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Modification of initial growth and magnetism in Fe/Cu(100)
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The influence of the deposition rate upon the initial growth morphology and magnetism of ultrathin Fe films
on the Cy100 surface has been studied with low-energy electron diffraction, reflection high-energy electron
diffraction, surface magneto-optical Kerr effd®8MOKE), 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/Cl00) 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.
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[. INTRODUCTION effect on the magnetic anisotropy of this systém.
These rich properties indicate that fcc Fe on(1D0) may

Face-centered-cubifcc) Fe is one of the most interesting just be at a magnetic instability point. In fact, great effort has
systems for studying the origin of magnetism due to the posbeen made in theoretical calculations to explore the various
sibility of diverse magnetic phases it may manifest. Bulk Fepossible magnetic phases of fcc Fe before the experimental
at room temperature has body-centered-ciibec) structure  realization of epitaxial fcc Fe films. Band structure calcula-
and is ferromagnetic. fcc-phase bulk Fe exists only abovéions showed that fcc Fe has multiple magnetic phases in
1184 K. As this temperature is excessively high for magneticontrast with bcc F& For ryg (Wigner-Seitz radius be-
ordering, it was impossible to study the magnetic propertie$ween 2.3 and 2.8 a.u., the total energy for bcc Fe has only
of fcc Fe. Nonetheless, the close match between the latticene minimum, corresponding to a ferromagnetic state. On
constants of fcc Fe and Cu has led to the idea of stabilizinghe other hand, the total energy for fcc Fe has two minima,
fcc Fe at low temperature as epitaxial thin films grown oncorresponding to low-spifLS) and high-spin(HS) states,
Cu(100.1? The fcc Fe/C(l00) system has since then respectively. The instability point between the LS and HS
continuously attracted great interest in the investigation oftates occurs atys=2.66 a.u. As the Wigner-Seitz radius is
magnetism. 2.652 a.u. for fcc Fe and 2.667 a.u. for Cu, it seems plausible

While it was generally recognized that uptdll ML fcc  to attribute the different magnetic phases to different struc-
Fe film can be stabilized on CL0O), early experiments tural phases. Total energy calculations have indeed con-
showed seemingly “contradictory” results on the magneticfirmed the existence of both the FM and AFM phases in
phases of fcc Fe film$? This contradiction was later re- Fe/Cy100) under various condition$* However, due to
solved to have come from the different growth conditions:the small energy difference between different phases and
low-temperature growth of an fcc Fe film on @00) results  also the limitation of theoretical computations in taking into
in the ferromagnetidFM) phase alone, while the room- account realistic complications such as film roughness or in-
temperature-grown Fe film exhibits the following rich mag- terlayer mixing, it is difficult to predict exactly which mag-
netic phases. Below 5 ML, the Fe film is FM. Between 5 andnetic phase will be favored over the others at critical points.
11 ML, the Fe film is antiferromagneti®AFM) except that Despite these reservations, current theory has advanced to
the top two layers at the vacuum interface are ferromagnetideal with both Fe and Cu as a whole in the FeADO)
These two ferromagnetic layers are often refereed to asystem with first-principles total energy calculation. For ex-
“magnetic live layers” and their magnetic moment in zero ample, different spin configurations have been proposed
magnetic field is oriented perpendicular to the film within the AFM phase in the 5-11 ML Fe thickness rafge.
surface>™’ Besides, characteristic surface reconstructiondarallel to theab initio calculation that usually deals with
found associated with these different magnetic paseg-  zero-temperature properties, spin dynamics based on phe-
gest that magnetism in this system is strongly correlated withomenological models are also considered to explain the un-
its structural properties. Detailed structural analysis usingisual properties of the Fe/CilD0) system, especially the
low-energy electron diffractiofLEED) shows that the FM AFM phase'®
phase is associated with the tetragonally distorted face- Although there have been many successful developments,
centered-cubicfct) structure resulting from expansion of the the magnetic phases and their origins in FEADO) still re-
fcc lattice in the normal direction of the film, while the AFM main a controversial and active field in thin-film magnetism
phase is associated with the fcc structUteattice distortion  research. A particularly important question is have we dis-
(both in- and out-of-planewas also found to have a critical covered all possible magnetic phases of fcc Fe? If not, what
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different conditions do we need to manifest those newtons with 1 ML periodicity return with the completion of the
phases? To answer these questions, experimental effort hémurth layer. The diffraction intensity oscillation behavior has
been made to synthesize fcc Fe thin films under differenbeen alternatively interpreted in terms of bilayer growth or
conditions. This includes the growth of FeNi alloy on agglomeration of three-dimensional islands. These growth
Cu(100,'" the growth of fcc Fe on100) substrates with models are consistent with angular distributions in ARSf.
lattice parameter larger or smaller than that of'€if°and  32) and x-ray photoelectron spectroscog¥PS).?° CO-

the growth of fcc Fe on FM substrates such aglB0) and titration experiments confirm the persistence of exposed Cu
Co(100,2**2etc. A number of new features were discovered.beyond 1 ML Fe coverage that is implicit in the bilayer and
For instance, magnetic live layers exist in Fe films in theagglomeration modefs.

thickness range 5-11 ML grown on @0 and N{(100 The complexity of the initial growth was confirmed by
substrates, but are located at both the surface and theal-space measurements with scanning tunneling micros-
interface?2* The magnitude of the magnetic moment of Fe copy (STM),*2~%" low-energy ion scattering_EIS), and im-

is also different from that of Fe grown on (100).%° pact collision ion-scattering spectroscofiISS).*84° Al-

The growth of Fe/C(1L00) has also been a source of con- though distinct monolayer height islands were seen initially
siderable controversy. First of all, it was noted that Fe/with STM, the onset of growth in the second layer occurred
Cu(100 does not meet the necessary thermodynamic condinell before completion of the first layer. Quantitative STM
tion for layer-by-layer growtf® That is, the change of measurements of layer populations during simultaneous
surface energy,Ac=oget ocyrs 0cut 0e, Should be growth of the first and second layers have accounted for the
negative if a continuous film is to be thermodynamically attenuation of the first diffraction oscillatiéi:*® Clear evi-
stable, whererc, and o are the surface energies of Cu and dence of intermixing was also found with STM and LEIS
Fe, respectivelygc,.r.is the interface energy, ang, is the  where deposited Fe atoms become incorporated into the sub-
elastic strain energy in the film, which is positive and anstrate initially by exchanging with Cu atoms in the topmost
increasing function of thickness. In fact, the strain energy follayer. Heterogeneous nucleation of Cu and Fe islands at the
fcc Fe on C@100) is expected to be smdil.The condition  Fe inclusions was also observed with STM. These real-space
that best describes the Fe{CQ0) systemAo=0, favors the measurements also confirm that growth of the third layer is
formation of three-dimensional islands directly on the barenitiated on a nearly complete two-layer film, despite the
substrate(Volmer-Weber growth Estimates of the surface complexity of interface formation.
and interface energies indicate thats> ocy.ret ocy. 222 The initial growth morphology should be of significant
Given this energetic relationship, the system may prefer tinterest because interface quality is known to influence mag-
adopt a Cu/Fe/Cu sandwich structure. The sandwich struaietic properties, such as giant magnetoresistance, exchange
ture has indeed been observed for room-temperaturesoupling, and surface anisotropy. In particular, intermixing is
deposited films, but only after application of a special an-a common problem that is confronted in magnetic thin-film
nealing treatment following growt. Intermixing and growth. However, no systematic investigation of the effect of
segregation are particularly severe at all stages of growtthe initial growth on the magnetic properties of thermally
above about 400 R%~33The fact that continuous Fe films evaporated Fe/GLO0) films has been carried out, since a
can be grown routinely at room temperature that are not fullysimilar trend of the Fe phases as a function of Fe film thick-
terminated with Cu is a clear indication of kinetic limitations ness has been observed in previous work. On the other hand,
during growth. However, the kinetics of the initial growth deposition of Fe/C{100 by laser ablation, which gives a
during the formation of the Fe/Cu interface is not well un- high instantaneous deposition rate, was found to have a sig-
derstood. nificant impact upon the initial growth and magnetishThe

One aspect of the growth at room temperature that haaim of the present work is to systematically vary the initial
been hotly debated is the initial growth morphology. It wasgrowth of thermally evaporated Fe/(®0) films and to de-
argued on the basis of breakpoints in Auger electron spedermine whether this has any impact upon magnetism. We
troscopy(AES) that growth proceeds from the outset mono-concentrate on the opposite extreme of laser ablation: that is,
atomic layer by layet:**~3"However, the breakpoints were very low deposition rates extending below 0.5 ML/min,
associated with the completion of atomic bilayers rather thanvhich have seldom been used in prior work. Alternatively,
monolayers by considering AES together with Rutherfordvariation of the deposition temperature within a small range
backscattering (RBS) measurements. Complex initial  of room temperature is expected to have a similar effect on
growth at room temperature is also indicated by unusual difthe growth. Thus, the deposition rate dependent measure-
fraction intensity oscillations. In particular, the point at ments described here also effectively describe small varia-
which the first continuous atomic monolayer is completedtions of the room-temperature deposition condition that must
has been brought into question by the form of the first dif-occur from laboratory to laboratory. LEED and reflection
fraction intensity oscillation, which is most often reported to high-energy diffractiofRHEED) were used here to monitor
be strongly suppressed or abseft?3*8-*!although a full growth, and Fe film magnetism was probed with surface
oscillation has also been obsenfedlthough a robust dif- magneto-optical Kerr effectSMOKE) and spin-polarized
fraction oscillation peak corresponding to near-perfectow-energy electron microscopgf8PLEEM. We report that
completion of the second monolayer is always seen, the sulthe initial growth morphology is strongly dependent upon the
sequent third oscillation is sometimes regular, sometimedeposition rate and different initial growth is correlated with
not, or in between. It is widely agreed that regular oscilla-differences in magnetic properties, such as the SMOKE sig-
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0-12 ML The magnetic properties of the Fe films were studiethby
Fe wedgg situ SMOKE measurements in the temperature range of
100-300 K. The sample was placed in the gap of two pairs
2 ML Fe of electromagnets which can apply magnetic field either per-
seed layer

pendicular or parallel to the sample surface. A linearly polar-
ized He-Ne laser was used as the light source. The intensity
Cu(100) of the reflected beam from the sample surface was measured
with a photodiode as a function of the applied magnetic field.
A 1/4 waveplate and a polarizer were placed in front of the
?)hotodiode, with the polarizer 1° away from the extinction.
Hysteresis loops obtained by this SMOKE apparatus can be
found in our earlier paper<.

FIG. 1. Schematic of sample for SMOKE measurements. A see
layer of 2 ML Fe was grown at low rate-0.06 ML/min) on half of
the CY100 crystal followed by a uniform Fe wedge of 0-12 ML
perpendicular to th€011] direction grown at high raté~0.6 ML/
min). The Cu substrate was kept at room temperature during
growth. B. LEED and SPLEEM

The LEED and SPLEEM experiments were performed on
nal, coercivity, and Curie temperature of the live layer phaseihe same Cu crystal, but in two separate UHV systems lo-
cated at the Hong Kong University of Science and Technol-
Il. EXPERIMENTAL DETAILS ogy and the Lawrence Berkeley National Laboratory, respec-
tively. The surface of the Cu sample was oriented parallel to
The experiments were performed on two differentthe (100) plane to within 0.1°. It was cleaned by repeated
Cu(100 crystals using three experimental apparatuses. Theycles of Ar ion sputtering at 0.5 kV, and annealing to 875 K.
LEED and SPLEEM experiments were carried out on theThis procedure yielded a well-ordered surface with large ter-

same crystal in two separate instruments, and the RHEERaces separated by monatomic height steps and that gave rise
and SMOKE measurements were carried out together in thgy sharp, instrumentally limited LEED spots with low

same instrument on the second crystal. background* Sample cleanliness was checked prior to each
experiment with AES. Sample temperature was monitored by
A. RHEED and SMOKE a W-3%Re/W-25%Re thermocouple attached to the side of

h . ; q b the sample. Furthermore, a type-N thermocouple was at-
. The expe_rlments were performed on a(fi0) su strqte ached to the sample holder in close proximity to the sample
in an ultrahigh-vacuum system at UC Berkeley equippeqy, ihe spEEM. The type-N thermocouple has better low-

with quadrupole mass spectrometer, LEED, RHEED, AESoherature thermovoltage characteristics than the W-Re
and SMOKE. The base pressure of t_hl% System Was fhermocouple and was used as calibration during experi-
<10 Torr and remained below 210" "Torr during  ments helow room temperature. Fe was deposited from a rod
sample growth. The QGO0 substrate was electropolished in a¢ \vas electron beam heated in the LEED and resistively
air and cleaned in vacuum with cycles of Ar ion sputtering atyeateq in the SPLEEM experiments. The pressure rose to the
~2 keV and annealing at-600°C until a sharp (X1)  1nig.10-1070rr range during deposition from a base pressure

LEED pattern was obtained. Surface cleanliness was checked -1yt 1-2¢<10~°Torr.

by AES. ) ) The LEED measurements were performed in a conven-

_Fe was evaporated from an alumina crucible wrappediona| jow-energy electron microscopeEEM). The LEEM
with tungsten filament while the Cu substrate was kept af 5q operated under conditions that give an illuminated area

room temperature. The evaporation rate was monitored by g 11 sample of Gm and LEED transfer widfi? of about
quartz oscillator located at the sample position and was alsgs nm The contrast, resolution, and operation principle of

calibrated by RHEED oscillations. The typical low Fe evapo-iho  |EEM  and SPLEEM have been described
ration rate was 0.017-0.06 ML/min and the high Fe evapo- reviousy?1%3-56 The conventional LEEM diffraction and

ration rate was 0.33-0.83 ML/min. Fe growth was monitoredynqe contrast mechanisms are augmented by magnetic con-
by RHEED oscillations for low .and h'g,h _QfOWth rates. trast when a spin-polarized electron beam is used to illumi-
To study the effect of the different initial growth on the 0 the syrface. Magnetic sensitivity of SPLEEM is based

properties of the subsequent films, we prepared the followingjpon spin-dependent exchange scattering. The exchange
sample on C(00) to avoid effects of substrate inhomoge- asymmetry is defined as

neity and discrepancies in growth conditions. First we evapo-
rated 2 ML of Fe at a low raté~0.06 ML/min) as a seed A= (LP)(1 . =1 )(1 . +1_), 1)
layer on half of the substrate. Then an Fe wedge of 0—12 ML

was grown at a high raté~0.6 ML/min) on the entire wherel, andl_ represent the reflected intensities for oppo-
Cu(100 substrate. In this way, we have two identical high- sitely polarized incident beams, called spin-up and spin-
rate-grown Fe wedges on each half of thg 1) substrate: down, andP is the degree of incident beam polarization.
one with a 2 MLlow-rate-grown Fe seed layer and the otherSubtraction of spin-up and spin-down images in the numera-
not (Fig. 1. A study of these two wedges will thus single out tor eliminates nonmagnetic diffraction and topographical im-
the effect of the initial growth due to different evaporation age features that are found in conventional LEEM images
rates. and leaves features that originate exclusively in the magne-
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tism of the sample. Division by the spin-up and spin-down
image sum yields an asymmetry image in which intensities
are proportional to the incident beam spin polarization and
the component of the local magnetization vector that lies
along the incident beam polarization direction. The SPLEEM
used in the present investigations is a compact flange-on
instrument’ equipped with a spin manipulaf§rand sample
cooling® The spin manipulator can be used to adjust the
azimuthal and polar angles of the incident beam spin direc-
tion fully relative to its propagation direction. This allows
complete characterization of the sample magnetization direc-
tion in the in- and out-of-plane directions and tilted direc-
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tions in between.

An important part of this work was the development of a
new approach to monitor film thickness and magnetism si-
multaneously with SPLEEM! This approach exploits the
fact that LEEM imaging of crystalline surfaces is fundamen-
tally based upon diffraction. In particular, the sum of the
spin-up and spin-down images that is found in the denomi-
nator of the exchange asymmetiigqg. (1)] contains only
diffraction information and no magnetic information. The
well-known diffraction intensity oscillations that accompany
periodic nucleation, growth, and completion of layers are
obtained simply by integrating the intensity in the sum im- w w — w
age. By monitoring diffraction intensity oscillations and the 0 1 2 3 4 5 8
evolution of the exchange asymmetry simultaneously, con- Thickness (ML)
tinuously, and in the identical sample area during growth
with SPLEEM, the film thickness and magnetism can be cor- FIG. 2. (a) Amplitude of the first LEED intensity oscillatioh
related with great precision. normalized to the fourth oscillation intensity, vs deposition rate
for the (00) (O) and(10) (O) spots. The RHEED results fdg /14
are also indicated®). The solid lines through the data points are
power-law fits: 1,/1,=Arate ", where A=0.42 and 0.26 and
n=0.46 and 0.35 for th€10) and (00) spots, respectivelyh) Os-

” cillations of the(10) diffraction spot peak intensity at 24 eV during
The depeqdence of Fe/Qu00) grqwth upon depo.smon. growth of Fe/C@100) at various deposition rates at 300 K. The
rate was studied by LEED spot profile and RHEED intensityyates(ML/min) are indicated on the right-hand side.

measurements. LEED line scans were recorded continuously
during growth in the[010] and [011] and equivalent direc- phase® However, we also find that the first diffraction os-
tions for the(00) and (10)-equivalent diffraction spots. The cillation appears and is enhanced systematically as the rate is
measurements were performed at 24 eV and normal incireduced below 0.5 ML/min. It should be noted that the first
dence. The LEED spot peak intensity was determined byscillation peak occurs before the equivalent of 1 ML of Fe
fitting the profiles with a Gaussian function without decon-has been deposited, but shifts gradually in the direction of
volution of the instrumental function. The results of thesethe 1 ML position as the deposition rate is reduced, with an
measurements are shown in Fig. 2 for the range of depositioapparent power law dependence upon rate. These trends are
rate from 0.056 to 2.0 ML/min. The deposition rates wereobserved in both thé00) and (10) beams. The ratio of the
determined from the oscillations corresponding to the fourttpeak intensities at the first oscillation positi¢or extrapo-
layer onward. The peak intensity plots in FighRare nor- lated position in the case of the highest deposition)raie
malized to the same initial intensity. and the fourth positiorl,,, are shown in Fig. @). The solid

The diffraction intensity oscillation that should corre- lines through the data points are power-law fits. However,
spond to the completion of the first atomic layer was stronglythe physical significance of the power-law dependences of
suppressed during growth at 0.5 ML/min and higher. Verythe first oscillation peak is unclear.
strong oscillations are also observed near the completion of RHEED intensity measurements during Fe film growth at
the second and third atomic layers, which are followed by aoom temperature are shown in Fig. 3 for evaporation rates
fourth and subsequent oscillations with diminished ampli-of 0.52, 0.065, and 0.025 ML/min, respectively. At 0.52 ML/
tude. Except for the form of the third oscillation, for which min, the RHEED intensity exhibits irregular oscillations for
there is no general consensus, this reproduces the results thiag first three monolayers and resumes regular oscillations at
have been observed several times previously by variouthe fourth monolayer, related to the fct-to-fcc transition. As
other diffraction techniques for rates in the same range. Théhe evaporation rate is lowered, this transition does not
resumption of regular oscillations at 4 ML has been attrib-change, but the RHEED intensities of the first three peaks,
uted to the structural transition from the fct to the fcc especially the first one, change dramatically. The ratio of the

Peak Intensity (arb. unit)

Ill. RESULTS
A. Growth
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0.52 ML/min |

0.025 ML/min |

RHEED Intensity (arb. unit)

01234567
Fe Film Thickness (ML)

FIG. 3. RHEED intensity oscillations for Fe grown on (@Q0)
at room temperature at various deposition rates. For comparison,
the intensities are normalized to have equal intensity for the fourth
oscillation.

intensity of the first peak to that of the fourth peak varies
with the deposition rate, as indicated in Figag in very
good agreement with changes observed with LEED. It
should be mentioned that the peak intensities in RHEED FIG. 4. SPLEEM magnetic difference images showing evolution
oscillations depend on the incident angle of the electrorof out-of-plane magnetic domains during growth of Fe/ll)) at
beam. We kept the same incident angléth the error less 300 K and deposition rate of 0.080 ML/mifa) 2.13 ML, (b) 2.20
than one degredor all RHEED oscillation measurements so ML, (c) 2.33 ML, (d) 2.87 ML, (e) 3.13 ML, () 3.29 ML, (g) 3.60
that the first peak intensity variation in Fig. 3 is not due toML, and (h) 3.83 ML. Image contrast variations between images
the incident angle variation. have not been altered. The imaging energy is 1.8 eV.
The dramatic changes of the LEED and RHEED intensity

oscillations that occur when the rate is reduced below 0.%nq C or O induces a(2x 2) surface reconstruction which
ML/min have not been reported before. In fact, deposition, s not observed after the growth in our experiments. We

rates below 0.5 ML/min have seldom been used 10 grow,,e 4150 found that the initial growth was not altered by
Fe/Cy100), and there certainly has not been any systemati¢. ) ysorbed oxygen at pressures up tox1L0~°Torr in

study of the rate dependence of the growth. Although SOME -1y experiments, although a strong oxygen-inducéa

details of the diffraction oscillations are expected to diﬁerxz) diffraction pattern was observed under these conditions
between measurements made by different techniques, our i P '

dependent LEED and RHEED results are consistent belol\%imilar tests on the i.nfluenc_e of H adsorption.were not made.
0.5 ML/min and also agree qualitatively with earlier work ~lthough H qulorptpn during growth does influence mag-
using RHEED, medium energy electron diffractiEED), netic prope_rneé, no impact upon the initial diffraction in- .
and helium atom scatteringdAS) for rates above 0.5 ML/ tensity osmllatpns was reported. The_refore_, the Qramatlc
min. Therefore, the change that is seen below 0.5 ML/min ihange of the first RHEED and LEED intensity oscillations
not an artifact of using very low- or high-energy electrons.!S unlikely to be caused by C, O, or H contamination, but
The following can be said in consideration of the possible@ther we attribute it directly to an intrinsic dependence of
action of C or O contaminants in our experiments. The basd€ initial growth processes upon the deposition rate.
pressure all through our RHEED experiments was below 2
%10 °Torr. H,, CO,, CO, and CH were the main compo-
nents of the residual gas and each had a partial pressure
<10 *Torr, which amounted t6<0.01 Langmuir(L)/ML We then proceed to investigate the effect of deposition
in all our growth conditions. While CiHhas a negligible rate on the magnetic properties of Fe films by performing
adsorption coefficient in this systefhCO drastically affects SPLEEM measurements on films grown entirely at a fixed
the growth of Fe on G@00.5%’ As little as 0.08 L/ML of  deposition rate. Magnetic imaging was performed with
CO extends the fcc region to more than 30 ML as interstitialSPLEEM continuously during growth at various rates below
incorporation of C, promoted by the presence of O, expand®.5 ML/min, where significant changes in the initial growth
the Fe lattice and stabilizes the fcc phase. However, CO doesere observed with LEED and RHEED. An example of the
not have a significant effect on the first monolayer growthevolution of magnetic domain structure during growth is

B. Magnetism
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S FIG. 6. SPLEEM image of the out-of-plane magnetic domain
s 0.20 J configuration for the live layer at 5.5 ML film thickness &t
= =240K. The film was prepared at 300 K at a rate of 0.20 ML/min.
083_ 0.10 . The imaging energy is 1.8 eV.
a , . . .
0.00 1 , X A ; at higher thickness. Below 2 ML, the Curie temperature of

the film is also below room temperatufeThe variation of

the exchange asymmetry with increasing thickness that is
determined with SPLEEM(Ref. 51 also resembles the
change of the magnetic remanence that is observed with the
SMOKE (see Refs. 5, 6, 9, and 61 and results presented
below). However, the transitions distinguished by the onset,
breakup, and completion coverages were found to depend

Thickness (ML)

FIG. 5. (a) Exchange asymmetrjEq. (1)] vs film thickness
determined fromin situ SPLEEM magnetic images during Fe/
Cu(100 growth at 0.080 ML/min and 300 Ksee Fig. 4. The
vertical lines indicate the onset of magnetisi,), break up of

magnetic domainsd,,), and complete disappearance of magnetism_,. ) " .
(6.) determined by inspection of image&) Dependence 0B, slightly, yet systematically, upon the deposition ré&e. 5).

(), 6, (W), and 6, (®) upon the deposition rate determined from Specifically, the reduction of the deposition rate causes a

. : delay of the transition to the live layer phase, defineddpy
SPLEEM images during growth of Fe/Q00) at 300 K. and 6. in Fig. 5, while the onset of ferromagnetism at room

- - . t t is | I ffected. Th ror bars in this fig-
shown in Fig. 4. This figure depicts the out-of-plane Compo_empera ure 1S 'afgely unafiecte ©er g

f A ool q (wle represent twice the incremental coverage deposited be-
nent of magnetization. No in-plane component was detectegy,ecen acquisitions of successive images.

Key observations were the absence of magnetism until its The Curie temperature of the live layer was also deter-
onset in the form of magnetic stripe domains slightly after 2mined with SPLEEM. Immediately after deposition of 5.5
ML had been deposited, coarsening of magnetic domains unL Fe, as determined by diffraction intensity oscillations
til a steady configuration was reached, and breakup of magiuring growth, the sample was cooled well below the Curie
netic domains into a continuously smaller domain configuratemperature. This gave rise to well-defined out-of-plane
tion until the complete disappearance of magnetism. Thenagnetic domainéFig. 6). Then the sample was warmed up
onsetd,, breakupé,, and completiond, coverages were slowly until the magnetic contrast disappeared. The sample
noted accurately and are discussed further below. The variaemperature was then cycled slowly and within an increas-
tion of exchange asymmetfigee Eq.(1)] determined from ingly smaller range until magnetic domains appeared and
SPLEEM magnetic contrast is shown in Fig. 5. The ex-disappeared nearly reversibly at a temperature that was taken
change asymmetry was found to increase sharply initiallto be the Curie temperature. As shown in Fig. 7, the Curie
and then more slowly until reaching a plateau slightly aboveemperature is generally suppressed for films grown at lower
3 ML, followed by a sharp decrease to zero. The point thatates.
the exchange asymmetry begins to decrease correlates with The SPLEEM measurements described above probe the
the breakup of magnetic domains, &, which is observed influence of deposition rate of magnetism at all stages of
visually. For example, a very small “bright” domain appears growth. In order to focus more explicitly on the relationship
in the left-hand side of Fig.#) at a coverage slightly larger between the initial growth and magnetism, thickness-
than 6y, which is absent in the images Figéd#and 4e) at  dependent SMOKE measurements were performed at 100 K
lower coverage. along the two adjacent Fe wedges with and with@2 ML
Under certain conditions, the exchange asymmgfiy. Fe seed layer grown at low rat@ee Fig. 1L For both
(1)] may be taken to be linearly proportional to the wedges, the magnetization was perpendicular to the sample
magnetization? Assuming this to be the case for Fe/ surface so that only polar hysteresis loops are reported here
Cu(100, these observations reproduce the generally actsee Fig. 8. It should be noted that although the wedge slope
cepted behavior of this system, which is the onset of ferrois well defined, there exists a systematic thickness error due
magnetism with out-of-plane easy axis at room temperaturéo the registration of the wedge. From the SMOKE laser
at a film thickness of about 2 ML and transition to a live beam size(~0.3 mm) and the slope of the wedge-2-3
layer phase with Curie temperature below room temperatur#L/mm), we estimate the systematic thickness error is be-
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210 + © oL mh

200 3 45 6 7 8 910
0 0.2 0.4 0.6 Fe Film Thickness (ML)

Te (K)

Deposition Rate (ML/min.) FIG. 9. The coercive fieldH. measured using SMOKE along

FIG. 7. Dependence of live layer Curie temperature upon thd® F€ wedges wita 2 ML low-rate-grown seed layer presefit)

deposition rate determined by SPLEEM) and SMOKE(®). For and with no 2 ML low-rate-grown seed layer prese®.

the SMOKE data, the rate refers to films with low-growth-rate seed

layer (0.055 ML/min) or without (0.55 ML/min). The total film  tional to the magnetization, the proportionality coefficient

thickness for SPLEEM data is 5.5 ML and for SMOKE data is 7 depends on the optical properties of the film. On the other

ML. hand,in situ RHEED and LEED results indicate the great
similarity of the Fe films with and without the seed layer.

tween—1 and 1 ML: i.e., the curves in Figs. 8 and 9 could Therefore, it is unlikely that the 30% SMOKE signal differ-

shift in thinner or thicker directions by up to 1 ML due to this €Nce is caused entirely by differences of the optical proper-
systematic error. Since the SPLEEM measurement was dori¢S that might be effected by the initial deposition rate. The
on a nonwedge sample whose thickness is determined p3P” reduction of the SMOKE signal suggests, instead, that
LEEM intensity oscillations, any thickness discrepancy be-N€ magnetization of the Fe film is reduced by the low initial
tween SMOKE and SPLEEM results should be attributed t@rowth rate. Second, the coercivity of the SMOKE loop with
the wedge registration error in the SMOKE sample. the seed layer is much smaller than that without the seed

Magnetic remanence and coercivity of the Fe films werd@Yer _ o
measured along the two Fe wedges. The results are shown in 10 €nsure that the observed difference is inherent to the
Figs. 8 and 9 as a function of Fe film thickness. The generaz@MPles and not due to inhomogeneity of the substrate, we
thickness dependences of the magnetic properties of the t§d SMOKE measurements near the border between the two
samples are very similar and agree with the literature fof € Wedges. Because theseal 2 ML thickness change across
molecular-beam-epitaxyMBE-) grown Fe films deposited the border, we choose the live layer regid® and 8 ML for
at room temperatur®.The magnetic remanence increasest'® Wedges with and without the 2 ML seed layer, respec-
with thickness for Fe films thinner than 4 ML, indicating the tively) where there is no significant change of remanence and
formation of the fct FM phase. The remanence drops to £0€rcivity along each wedge. Figure 10 shows SMOKE
much lower value at~4 ML of Fe and remains at the low |00Ps at different positions across the border. We see clearly
value with weak oscillations in the 5-11 ML range. This is (€ transition from one wedge to the other. Hysteresis loops
the fcc phase of AFM Fe ptua 2 ML FMsurface layef. The with consistent saturation fields and coercivity change sud-
fct-fec transition is accompanied by a cusp in the coerciveélenly as the SMOKE laser beam crosses the border. In par-
field.

Despite the overall similarity of the magnetic phases of - X=00m
the two wedges, there are noticeable differences due to the

initial deposition rate. First, the SMOKE remanence with the § - .
2 ML Fe seed layer grown at a low rate-i80% lower than p Xz 050 mm
without the seed layer. Although the Kerr signal is propor- i Xe0.0mm Xt 25mm
E, D Fe seed layer
= c L il
5 = x =1.25 mm Cu(100)
s
o L.
= 200 0 200
Applied Field (Oe)

4 6 8 10 12
Fe Film Thickness (ML) FIG. 10. Polar hysteresis loops at constant Fe wedge thickness
of 8 ML along the substrate crossing the boundary of the two
FIG. 8. SMOKE remanenceMy) along the Fe wedges with samples with(top) and without(bottom) the low-rate-grown seed
(O) and without(®) the 2 ML low-rate-grown seed layer. layer.
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‘ T/ S ] populations during simultaneous growth of the first and sec-
| with seed no seed ond layers with STM**°We also find that the diffraction
g - layer layer 1 spots are broadened near the completion of nominally 1 ML
Z i T o270 K ——r 1 at hlgh rates. This is consistent with the high surface defect
= ] density detected with LEIS?engRa and HAS and the short
T 1 step separation seen with HARef. 41 at this stage of
2 T T~——T=250K 1 | growth. The emergence and systematic enhancement of the
§ first diffraction oscillation that occurs when the deposition
S N\_T-160K \ \ 1 rate is lowered signals that the first atomic monolayer grows
g | , more completely before significant nucleation and growth in
X the second layer.
I \ | T=100K 1 The change of the initial growth morphology should be of
L gp significant interest because of the known relationship be-
-500 0 500 -500 0 500 tween interface quality and magnetic properties. However,
the reasons for this change, and therefore the microscopic
Applied Field (Oe) differences, if any, between interfaces formed at low and

. . . i iti nclear. Of course, suppression of
FIG. 11. Easy axis hysteresis loops at various temperatures of glgh deposition rates are u bp

7 ML Fe film grown with (Ieft) and without(right) the low-rate- premature growth in the second Iayer at lower deposition rate
grown seed layer. The magnetic remanence disappears on t ust mean that St_ep-down motion from the Secc_Jnd _to the
sample with seed layer at a lower temperature than on the on st growing Iaye_r IS enhanced relatlve_ to nu_CIeatlon_ in the
without, indicating a lower Curie temperature due to the seed laye>CONd layer. This is understandable in a simple view be-
cause the nucleation rate should scale with the adatom con-
ticular, the hysteresis loop becomes a superposition of tw§entration, which is generally diminished at lower deposition
loops with different coercivities at the border due to the finiterate. Besides the arrival rate, the presence of a step edge
laser beam sizé~0.3 mm at half maximum intensityThis  diffusion barrier that inhibits step-down motion can influence
result gives unequivocal proof that the difference in the magthe adatom concentration in the second layer, as well as mor-
netic coercivity in the two Fe wedges is not an artifact fromPhological factors such as island shape and size. That is,
substrate inhomogeneity, but is intrinsic to the initial growth Step-down motion from small or irregular-shaped islands will
rate. be enhanced because of the greater number of times that an
The last difference we observed was the Curie tempers@t0m encounters a step, i.e., higher attempt frequency. A step
ture of the surface live layer. Motivated by the observation ofédge diffusion barrier between the second and first layers has
the reduced magnetic remanence from low-rate initial?®en invoked to explain changes of the initial growth mor-
growth, we performed temperature dependence measurghology for Co/Cé100 that occur upon reduction of the
ments of the hysteresis loops for 7 ML Fetal thickness  deposition rate that are similar to those reported here for
\ : 63 :
with and without the seed layer. If the seed layer reduces thE&/CU100.>” Near-perfect completion of the second layer
magnetization of the Fe film, then a lower Curie temperaturdfior to growth in the third layer, seen for Co/Q00 as
would be expected. SMOKE loops at various temperature¥ell as for Fe/C100 at all deposition rates, was ascribed to
are shown in Fig. 11. Once again, we find a remarkable difthe absence of a barrier to motion at homogeneous steps
ference in the Curie temperature of the two films. While thebetween the third and second layers. A step edge barrier may
film of 7 ML Fe grown at high rate has a Curie temperatureVery Well be present at the heterogeneous step between the
of ~260 K, the film with 5 ML Fe grown at high rate on top second and first layers. However, this alone cannot explain
of 2 ML seed layer with low ratétotal thickness 7 Mi.has  the change of initial growth morphology that is observed
a lower Curie temperature 0£220 K. The SMOKE results UPOnN reduction of the deposition rate. The reason is that
are plotted in Fig. 7 with respect to the rates that the initiald"owth at a lower rate occurs closer to equilibrium than at
two layers were grown. These results are in close agreemeRigh rates. This means that the growth morphology must
with the correlation of the Curie temperature versus deposi€mbody thermodynamics more so at lower deposition rates,

tion rate observed with SPLEEM. not less. As mentioned above, three-dimensional island
growth or possibly an inverted Cu/Fe layer, not a complete
IV. DISCUSSION Fe wetting monolayer, can b(_a expected in consideration of
surface and interface energetics.
The initial growth morphology of Fe/QuO0) at room An additional effect that could contribute to the change of

temperature has been clearly shown by diffraction intensityhe initial growth morphology may be that the number of

oscillations to depend upon the deposition rate. This pheattempts per unit time for step-down motion from the second
nomenon is qualitatively similar to the dependence uporto the first layer increases when the deposition rate is re-
deposition temperature that was noted previotslfhe  duced. This could happen if the number of times that an atom
strong suppression of the first diffraction oscillation that wasdiffusing in the second layer encounters a step is increased
observed here and previoushf***-*'during growth at due to a higher island density or more irregular-island

room temperature with high deposition rates has alreadghapes, i.e., higher step density. However, the island nucle-
been accounted for by quantitative measurements of layeation rate conventionally decreases when the deposition rate
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is reduced or, equivalently, when the temperature is intion at rates discussed in this paper. It would therefore be
creased. Unconventionally, heterogeneous nucleation at sit@grthwhile to check if the Cu content of the first layer de-
where Fe has exchanged places with Cu in the topmost sulpends upon the deposition rate in a manner suggested by the
strate layer provides a mechanism for the first-layer islandjrowth behavior presented here.
density to increase anomalously at lower deposition rate. Magnetic transitions that occur during growth of Fe/
This is analogous to the increase of the island density thaEu(100) at room temperature were found to depend subtly
was found with increasing temperature for growth of Ni onupon the deposition rate in the range 0.07-0.49 ML/min,
Ag(112); simulations and rate equation analyses were used twhere significant changes of the initial growth morphology
demonstrate that place-exchange-mediated nucleation can i@scur. Possible reasons for this subtle change, including in-
sult in an “inverted” dependence of the nucleation rate onterface mixing, surface roughness, and contamination arising
temperatur&? According to Ref. 64, the usual island density from Cu segregation or H adsorption, have been
scaling held at low temperature, while the onset of placeconsidered” In particular, H adsorption is known to delay
exchange at higher temperature caused an anomalous itte fct-fcc structural transformation that drives the formation
crease of the island density. At intermediate temperatures, af the live laye* For this reason, adsorption of residual H,
distinct minimum of the island density was found at thewhich is expected to be more pronounced at a lower deposi-
crossover between conventional and place-exchangdion rate, is considered to be a possible reason for the trend
mediated nucleation regimes. Presumably, place exchangé 6, and 6, shown in Fig. 5. A recent STM wofk in the
can cause the same anomalous increase of the island densy4 ML thickness range with 1 ML/min deposition rate re-
when the deposition rate is reduced at fixed temperature/eals that the ferromagnetic phase is associated with zigzag
which is the situation that describes our experiments on Feicc-like stripes and that the conversion of the bcc-like stripe
Cu(100. Furthermore, place-exchange-mediated nucleatioto fcc structure occurs at the fct-to-fce transition. This result
behavior may be even more pronounced for growth orimplies that the strain relaxation at the fct-to-fcc transition
fcc(100 surfaces where an exchange diffusion channel isieeds to be aided by magnetic energy. It also suggests a
available that does not exist on tli&ll) surface. There is likely reason why both the magnetization and fct-to-fcc tran-
already ample evidence of intermixing during the initial sition are modified by the deposition rate in our work. There-
growth of Fe/C@100 and heterogeneous nucleation at Fefore, it would be really interesting to see the STM results in
inclusion siteg24243484%Pjace exchange and heterogeneoughe future for a low deposition rate.
nucleation in the Co/GQd00 system have also been  The impact of the initial growth upon magnetism was
observed>® found to be more significant in SMOKE measurements of
The prevalence for place exchange and heterogeneousagnetic remanence, coercivity, and live layer Curie tem-
nucleation during the initial growth of Fe/C100) also sug- perature. The Curie temperature is first of all associated with
gests another mechanism for the observed growth behavidhe strength of the coupling constants between spins. On the
To start with, Cu atoms that are released by place exchanggher hand, the disparity in the Curie temperature and mag-
with Fe at the outset of growth form islands in the first grow-netic remanence for wedges with and witheu2 ML seed
ing layer, and the edges of these Cu islands are then dectayer grown at a low rate suggests that these phenomena
rated with Fe during subsequent deposifléf This is seen  originate in a difference of the intrinsic value of the magne-
also for Co/Ci100) growth® Second-layer nucleation prior tization of the two films. SPLEEM measurements also reveal
to completion of the first layer has also been clearly seen tthat the live layer Curie temperature is suppressed when
be heterogeneous to some extent for Fé100).>*3 There-  growth is carried out at lower deposition rate. It is tempting
fore, suppression of second-layer nucleation at a low depdo attribute this trend in SPLEEM investigations also to H
sition rate may be a signal that the Fe content of the firsadsorption, although there has been no prior report of such
layer is diminished. In other words, at low deposition rate, Fean effect. However, despite the different approaches to film
exchanges more completely with Cu during the growth of thepreparation employed, the agreement between SPLEEM and
first layer. The driving force for this is the favorable energet-SMOKE results shown in Fig. 7 suggests that the deposition
ics of Fe embedded in the topmost substrate layer rather thaate during the initial growth is a key factor that determines
resting on top of it and of the inverted Fe/Cu layer configu-the live layer Curie temperature.
ration. First-principles calculations have shown that an in- Finally, due to the clear impact of the initial growth upon
verted Fe/Cu layer is energetically favored over a completelyhe live layer magnetism, we wish to remark on the oscilla-
wetting Fe monolayet® Taken to the opposite extreme of a tions in the magnetic remanence in the 5-11 ML thickness
very high deposition rate, one could expect that the place#ange that are seen in Fig. 8. These oscillations originate
exchange process would be suppressed because Fe isldnaim an AFM phase of the Fe film below the surface live
nucleation occurs on a much faster time scale. Such experiayer.6 It is interesting to note that the oscillation periodicity
ments have been carried out already using laser abl#tion.is ~2.6 ML of Fe instead of 2 ML, showing that AFM Fe has
Interestingly, the first diffraction intensity oscillation and a nontrivial spin configuration as in ordinary antiferromag-
layer-by-layer growth were seen very clearly in these experinetism. This result is consistent with Ref. 6. Although many
ments. The first oscillation was even more pronounced thagpin configurations have been proposed theoretically in the
observed here at the lowest deposition rates. Furthermor&FM phase of fcc Fé? the individual configuration always
the magnetic properties of films grown by laser ablation weregives an integral number of monolayers in the oscillation
quite distinct from those of films grown by thermal evapora-periodicity in magnetization. As there is very little energy
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difference between the different spin configurations, wenverted Cu/Fe configuration. Instead, kinetic and thermody-
speculate that the observed 2.6 ML oscillation periodicitynamic mechanisms that relate to Fe-Cu place exchange at the
may be a result of the coexistence of these many spin connterface are discussed as the source of the observed growth
figurations or a result of nontrivial spin density waves. Non-behavior. Further experiments are needed to verify the pro-
integral oscillation periodicity exists in other phenomenaposed mechanisms. The choice of deposition rate during the
such as the oscillatory magnetic interlayer coupling wherenitial growth is also found to have a substantial impact upon
the formation of quantum well states generates the oscillathe magnetic properties of Fe films. Interface formation at
tory coupling®® However, quantum well states usually do not lower deposition rates induces the reduction of magnetic re-
significantly modify the magnitude of magnetization. There-manence, coercivity, and live layer Curie temperature. These
fore, it is unlikely that the oscillation in the magnetic rema- results demonstrate the sensitivity of magnetism in Fe/
nence is due to the quantum well states. A final answer to thi€u(100 to details of interface formation during the initial
2.6 ML oscillation periodicity requires further detailed study growth. This effect must be taken into account in a discus-

both experimentally and theoretically. sion of the magnetic properties of FelCQ0), especially
with regard to the magnetism of the live layer phase and
V. CONCLUSION antiferromagnetism of the underlying layers which remain
unresolved.

In conclusion, the initial growth of Fe on €100 by
th_ermal evaporation depends strongly on the dep(_)smon rate. ACKNOWLEDGMENTS
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