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Magnetism, structure, and morphology of ultrathin Fe films on Cu;Au(100
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The magnetic, structural, and morphological properties of ultrathin Fe films @AUCL00) have been
investigated by low-energy electron diffraction includiik/ measurements, Auger electron spectroscopy,
medium-energy electron diffraction, and magneto-optic Kerr effect. The main aim of these studies was to
establish the correlation between film structure and magnetism. For this purpose both films deposited at 300 K
(RT) and at 150 K(LT) followed by subsequent annealing to 300 K were investigated. Above about 1
monolayer(ML), the films exhibit a perpendicular magnetization, which switches at 8.2 ML for LT and
2.3+0.2 ML for RT films in-plane. The reduction of the switching thickness from perpendicular to in-plane
with growth temperature is caused by an interdiffusion at the Fe film/substrate interface. At somewhat larger
thickness a structural transition is observed. This structural transition is not related to the magnetic reorienta-
tion. Contrary to other studies no evidence is found for any fcc iron modification. We rather conclude that
above 5 ML, the iron film transforms from strained to unstrained 120 Fe.[S0163-182808)03802-9

[. INTRODUCTION thickness a transition to unstrained bcc iron is observed.
However, up to this point, the evidence for an fcc iron phase
By deposition of ultrathin films it is possible to stabilize has been mainly derived from a kinematic analysis of low-
new materials with properties, which deviate from the correenergy electron diffractiodLEED) 1/V curves for the(0,0)
sponding bulk crystals. One aim of the study of thin-film beam rather than a full-dynamical LEED analysis for several
properties is to exploit them for new applications. To tailorbeams. The latest study which followed the kinematical ap-
films with Specific properties, the knowledge about the COf-proach was performed by Lipt a|_12 These authors corre-
relation between the magnetic, structural, and morphologicahted the observed magnetic reorientation with a change in
properties is required. Ultrathin Fe films are particularly ihe | EED1/V curve and changes in the scanning tunneling
su!teq for an investiga’gion of this correlation, be.cause Fe Cafhicroscopy (STM) images with growing film thickness.
exist in a ferromagr?etl(_:Fl\q) bee, FM fec or antiferromag- ey concluded that the magnetic reorientation is closely
netic (AF) fc_c modification. Epitaxially grown Fe films on related to a structural transition from fd©0) to bc100)
ggrglk?g)cgjictehgar:]eil;?i(teftgaf_or3£ ; é?] tﬁg:?g:ﬁ:gﬁ:t?: factéepé ?ron. Hence, this scena_rio would closely r(_ese_mble the behav-
phase(a=3.58 A, f=—0.8%) (Ref. 2 and the ferromag- lor of ron f||m§ deposneq on CI&QO). .Th's Is clearly an
i o a . interesting and important finding since it extends our knowl-
netic fcc Fe phasda=3.66 A, f=1.3%) is small. Both S .
modification$~® have been stabilized by epitaxial growth on edge ab ou_t the I|_m|_ts of mgtastable ep|Faxy.
To confirm this interesting observation and to help de-

a CUu100 substrate. FM fcc Fe can be grown up to approxi- . 4 .
mately 4.5 monolayer@VL). The quantitative structure de- velop a detailed understanding of the correlation of mag-

termination of the phase revealed that FM fcc Fe is unstabl@€tC, structural, and morphological properties we have stud-
against shears in the f@11] direction and is only stabilized i€d Fe films on a C4Au(100 crystal. This study finds rather
by the Cu substrate. This result supports theoretical conclusive evidence that the correlation of structure and
calculations, which predicted an instability of this phase. In magnetism for this system differs considerably from several
order to investigate the strain-dependent properties of thigonclusions of previous investigations.
phase, we chose GAu(100) (a=3.745 A) as the substrate,  In the next section the experimental setup will be de-
which should allow to expand the in-plane and contract thescribed. Section Ill is divided into the presentation of the
interlayer distances of a pseudomorphic fcc Fe-film. Thismorphological(A), magnetic(B), and structura(C) proper-
substrate has the advantage, that the misfit for the FM phagdies. In Sec. IV we correlate the propertigs) and compare
(f=-2.3%) is smaller than for the AFfE —4.6%) and them to previous resul{®). Section V contains a short sum-
bcd100 phase {=7.7%). Hence the growth of FM mary.
fcc(100 Fe might be enabled.

For substrates with an even larger lattice parameter, on

the contrary, the mis]‘it for the bc_c modifiqa_tior_1 of.iron de- Il. EXPERIMENTAL
creases and the misfit for the fcc iron modification increases.
Hence, on those substrates which include(100) and The experiments were performed in an ultrahigh-vacuum

Ag(100), one expects the stabilization of bcc iron instead ofchamber designed to correlate magnetism, structure, and
fcc iron. This is in line with a number of previous studfes. morphology of ultrathin films. Since the apparatus has al-
Hence, CyAu(100) should be a particulary interesting sub- ready been described elsewhé&tenly a brief description of
strate for the growth of iron films. Indeed a number of pre-the system will be given here. The chamber is equipped with
vious studies come to the conclusion that fcc iron grows orseveral facilities for the preparation and analysis of thin films
CwAu(100 at small thicknes$®~? With increasing film and surfaces. The substrate was a polishedAG{LO0)
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single crystal, approximately 7 mm in diameter and 2.5 mm . RESULTS

thick. The surface is oriented to within 0.1° of the surface

normal. It was cleaned by Ar-ion sputtering at room tem-
perature and at 490 K for 10 min afterwards. Subsequentl

For Fe films grown on a Q@00 single crystal it was
showrt'®that the properties are sensitively dependent on the

. ¥)reparation conditions, such as the deposition temperature.
the sample was annealed at 770 K for 5 min to allow o ; e
smoothelraﬂng of the surface. Then the sample was held for 2 terface properties like roughness and interdiffusion of sub-
min at 630 K to order the @u(lOO) alloy surface, which Strate and deposit atoms can be modified by the preparation

exhibits an order-disorder transition at 660 K. After this conditions. Segregation is another effect which could influ-

e ence the film properties. In principle, three factdrdeter-
treatment contamination levels were below the Auger detec- prope P P ee factdrd

L i i t .Th the size of
tion limit (<2 at. %) and LEED showed a sharp patternmlne the segregation of substrate atoms. These are the size o

. . 7 'the atoms, the surface free energy and the tendency to form
typical for the CyAu surface. Due to the different atomic 9y y

" ... an alloy. Au atoms are larger in size than Fe atoms, which
form factor of Cu and Au atoms, additional spots are visible y g

_ . supports the tendency of Au atoms to segregate to the sur-
n !‘EED for the chemlcally ordered GAu(100 surface, face. Due to the smaller surface free energy of Au (1.5)J/m
which are not evolving for unreconstructed {60 surfaces 4 o cu (1.78 J/f) than of bce Fe (2.41 JARS a cov-

of pure metals. In the ”lOtat'Ol” of this surface, the additionalying of the film surface with substrate atoms is preferred.
spots are located af(+z,n+3), (Mn=0,1,2,3,..) posi-  Finally, the binary phase diagrams of Fe and Au and of Fe
tions. and Cu(Ref. 17 show a negligible tendency for a solid
Fe was evaporated from a small disk of high purity solution of Au and Cu in Fe and no bulk alloy formation at
(99.99%. The pressure rise during Fe deposition was typithe investigated temperatures. This implies that predomi-
cally below 1x10 8 Pa. After the source was turned off it nantly Au atoms may segregate to the film surface upon
quickly dropped to a base pressure ok 20" ° Pa. The re- annealing. The segregation of substrate atoms may also
sulting contamination level of the Fe films was below 2%.change the Fe-substrate interface, because Fe atoms may oc-
Deposition rates between 0.3 and 2 ML/min were used. Theupy the subsurface sites which are created by the segrega-
film growth was monitored by measuring the medium-energytion of Au and to a lesser extent Cu atoms. Therefore we
electron-diffraction(MEED) intensity during deposition. For investigated for comparison the properties of films deposited
Fe films grown at room temperature, the MEED curves ofat 300 K[room temperatur¢RT)] and at 150 K[low tem-
the (0,0 beam show weak oscillations superimposed on #@erature(LT)]. The films deposited at 150 K were subse-
descending slope up to 3 ML. However, the (1,heam quently annealed at 300 K for _10 min to improve the struc-
exhibits more pronounced oscillations with constant periodfural order and to smooth the film surface.
icity up to 6 ML (see Fig. 2 This allows a thickness deter-
mination with a precision of 8% and enabled a calibration of
the Auger intensity ratios of the K803 e\) and C920 eV) A. Morphology
peaks. Our Auger calibration for Fe/@Au(100) is in excel- First of all we tried to evaluate to what extent interdiffu-
lent agreement with the Auger intensity ratio obtained prevision and/or segregation of substrate atoms influence the film
ously for Fe/C@100) after correcting for the reduced Cu den- properties. For this purpose, the intensity of several Auger
sity in CuAu(100 as compared with Gd00. This gives transitions at low energ{Fe 47 eV, Cu 60 eV, and Au 69
further support for our thickness determination. Fe filmseV) and at higher energ¢Fe 703 eV and Cu 920 eMivas
were grown with a homogeneous thickness on themeasured after deposition at 300 K and the ratios of different
Cu;Au(100 sample or with a wedgelike thickness distribu- peaks were determined. Subsequently the temperature was
tion. The thickness profile of the film was determined by theraised in steps of 30 K. After 20 min at constant temperature
Auger intensity ratios, which were taken at different posi-the Auger intensity ratios were determined again. A change
tions of the wedge. This allowed an assignment of the filmof the Auger intensity ratio after such an annealing step at a
properties to thickness. certain temperature is indicative of interdiffusion and/or seg-
In order to investigate structural properties, the LEEDregation. At the low thicknesses investigated, the Fe 703 eV
pattern was observed and spot profiles were measured in difCu 920 eV ratio remained rather constant, whereas the low-
ferent crystallographic directions. LEEDV curves were energy Auger intensity ratios changed at temperatigg.,
taken for a quantitative, full-dynamical analysis. A compari-that led to a diffusion of substrate atoms to the film surface.
son of I/V curves with analyzed spectra was used to detecThese temperatures are shown in Fig. 1. As expected, the
changes of structural properties. Furthermore LEED was entendency for substrate atoms to diffuse decreases with grow-
ployed to investigate the film morphology by observing theing thickness. Au diffuses at considerably lower tempera-
energy dependence of the peak width for certain LEEDures than Cu within the investigated thickness regime. A
beams. further indication for a predominant diffusion of Au atoms is
Magnetic properties of the film were characterized usinghat the Au 69 eV peak decreases more slowly upon growing
the magneto-optic Kerr effe€MOKE). The light source was thickness than the Cu 60 eV signal. Whereas the Cu peak
a He-Ne Laser with a wavelength of 632.8 nm. Hysteresisanishes at 1.8 ML, a Au peak can be detected up to 4.4 ML.
loops were recorded in longitudinal and polar geometry em¥or this reason it cannot be excluded that a diffusion of Au
ploying a polarization modulation technique. The maximumatoms to the film surface influences the film properties up to
field which could be applied was 1050 Oe. The dependencé.4 ML for RT preparation. At larger thickness no diffusion
of the susceptibility on temperature was measured accordingf substrate atoms to the film surface could be detected even
to Bergeret all* to determine the Curie temperature. after annealing to 573 K.
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(open circleg diffusion to the Fe film surfacel pi is the tempera- L A B B LA L L L L
ture that led to diffusion. Temperatures, at which no diffusion was  (0,0) T=150 K
observed, are 30 K below these values. See text for further details.

SinceTp;; reaches a value of 300 K below 2 ML, a seg-
regation of substrate atoms to the film surface influences the
film properties already during RT preparation. To avoid this
diffusion at low thickness, Fe was deposited at 150 K. Sub- S T R N T T R S S TN
sequently, the dependence of the Auger peaks on thickness 0 2 4 6 8 10 12 14 16 18 20
before and after annealing to 300 K was evaluated. The Fe/ Thickness (ML)

Cu, Fe/Au, and Cu/Au intensity ratios do not change consid- _ ) ) )
erably upon annealing. Both the Cu and Au peak vanish at F!G- 2. MEED curve of the (1,)and(0,0 spot intensity during
nearly equal thicknesses, namely 1.6 and 1.9 ML. Hence, geposmon at 300 and 150 K. The thickness was calibrated by an

segregation of Cu and Au is negligible for low temperatureeva_luat'on of the MEED oscillations which can be observed in the

preparation. (1,1) beam. The curves were recorded with an electron energy of 3

For a complete characterization of the growth, the MEEDKeV and an angle c_)f_ |nC|dence_ of 81.4° against the sample normal
intensity of several spots was measured simultaneously duf@ut of phase condition The azimuthal angle was chosen 5.5° off
ing deposition. Both the growth mode and the film structure"® (001 direction.
influence the MEED intensitV. Furthermore the slope of the
curves is dependent upon the scattering conditldhere- ~ preparation, but the thicknesses where characteristic changes
fore, one has to be cautious with a straightforward interpreare found differ for these two preparation conditions.

tation of MEED curves. The intensity of thek,&) beam, One might argue that Au segregation at RT is responsible

which is caused by the ordered arrangement of Au and cIPr the dn‘ferelnce n film growth as e\(|denced bY thg MEED
anurves. The first evidence against this assumption is the fact

atoms, decreases exponentially and vanishes for both grow . . X . :
temperatures after deposition of 1.5 ML. The intensities o 1at the MEED intensity curve of films depo_sned at420Kis
similar to films grown at RT, although Au is able to segre-

the (0,0) spot for growth at 300 and 150 K and the (1,9pot  gate in a larger amount to the film surface. To suppress Au
at 300 K are shown in Fig. 2. During growth at 300 K, the segregation during deposition at 300 K, the following film
intensity of the (1,) beam, which is diffracted nearly par- preparation was chosen. Initially 2 ML were deposited at LT
allel to the film surface, increases up to 1 ML due to theand annealed to 300 K to avoid segregation of Au. Subse-
growing disorder of the surface. It exhibits a shoulder at lquently, Fe layers were deposited at 300 K. Since the MEED
ML and clear oscillations up to 6 ML. The occurrence of curves for this film closely resemble the behavior of RT
these oscillations indicates an oscillation of the step densitfiims, the segregation of Au is not responsible for the differ-
upon deposition. Above 6 ML, both thé,00 and (1,1)  ent MEED curves of RT and LT films.
beam exhibit a continuously decreasing intensity up to 10
ML. The intensity of the(0,0) beam increases again above
10 ML for RT films. However, for LT films the intensity of
the (0,0) beam has its absolute minimum already at 5 ML, For both preparation conditions, a sequence of polar and
before it starts to increase again. longitudinal hysteresis loops were recorded at 166 K. The
The change of the MEED intensity is also accompaniedKerr ellipticity at saturation 1) and at remanence\V;) as
by a distinct change of the MEED pattern. With growing well as the coercive forceH;) were determined for different
thickness we observe a reduction of the spot intensity and aifiicknesses. The results foMg) and H.) are shown in
increase in spot size. Above a minimum in spot intensity newFigs. 3 and 4. The data forM;) (not shown closely re-
extra spots develop which increase in intensity with growingsemble the behavior of). At first sight the development
thickness. This behavior is observed both for RT and LTof the magnetic properties seems to be fairly similar for LT

B. Magnetic properties
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FIG. 5. Curie temperaturel() as a function of coverage for RT
(down triangleg and LT (up triangle$ preparation. The tempera-
tures were determined from the temperature dependence of the sus-
ceptibility as described in Ref. 14. The solid and open symbols
i Ly denote the values obtained from curves recorded in polar and lon-
0 2 4 6 8 10 12 14 16 18 20 gitudinal geometry. The perpendicular lines denote the film thick-

Thickness (ML) ness for LT and RT films above which, shows a steep increase.

FIG. 3. Thickness dependence of the Kerr ellipticity at satura-ion. The linear slope is typical of a homogeneously magne-
tion M and of the coercive forckl,, for Fe films deposited at 300 tized film. At a critical thickness, the magnetization switches
K (RT preparation The hysteresis loops were recorded at 166 K.t0 in plane and increases again linearly. Hence, also at these
The solid and open circles denote the values obtained from curvedicknesses the film is magnetized homogeneously in the
recorded in polar and longitudinal geometry, respectively. Longitu-film.
dinal curves were taken in the f@91] direction. For an investigation of the in plane anisotropy, hysteresis

curves were measured in different crystallographic direc-

and RT preparation. No hysteresis loops could be measurdipns. Below 6 ML the curves are rectangular and only a
below 0.9 for LT and 1.1 ML for RT films. Above these Weak dependence of their shape on the in plane direction is
coverages the films are magnetized perpendicular to the suound. Above 10 ML for RT and 5 ML for LT films, the

face and exhibit a linearly increasing saturation magnetizaloops get a more sigmoidal shape in[f2@1] and keep the
rectangular shape in the f@11] direction. This develop-

ment continues upon increasing coverage. Hence the easy
direction above 6 ML is the f¢611] direction. The slope
and the values of the coercive force for both preparation
conditions do not differ considerably from each other. The
coercivity decreases from 40 Q&.1 ML) to 5 Oe for RT

and from 170 O€0.9 ML) to 5 Oe for LT films.

In order to investigate the temperature dependence of the
switching thickness, LT wedges were grown on the substrate
T and the dependence of the magnetization upon temperature
] was determined. The thickness, at which the hysteresis
curves show a deviation from a rectangular shape and the
remanence becomes smaller than the saturation magnetiza-
200 |- ] tion, was taken as an onset for the reorientation. This inves-

[ 1 tigation reveals that the switching thickness changes only in

< 150 '! § a narrow coverage regime from 3.1 ML at 300 K to 3.5 ML

o ‘ 1 at 100 K. Below 3.1 ML, no longitudinal hysteresis loops

I°1°° i T were measured up to the Curie temperature. The perpendicu-
s L ] lar magnetization is stable up to the Curie temperature in this

coverage regime.

R e At e The Curie temperatures for both preparation conditions

0 2 4 6 8 10 12 14 16 18 20 are shown in Fig. 5. Below about 1 ML, no Curie tempera-
: ture could be measured independent of preparation. The Cu-

Thickness (ML) rie temperature increases from 275 K at 1.2 ML to 430 K at

FIG. 4. Thickness dependence of the saturation magnetizatioi-5 ML for LT and to 450 K at 5.3 ML for RT films. The

M, and of the coercive forcH, for Fe films deposited at 150 K and Values of the LT films are higher, but the difference between

subsequently annealed to 300 (KT preparation. The hysteresis RT and LT films is not very pronounced. Both curves show
loops were recorded at 166 K. an additional, steep increase to values above 570 K within
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1 ML, whereby the onset is somewhat delayed for RT films T

(RT:>5.5 ML, LT:>4.5 ML). [ 2 ML (150 K) /" '
A comparison of Figs. 3 and 4 shows that the most pro- 600" :ML (300 K) " i

nounced difference is the different stability region of the | A

magnetic anisotropy. The perpendicular magnetization direc- 400 tilm \ 1

tion is observed up to 3.3 ML for LT films but only 2.3 ML I

for RT films. The different stability regime is also visible 200[ | substrate 1

from the maximum value of the polar Kerr ellipticity at satu- (@ . . .

ration which reaches 80grad for LT deposition and 520 o T '

wrad for RT preparation. This indicates that the deposition 150K

temperature affects the magnetic properties of the film. The ol 600" _|_|‘I_I'r . i

average gradient of 24010urad/ML and 223 O - film .

+10 urad/ML, respectively, for both growth conditions is = 400 |oosree s * |

fairly similiar, however. = 200k /

As mentioned above, the most pronounced difference be- o) © S |
tween RT and LT films is the different stability region of the 0 P - S
perpendicular magnetization. Possibly the difference can be | ' ' ' '

. oS T 1 ML (300 K)
explained by variations in interface and surface roughness of

} ' . e > soo * .
the iron film or an interdiffusion. In order to explore if inter- | x ML (150 K)

diffusion influences the magnetic interface anisotropies, dif- 400F m ]
ferent preparation procedures were chosen. To avoid inter- | ! ! ! I I

diffusion at the Fe/substrate interface a homogeneous Fe film

; : . 200 .
with a thickness of 2 ML was grown at 150 K. The film was ' ©) T
annealed to 300 K for 10 min afterwards. Subsequently, a ob— o+ . oy
film with a wedgelike thickness distribution was deposited at 0 1 2 3 4 5
300 K. The magnetic properties of these films are shown in Thickness (ML)

Fig. 6(a). Again a perpendicular magnetization at low thick-

ness and a longitudinal one at higher coverage were found. FIG. 6. M versus coverage for different preparation conditions:
The perpendicular magnetization reaches a maximum valu@ after deposition of 2 ML at 150 K, subsequent annealing to 300
of 740 urad at 3.2 ML, the switching thickness. This behav- K and postdeposit_ign at 300 K. Hysteresis loops were taken at 166
ior is comparable to that of LT films but not to RT films. The K- (P) after deposition at 150 K. The measurements were taken at
similarity implies that the interdiffusion at the Fe/substrate:20 K Without previous annealingc) after deposition of 1 ML at

interf is of crucial importan T nfirm this hvooth 300 K and growth of additional layers at 150 K followed by sub-
.e ace 1S of cruc a. portance. 10 co s. ypq " sequent annealing to 300 K. Hysteresis curves were taken at 166 K.
esis, a control experiment was performed where iron film

. . SThe inset describes the resulting interface and surface morphology.
were deposited and analyzed at 150 K without any annealso“d circles denote the perpendicular magnetization, open circles

Ing. o denote the in-plane magnetization.
The ellipticity measured at 150 K can be compared to the

values of RT and LT preparation as well as postdeposited ] ) ] N
films, because the temperature difference is only 16 kthe Fe-substrate interface is a reduction of the stability re-

Deposition at 150 K without subsequent annealing leads to gime of the perpendicular magnetization for LT films.

film whose properties closely resemble LT filifif&g. 6b)], These results show the impact of the morphological prop-
indicating that the surface roughness of this iron film is noterties on magnetic properties. In particular, roughness and
crucial for the switching thickness. diffusion at the film/substrate interface have a profound ef-

Finally, we tested if the segregation of substrate atoms téect on these properties. However, structural changes may
the film surface could also be of importance. Therefore, lalso influence the stability regime of the perpendicular mag-
ML was deposited at 300 K to allow an interdiffusion at the netization as was shown for Fe films on (@00).2>* The
Fe/substrate interface. Subsequently, additional Fe wasxistence of a perpendicular magnetic anisotropy in Fe/
grown at 150 K to avoid further diffusion. After annealing Cu(100 is always linked to the stabilization of the FM fcc
the sample to 300 K, polar and longitudinal hysteresis loopphase, which raises the question if this phase can also be
were taken at 166 KFig. 6(c)]. As becomes visible in Fig. stabilized on CgAu(100. Therefore we have investigated
6(c), the switching thickness is comparable to films grown atthe structural properties of the films, as well.

300 K but lower than the value for LT films. This similarity

implies that the segregation of substrate atoms to the film

surface for RT growth does not lead to a pronounced modi- C. Structure

fication of the magnetic properties of the film. These experi-

ments show that the origin of the different behavior of RT  The structure of the Fe films was characterized by LEED.
and LT films is the interdiffusion and roughness at the Fe/To determine the film structure in detail, LEBDV curves
substrate interface rather than the roughness of the film suwere measured and the observed LEED patterns were quan-
face and the segregation of substrate atoms to this surfactitatively analyzed. In addition, the film morphology was de-
The effect of this interdiffusion of substrate and Fe atoms atived from the energy dependence of the LEED spot width.
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(d)

FIG. 7. LEED patterns taken at 100 K after deposition of LT fili@:2.2 ML (E=58 eV), (b) 4.9 ML (E=103.5eV), RT films:(c)
2.7 ML (E=50eV), (d) 5.0 ML (E=150 eV).

Sharp integer order spots are observed for LT films up to 3.8harp LEED pattern and the observation of the superstructure
ML. Above 1.2 ML, superstructure spots evoleig. 7(8)].  SPots up to 4.8 ML. Hence the diffuse intensity observed
A spot profile analysis at 1.8 ML revealed that the superbelow 5 ML is mainly due to surface roughness. Below 5.4
structure is either an2 X 1)R45 or a fiv2 X nv2)R45 with ML, the LEED pattern of films deposited at 300 K exhibits
n=13-14. Only superstructure spots around integral ordefIS0 & (W2XV2)R45 or a 2Xnv2)R45 superstructure
beams k= 1/n,| = 1/n) includingk=1=0 are observed. The similar to LT films withn=13-14 at 1.8 ML increasing up

most intense superstructure spots are always observed for t eSSSeS;éfegAhE)Fr:]gﬂ?éc?%t;—g?eer Sourgg:sggﬁtsug Z%ngtcggn&tL
negative sign, i.e.,.K= 1,1 —1/in). Such a behavior is ex- They are sharpest at low energies and become weaker at
pected if the characteristic interatomic distance in the Scatﬁigher energy than comparable LT films. Above approxi-
tering plane is slightly larger than the nearest neighbor spa '

T ; . %ately 3 ML, additional streaks evolve running in the
ing in the CuAu(100 plane. Upon growing thickness, the ;1n01] direction, which become more intense upon increas-

superstrupture spots converge towards the integer ord%g energy and coveraggFig. 7(d)]. Moreover, the back-
spots. This can be explained by a growing superstructure unifround intensity increases at these energies. This develop-
cell. Above about 3 ML, a diffuse intensity arises aroundment is observed up to 6 ML. At about 5.8 ML, the streaks in
integral order spots, which becomes more intense upothe[001] direction vanish and a very broad distributed inten-
growing thicknesgFig. 7(b)]. Annealing to 470 K leads to a sity evolves around the main spots, which become more in-
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(©)

(b) @

FIG. 8. LEED patterns taken at 100 K after annealing to the temperatures as denoted below of R®)ftinésML (E=93 eV, 570 K,
(b) 14 ML (E=94 eV, 570 K, (c) 53 ML (E=57 eV, 470 K, (d) an LT film: 8.8 ML (E=94.8 eV, 570 K.

tense upon growing thickness. The intensity of integral ordeing thickness the extension of the spots is decreasing at com-
spots decreases and can only be observed up to 8.6 ML. parable energies, which indicates smaller angles. Finally at
Above 9.5 ML, very broad spots remain and the LEEDvery large thicknesses>(30 ML), round and sharper spots
pattern looks similar to the pattern of LT films above 5 ML. are observed even after annealing the films to 470 K only
An annealing of this phase to 570 K leads to a sharpeningFig. 8c)]. No indications for faceting can be observed by
and the formation of a quadratic intensity distribution. In theLEED. Since annealing to 400 K does not improve the
corners of these diffuse spots an intensity enhancement ISEED pattern, the activation barrier for the interlayer mass
observedFig. 8@)]. The centers of these spots are no longertransport has to be between 400 and 470 K. LT films show
located at the positions of the Au(100) substrate, but are smaller spots already above 5 MIFig. 8(d)], which are
located 7.6:2% inwards in the fd®11] direction in the comparable in quality to RT films above 10 ML after anneal-
LEED pattern. The 7.6% inward shift would correspond to aing. This shows that the change of the LEED pattern takes
comparable expansion of the in-plane lattice constant. Thiplace in a smaller coverage regime than for RT-grown films.
leads to a next-nearest-neighbor distance of 2806 A. The data presented above describe the evolution of super-
The extension of these quadratic spots increaseésspace structures and film morphology with growing thickness but
with increasing energy. Therefore these LEED patterns carare insufficient to determine the full structure, i.e., the pre-
not be caused by a superstructure. Only facets or mosaics caise atomic positions of the iron atoms in the film. To
be responsible for this broadening. Spot profiles were meaachieve this goal, LEED/V curves have been recorded for
sured to determine the angle of these fa¢&tdpon increas- several spots for a number of different thicknesses and
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preparation conditions. Several of these data sets have been T T T T T

used as input for a full-dynamical LEED analysis. The de- i 1;‘:&2: ’
tailed procedure and the findings of this analysis will be B S 6EMLLT ]

presented elsewhef@Here we will only summarize a subset
of the information obtained that is relevant to understanding
the correlation between magnetic and structural properties. -
The full-dynamical analysis for an annealed RT film with
a coverage of 53 ML reveals an interlayer distance of 1.46
+0.03 A and an in-plane lattice constant of 2¢82.05 A.

-+

—t
B ——52MLRT N

The structure of the film is unstrained 1£60. A visual .
comparison witH/V curves measured for bcc @91) single [ ‘ Tt ASMLLT
crystalg??shows a rather good agreement as expected from = [ ) ¢ 77 ]

the results of our full-dynamical LEED analysis. Therefore
we can use th&/V curves as a fingerprint of films with a
bulklike bcd100) structure. Any structural difference in the
near-surface region of films at lower thickness should result
in characteristic deviations from the curves for bulklike
films. Due to the high background and the diffuse spots the -
curves of not annealed films are of poor quality. However, ——33MLRT ]
the results of a quantitative analysis of a not annealed RT B : TTTT 25MLLT
film at 18.7 ML yields nearly the same structural parameters
as of the annealed film with a thickness of 53 ML. Hence the -
structure of the Fe films is already at this coverage of nearly
unstrained bad00) Fe. The comparison with the spectra of a
LT film at 6.5 ML and RT films at 8.6 and 14.4 ML reveals -
no significant differences between 80 spectra and be- [
tween each other as becomes visible in Fig. 9. Below these o 100 200 300 400 500
thicknesses, deviations from the unstrained bcc spectra are .

found. This can be seen in a comparison of Fi¢) $nd Thickness (ML)

9(b). The main_peaks of th_b‘\/_ curves are noticeabl_y shifted FIG. 9. Comparison between LEHDV curves of the0,0) spot

to !ower energles._The shift increases upon growing €nergyy Rt and LT films. The angle of incidence was 8° off the surface
This can be explained by an expanded interlayer spacing iformal. (a) high coveragdRT: 14.4 ML (solid line), RT: 8.5 ML
comparison to bulk b&@00 Fe. The in-plane and the inter- (gashed ling LT: 6.5 ML (dotted ling], (b) different preparation
layer distances were determined for a 4.7 ML RT film by aconditions: RT 5.2 ML(solid line), LT 4.3 ML (dashed ling post-
quantitative LEEDI/V analysis. In comparison to bulk deposited film 2 ML at 150 K 2.8 ML at 300 K(c) low coverage:
bca100) Fe, the interlayer distance (1.58.05A) is ex- RT 3.2 ML (solid line), LT 2.5 ML (dashed ling

panded and the in-plane distance (2:6506 A) contracted.

Hence the Fe grows epitaxially strained at lower coveragép he fcd001] direction, whereby increases from 14 at 1.8
These structural pr_operties do not seem to change conside{ o 33 for RT films at 4.8 ML. The superstructure spots
ably upon decreasing coverage, becauseliecurves do 44 ot exhibit a preferential streaking in a crystallographic
not show a pronounced change down to 1.5 Mbmpare  qientation. Therefore we cannot distinguish if the atoms are
Figs. 9b) and 9c)]. _ , _ _ corrugated like “waves” only in fcf010] or like hillocks in

In a next step, we wanted to investigate if the preparation,qih the fcf010] and fc§001] directions. From a kinematic
procedure, the segregation of Au, or a different roughnesgimation of the LEED pattern the corrugation amplitude
have a large impact on the film structure. For these reasons,,, pe estimated to lie between 0.2 and 0.3 A. From these
we compared LT films at 4.3 ML, RT films at 5.2 ML, and hiaces of information alone it cannot be decided if only the
Fe films which were postdeposited by 2.7 ML at 300 K aftergyrface atoms or the whole film is corrugated. As mentioned
deposition of 2 ML at 150 KFig. 9b)]. The comparison of 56 the most intense superstructure spots are observed for
I/V curves of these films shown in Fig(l demonstrates gjighty smaller wave vectors than the substrate spots. There-
that the structurall differences are not pronounced. Th_erefor%re the characteristic spacing of atoms needs to be slightly
different preparation procedures and the Au segregation haygyger than 2.65 A, the atomic spacing of the substrate layer.
no profound impact on the structural properties. TH€  ence, the corrugation may be caused by an incommensurate

spectra of RT and LT films do not differ considerably UPON growth of Fe atoms, wherehy atoms occupyn+1 sites.
decreasing coveragEompare Figs. @) and 9c)], which ’

indicates a similar structure of the films for both preparation

conditions at low coverage. In this thickness regime a de- IV. DISCUSSION
tailed quantitative analysis of the superstructure remains as a
task for future work. The superstructure spots are only vis-
ible near integral order spots including tt@&0) beam[Figs. For iron films grown on C(1L00 a clear correlation be-

7(a) and qc)]. This restricts the number of models to a sinu-tween magnetism, structure, and growth has been established
soidal displacement of atoms, i.e., a corrugatiomaftoms in recent year$->?For films grown at room temperature, a

Intensity (arb. units)

A. Correlation of magnetism, structure, and morphology
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perpendicular magnetization is observed up to approximatelgtomic volume. Hence, we have to conclude that the postu-
10 ML. The reorientation of the magnetization at this thick-lated stabilization of such an fcc iron phase is highly unplau-
ness is caused by a structural transformation from an fcc-likeible.

live layer phase to bcc iron growing with thél10 A more probable scenario is obtained if we assume the
orientation>* This structural transition is accompanied by agrowth of a strained bcc iron modification on 2w (100).
change in growth mode from layer-by-layer growth to three-For this phase an interlayer spacing of 1.65 A is expected, in
dimensional growth. For deposition at low temperature, i.e.excellent agreement with the result of our LEED analffis.
100 to 150 K, the transition from fcc to bce iron already FOr this phase, the misfit to GAu(100) is with 7.7% quite

takes place at around 4.5 ML and is again accompanied by Iélrge. Prgsumably, the increasgd atomic spacing in the iron
reorientation of the magnetic anisotropy. films, which leads to the formation of superstructures, offers

a mechanism to reduce the film stress. At a critical coverage,
sented here for Fe on GAu(100) in a similar framework. the strained bce iron phase can no longer b? stabilized and
Again, evidence is found for both a change in the magneti transforms to unsftralned _bcc iron. 'I_'he transition we observe

' Sakes place at slightly different thickness depending upon

and EtrUCt?r?I groperct;%s with gr_gwmglfllrp tthl(hnesbs ) J et_, agrowth temperature and is observed at a smaller thickness for
number of findings difier considerably from h€ DENaVIOr 1 fims sych an observation is plausible as well. The mix-

observed for Fe on Q00. For Fe fims grown on i, 4t the interface for RT films should lead to a gradient in
Cu,AU(100) at 300 K, a magnetic reorientation from perpen-composition which could reduce the overall stress and in-
dicular to in-plane is observed at 2.3 ML. For films grown atcrease the critical thickness for dislocation formation. The
150 K, the transition is found at 3.2 ML. This difference is ghserved structural change is therefore mainly controlled by
caused by a different roughness of the interface as shown iihe elastic properties of the film, the misfit to the substrate,
Fig. 6. and the interface properties. The magnetic reorientation is
Evidence for a structural change is found as well bothunrelated to the structural change. The reorientation thick-
from the analysis of the observed LEED pattern and the meaaess is caused by a competition of crystal and shape anisot-
surement of LEEDI/V curves. These data indicate a struc-ropy. The interface anisotropy can be modified considerably
tural change for LT films around 4.5 to 5 ML and 5.5 to 6 by an intermixing at the interface which explains the depen-
ML for RT films. These thicknesses are considerably largedence of the magnetic reorientation upon growth tempera-
than the critical thickness for the magnetic reorientation. Furture.
thermore, even though the magnetic reorientation is observed
at a larger thickness for LT than RT films, the structural ) , ) _
change is observed at a lower thickness than for RT films. B. Comparison with previous studies
Confirmation for this observation comes from the measure- The longitudinal magnetization at film thicknesses above
ment of T, as a function of film thickness. Again, the steep3 to 5 ML has already been observed by a number of
increase ofT,, with film thickness is observed with 4.8 ML authorst®~122>2%Keuneet al® and Macedcet al?® investi-
for LT films earlier than for RT filmg5.5 ML). This casts gated the magnetic properties of Fe films grown on
doubt on any attempt to relate the magnetic reorientation to €u;Au(100 at 473 and 309 K by Mssbauer spectroscopy.
structural change, in particular a structural change from fc@t 5 ML the magnetization direction is orientated in the film
to bcc iron. Yet, it is clear that the film structure at larger plane. A remanent, in-plane magnetization was found at
thickness is unstrained bcc iron. The question thereforeoom temperature by Rochoet all® only above 3.6 ML
arises what the film sturcture is for smaller Fe coverage$rom spin-resolved electron energy-loss experiments. The
between 1 and approximately 6 ML. Our LEEDV data magnetic reorientation from perpendicular to in plane was
show signs for a structural change, but not a very proobserved by Baudeleit al!* A recent paper by Liret all?
nounced one. For a structural transition from fcc to bcc ironattributes this to a structural change from fcc to bec iron. A
a considerable change in the interlayer spacing from approxsimilar structural change has already been postulated by
mately 1.75—1.9 A for fcc iron to 1.43—1.56 A for bec iron is Rochowet al2° Both findings were derived from a kinematic
expected. This is in contrast to the results of our LEEDanalysis of the LEEDI/V maxima of the(0,00 beam. We
analysis which only shows a moderate change with filmbelieve that for the iron films on GAu(100 only a full-
thickness. Furthermore, from the LEED superstructures welynamical analysis of an extended data set with several
conclude that the characteristic in-plane atomic spacing obeams can lead to reliable data. We have performed such an
the Fe atoms is 3—-6 % larger than the atomic spacing in thanalysis and find evidence for a strained bcc modification
CwAu(100 surface, i.e., 2.65 A. Liret al'? have recently below approximately 4—5 ML. Above this thickness a struc-
determined an interlayer spacing of 1.9 A for the first fewtural change to unstrained bcc iron is observed. A structural
iron layers from a kinematic analysis of maxima in tH¥  change in this transition regime has also been observed in the
curve of the(0,00 beam. Combining this result with a 5% STM studies of Linet all? Again, the observed change in
expansion of the atomic spacing of the iron atoms in theilm morphology, in particular, in step height as a function of
plane, an atomic volume of 14.7%As obtained. This is 20% film thickness has been attributed to a transition from fcc to
larger than the expected atomic volume for the ferromagnetibcce iron. We believe that this change in step height can also
fcc iron phase. Neglecting an expansion in the plane stilbe explained by a transition from strained to unstrained bcc
produces an increase of the atomic volume by 10% comiron in the entire film, which should change the step height
pared to the ground state of ferromagnetic fcc iron. We canbetween strained und unstrained areas by approximately 0.4
not envision any mechanism which could lead to such a largd. This is in agreement with the observations of léhal.

It is tempting to try to discuss the experimental data pre
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Hence, the phase transition from strained to unstrained bdims up to 3.1 ML at 300 K. The different switching thick-
iron appears to be consistent with the experimental data pratesses are a result of an interdiffusion of Fe and substrate
sented so far. atoms at the Fe-substrate interface, i.e., an occupation of Fe
atoms at subsurface sites. This decreases the interfacial an-
V. SUMMARY isotropy. Predominantly Au atoms segregate on top of the
] . film surface during deposition at 300 K and are partly incor-
A correlation between the magnetic, structural, and MOrporated in the film upon growing coverage. Above 4.8 ML
phological properties of ultrathin Fe films on £w(100  for LT and 5.5 ML for RT films the film relaxes to un-
was established for LT and RT preparation. Below 5 ML for strained bct100) Fe. The transition regime for RT films lies
LT and 5.5 ML for RT films the Fe grows epitaxially petween 5.5 and 10 ML and is larger than for LT films. This
strained with a tetragonally distorted §£00 modification.  transition also changes the magneto-optic properties of the

The films exhibit a buckling with an amplitude of about 0.2 Fe film. Yet, the structural transition is unrelated to the mag-
A in the fcd001] direction, which seems to be caused by anpetic reorientation observed at smaller thickness.

incommensurate growth. The periodicity of the buckling in-
creases upon growing thickness. ACKNOWLEDGMENTS
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