unit time for step-down motion from the seco
to the first layer increases when the deposition rate is
duced. This could happen if the number of times that an a
diffusing in the second layer encounters a step is increa
due to a higher island density or more irregular-isla
shapes, i.e., higher step density. However, the island nu
ation rate conventionally decreases when the deposition
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is reduced or, equivalently, when the temperature is
creased. Unconventionally, heterogeneous nucleation at
where Fe has exchanged places with Cu in the topmost
strate layer provides a mechanism for the first-layer isla
density to increase anomalously at lower deposition r
This is analogous to the increase of the island density
was found with increasing temperature for growth of Ni
Ag~111!; simulations and rate equation analyses were use
demonstrate that place-exchange-mediated nucleation ca
sult in an ‘‘inverted’’ dependence of the nucleation rate
temperature.64 According to Ref. 64, the usual island dens
scaling held at low temperature, while the onset of pla
exchange at higher temperature caused an anomalou
crease of the island density. At intermediate temperature
distinct minimum of the island density was found at t
crossover between conventional and place-exchan
mediated nucleation regimes. Presumably, place excha
can cause the same anomalous increase of the island de
when the deposition rate is reduced at fixed temperat
which is the situation that describes our experiments on
Cu~100!. Furthermore, place-exchange-mediated nuclea
behavior may be even more pronounced for growth
fcc~100! surfaces where an exchange diffusion channe
available that does not exist on the~111! surface. There is
already ample evidence of intermixing during the init
growth of Fe/Cu~100! and heterogeneous nucleation at
inclusion sites.29,42,43,48,49Place exchange and heterogeneo
nucleation in the Co/Cu~100! system have also bee
observed.63,65

The prevalence for place exchange and heterogen
nucleation during the initial growth of Fe/Cu~100! also sug-
gests another mechanism for the observed growth beha
To start with, Cu atoms that are released by place excha
with Fe at the outset of growth form islands in the first gro
ing layer, and the edges of these Cu islands are then d
rated with Fe during subsequent deposition.42,43 This is seen
also for Co/Cu~100! growth.63 Second-layer nucleation prio
to completion of the first layer has also been clearly see
be heterogeneous to some extent for Fe/Cu~100!.42,43 There-
fore, suppression of second-layer nucleation at a low de
sition rate may be a signal that the Fe content of the fi
layer is diminished. In other words, at low deposition rate,
exchanges more completely with Cu during the growth of
first layer. The driving force for this is the favorable energ
ics of Fe embedded in the topmost substrate layer rather
resting on top of it and of the inverted Fe/Cu layer config
ration. First-principles calculations have shown that an
verted Fe/Cu layer is energetically favored over a comple
wetting Fe monolayer.66 Taken to the opposite extreme of
very high deposition rate, one could expect that the pl
exchange process would be suppressed because Fe
nucleation occurs on a much faster time scale. Such exp
ments have been carried out already using laser ablatio50

Interestingly, the first diffraction intensity oscillation an
layer-by-layer growth were seen very clearly in these exp
ments. The first oscillation was even more pronounced t
observed here at the lowest deposition rates. Furtherm
the magnetic properties of films grown by laser ablation w
quite distinct from those of films grown by thermal evapo
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tion at rates discussed in this paper. It would therefore
worthwhile to check if the Cu content of the first layer d
pends upon the deposition rate in a manner suggested b
growth behavior presented here.

Magnetic transitions that occur during growth of F
Cu~100! at room temperature were found to depend sub
upon the deposition rate in the range 0.07–0.49 ML/m
where significant changes of the initial growth morpholo
occur. Possible reasons for this subtle change, including
terface mixing, surface roughness, and contamination ari
from Cu segregation or H adsorption, have be
considered.51 In particular, H adsorption is known to dela
the fct-fcc structural transformation that drives the formati
of the live layer.61 For this reason, adsorption of residual H
which is expected to be more pronounced at a lower dep
tion rate, is considered to be a possible reason for the tr
of ub and uc shown in Fig. 5. A recent STM work67 in the
2–4 ML thickness range with 1 ML/min deposition rate r
veals that the ferromagnetic phase is associated with zig
bcc-like stripes and that the conversion of the bcc-like str
to fcc structure occurs at the fct-to-fcc transition. This res
implies that the strain relaxation at the fct-to-fcc transiti
needs to be aided by magnetic energy. It also sugges
likely reason why both the magnetization and fct-to-fcc tra
sition are modified by the deposition rate in our work. The
fore, it would be really interesting to see the STM results
the future for a low deposition rate.

The impact of the initial growth upon magnetism w
found to be more significant in SMOKE measurements
magnetic remanence, coercivity, and live layer Curie te
perature. The Curie temperature is first of all associated w
the strength of the coupling constants between spins. On
other hand, the disparity in the Curie temperature and m
netic remanence for wedges with and without a 2 ML seed
layer grown at a low rate suggests that these phenom
originate in a difference of the intrinsic value of the magn
tization of the two films. SPLEEM measurements also rev
that the live layer Curie temperature is suppressed w
growth is carried out at lower deposition rate. It is tempti
to attribute this trend in SPLEEM investigations also to
adsorption, although there has been no prior report of s
an effect. However, despite the different approaches to
preparation employed, the agreement between SPLEEM
SMOKE results shown in Fig. 7 suggests that the deposi
rate during the initial growth is a key factor that determin
the live layer Curie temperature.

Finally, due to the clear impact of the initial growth upo
the live layer magnetism, we wish to remark on the oscil
tions in the magnetic remanence in the 5–11 ML thickn
range that are seen in Fig. 8. These oscillations origin
from an AFM phase of the Fe film below the surface li
layer.6 It is interesting to note that the oscillation periodici
is ;2.6 ML of Fe instead of 2 ML, showing that AFM Fe ha
a nontrivial spin configuration as in ordinary antiferroma
netism. This result is consistent with Ref. 6. Although ma
spin configurations have been proposed theoretically in
AFM phase of fcc Fe,15 the individual configuration always
gives an integral number of monolayers in the oscillati
periodicity in magnetization. As there is very little energ
9-9
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difference between the different spin configurations,
speculate that the observed 2.6 ML oscillation periodic
may be a result of the coexistence of these many spin c
figurations or a result of nontrivial spin density waves. No
integral oscillation periodicity exists in other phenome
such as the oscillatory magnetic interlayer coupling wh
the formation of quantum well states generates the osc
tory coupling.68 However, quantum well states usually do n
significantly modify the magnitude of magnetization. The
fore, it is unlikely that the oscillation in the magnetic rem
nence is due to the quantum well states. A final answer to
2.6 ML oscillation periodicity requires further detailed stud
both experimentally and theoretically.

V. CONCLUSION

In conclusion, the initial growth of Fe on Cu~100! by
thermal evaporation depends strongly on the deposition r
Simultaneous growth of the first and second atomic layer
converted to more perfect layer-by-layer growth when
deposition rate is reduced below 0.5 ML/min. A simple k
netic model in which step-down motion is enhanced at low
deposition rates, i.e., closer to equilibrium, is ruled out b
cause a complete wetting Fe monolayer is thermodyna
cally unstable relative to three-dimensional clustering or
lis
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inverted Cu/Fe configuration. Instead, kinetic and thermo
namic mechanisms that relate to Fe-Cu place exchange a
interface are discussed as the source of the observed gr
behavior. Further experiments are needed to verify the p
posed mechanisms. The choice of deposition rate during
initial growth is also found to have a substantial impact up
the magnetic properties of Fe films. Interface formation
lower deposition rates induces the reduction of magnetic
manence, coercivity, and live layer Curie temperature. Th
results demonstrate the sensitivity of magnetism in
Cu~100! to details of interface formation during the initia
growth. This effect must be taken into account in a disc
sion of the magnetic properties of Fe/Cu~100!, especially
with regard to the magnetism of the live layer phase a
antiferromagnetism of the underlying layers which rema
unresolved.
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