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Magnetism of atomically thin fcc Fe overlayers on an expanded fcc lattice: CAl14(100)
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We present experimental data on the magnetic properties of atomically thin-fgicase Fe films (1-6
atomic layer nominal thicknesgpitaxially grown on CyuAl14(100) obtained by linear magnetic dichroism in
the angular distribution of FeBcore photoelectrons excited by linearly polarized synchrotron radiation. The
sign and magnitude of the Fep3hotoemission magnetic asymmetry indicates the onset of in-plane ferromag-
netism at 2.8) monolayer(ML) thickness ofy-Fe. The Curie temperature is 288K for 4 ML thickness.
The magnetic splitting of the FepBm | core hole sublevels is 1.02) eV, i.e., the same value as measured for
a bce-F€100 surface where large surface and near-surface enhanced moments contribute. These results char-
acterize the epitaxiaj-Fe on Cy,Al4100) as a high-spin ferromagnet for thickness up to 4 ML, with an
average magnetic moment per iron atom of(Rag. A phase transition occurs between 4 and 5 ML thick-
ness: the magnetic order of the pseudomorphlee film decreases consistently with the breaking into two
phases with the deeper layers in a low-spin and/or antiferromagnetic phase and surface restricted ferromag-
netism, similar to the case gfFe/Cy100). [S0163-182608)09833-9

INTRODUCTION high-spin staté-3 Moreover, within the low-spin and in the
high-spin states, the fcc Fe magnetic moment is predicted to
Achieving an understanding of the properties and behavincrease monotonically with increasing lattice spacirfy.
ior of artificial nanostructures obtained by epitaxial growth Experimentally, bulk fcc Fe is stable only at elevated tem-
and other new techniques in the search for unusual propertiggeratures(>910 °Q as a paramagnetic metal and can be
of materials is one of the dominant trends in physics andstabilized at lower temperatures as coherent precipitates in
materials science nowadays. For magnetic materials, th€u and CuAl matrixe¥® or by epitaxy onto suitable fcc
search for correlation between structure and magnetic propsubstrate$.'’ Cu has a lattice parameter of 3.61 A and
erties of metastable phases of transition metals and oth¢herefore a volume per atom of 11.76° Ahat would corre-
nonconventional materials is particularly interesting. Amongspond to ay-Fe antiferromagnetic or low-spin phasEerro-
these metastable phases, fcc (ReFe) has attracted much magnetic order of-Fe was observed first for films grown by
attention from theoretical and experimental groups. The relelectrolytic methods on Gu10 (Ref. 8 and for ultrathin
evance of this fact lies in the possibility of studying the films grown by molecular-beam epitaxiBE) methods on
magnetic properties of iron in metastable phases where it i€u(111). The experimental evidence of the stabilization of
expected that magnetovolume effects determine the groundhe high-spin phase, with a measured moment ofi.g.6was
state configuratioh-® Theoretical calculations of the obtained for y-Fe as grown on CuAu substratésThe
ground-state of bulky-Fe predict a nonmagnetic phase, angrowth of -Fe on C100 is in fact pseudomorphic: an
antiferromagnetic phase, and two ferromagnetic phases, omxpansion of the lattice perpendicular to the surface can lead
with a small magnetic moment of Ju}, and one with a the system to the magnetovolume instability. The complexity
high magnetic moment of 2.5 per atont—2 The lattice  of the experimental results obtained on Fe/Il) is under-
parameter, i.e., the volume available for the iron atoms, destood as a consequence of the exact structure taken by the
termines the ground state gfFe and a magnetovolume in- (-Fe as a function of thickness, deposition temperature, and
stability is predicted at 3.66 A lattice spaciigr 12.25 £  interdiffusion with the substrate. A complex correspondence
volume@ inducing a first-order phase transition from the an-of magnetism and structure has been recently
tiferromagnetic and low-spin phases to the ferromagnetiestablished®-28Nondistorted fcc Fe/Qd00) shows antifer-
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romagnetic order, while an expansion of the Fe lattice per- fc Fe/Cu Al (100) hv =170 eV

pendicular to the surface can lead to “fcc-like” Fe in the - e CuAL100)

ferromagnetic stat&® 26 A ——1 MLFe
In this paper we present surface sensitive magnetometric £ f‘ Lo ——1sML

results obtained on epitaxial ultrathin Fe films grown on 5 ol 7 \ :isﬁ

Cug,Al14(100), a fcc substrate chosen in order to favor the = / 4 ML

stabilization of the “high spin” phase of-Fe since it has a 8 [ = \ ——5 ML

lattice parameter 1% larger than pure fcc-Cu and therefore a .2 | *"'0 s E i f fw"f ‘“%%_ 6 ML

12.15 A% volume, tuned to that predicted for the high-spin § ARSI

fcc Fe. The magnetism of the fcc iron epitaxial layers has &

been probed by linear magnetic dichroism in the angular =

distribution of photoelectron intensitft MDAD ) of the Fe

3p core levels. This novel meth&t*allows us to analyze, G0 8 6 4 2 E

in a fairly independent way>* the magnetic orderof the Binding Energy (¢V)

fcc iron surfaces via thenagnitudeof the LMDAD asymme-

try, and the relative changes of theeal magnetic momeraf FIG. 1. SR-PES valence band spectra as a function of the Fe

the Fe atoms via the changes of tieergy splittingof the coverage, for the Fe/GuAl1(100) system. Inset: valence band in-
magnetic sublevels of the FepBore hole. This is a photo- tensity decay. The result of the fitting in the inset indicates a layer-
electron spectroscopy experiment: the magnetic informatioffy-'ayer growth of the Fe films.

that is derived is an average of the contributions of the top

layers, weighted by the photoelectron escape depth. =[(lup~ldown/lupt ldown) ], Wherel (I gowr) Were the photo-
electron spectral intensities obtained with the sample magne-

tization in the upwardip) or downward own) directions.

In this geometnA| ypap iS nonzero only if the surface mag-
Epitaxial Fe overlayergl to 6 ML thick were grown netization has a sizable in-plane component. The sample po-

under MBE conditions bye-beam evaporation of a high- Sition and the photon energy were kept fixed in order to

purity Fe wire (3N) onto a clean surface of a G#\l,s(100)  avoid photoelectron diffraction effect§.

single crystal that presents a lattice parameter of 3.65 A, as

determined by x-ray dif_fraction. Bqth growth and measure- RESULTS AND DISCUSSION

ments were performed in an ultrahigh vacuum system with a

base pressure of410 1° mbar connected to the SU7 undu-  The epitaxial growth of ultrathin Fe layers on the

lator beam line at the SuperAco storage ring at Orsay. Th€ug,Al 14(100) surface at RT and 150 K was confirmed by

energy of the linearly polarized undulator radiation was seLEED. The LEED patterns from the Fe films showed a sharp

lected at 170 eV in order to obtain F@ ®hotoelectrons with  p(1Xx1) structure for RT growth and the same pattern with

kinetic energies such to give a minimum probing depthsomewhat broadened spots for growth at 150 K with the

A=5(1) A. This means that about 30% of the photoemissionrsame spacing as the fcc substrate. Samples grown at RT

intensity originates from the surface and that the subsurfacexhibited Al diffusion from the substrate through the Fe

contributions are weighted by %*, whered is the distance overlayers. These samples did not show magnetic dichroism

of the deeper layer from the vacuum interface. Theeither at RT or after cooling down to 150 K. The low-

Cug,Al14(100) surface was cleaned by cycles of Asputter-  temperature grown films were magnetically ordered and no

ing and annealing. Reproducible results were obtained for 3nterdiffusion was observed within the time of the experi-

EXPERIMENT

min Ar* sputtering at 1.5 kV at room temperatuiT) fol- ments. We restrict the analysis and discussion to the mag-
lowed by 20 min annealing at 650 K: shap1x 1) low-  netic y-Fe layers grown at 150 K.
energy electron diffractiodLEED) patterns for 75 eV pri- Figure 1 presents the valence-band spectra taken at 170

mary electrons were obtained. No traces of C wereeV photon energy for the clean gl;4100) substrate and
measured, but a small oxide signal on the Al @ore level for different Fe coverages, deposited and measured &.150
photoemission peak indicated the presence of some oxidizethe spectrum of the clean substrate is dominated by the
aluminum at the surface. The Fe evaporation rate was 0.8u 3d band between 5 and 2.5 eV below the Fermi level. In
A/min, as determined by a calibrated quartz oscillator, andhe spectra of the overlayers, the intensity within 1.5 eV
the residual gas pressure during the Fe evaporation was drom the Fermi level is mostly due to thed®and of iron.
ways better than 8 10 1° mBar. Two growth conditions The inset shows the intensity decay of the Cd 3and of
were explored: the GuAl; substrate was held at RT and at the substrate as a function of the Fe coverage. The exponen-
150 K during iron deposition. The magnetic measurementsial decay indicates that the-Fe films cover the substrate
were done by LMDAD using the same experimental setupuniformly.
and chiral geometry as described elsewtiere. Figure 2 shows the FeBLMDAD for 4 and 5 ML -Fe

We have measured the Fe Xore level from the Fe on CuAl14(100), prepared and measured at 150 K with
monolayers and mirror experiments were achieved byinearly polarized, monochromatic synchrotron radiation of
aligning the in-plane magnetization of the Fe surfacel70 eV. The LMDAD spectra indicate in-plane ferromag-
via an external field up or down along the vertical direc-netism at these coverages. Figure 3 shows the evolution of
tion, perpendicular to the scattering plane. TheA_ ypap With Fe thickness on GuAl,4(100). Up to 2 ML,
magnetic (LMDAD) asymmetry is defined a#\ ypap  NO magnetic order is observed in the direction specified by
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FIG. 2. Fe 3 LMDAD spectra for 4 and 5 ML fcc FIG. 4. Temperature dependence of the peL®IDAD for 4

Fe/Cu,Al (100) prepared and measured at 150 K. The existenc®lL fcc Fe on Cy,Al1(100). The data are fitted by the power law
of magnetic asymmetries indicates in-plane ferromagnetism for thé1— (T/T¢)]#. The inset shows the LMDAD asymmetries at 150 K
4 and 5 ML-thicky-Fe films. Up(down) triangles refer to upward (empty circleg and 300 K(dotg. The second panel shows the fit-
(downward direction of the sample magnetization with respect toting procedure based on the power-law hypothesis, according to
the photoemission plane. Empfyll) symbols refer to the 6 ML)~ Durr et al. (Ref. 40.
thick iron layer.
Similar T values have been reported for Fe(0R0) (Refs.

the external applied fieléin-plane and perpendicular to the 26 and 1% and Fe/CuA@@11).** Our g value agrees well
photoemission plane In-plane ferromagnetism appears atwith that predicted by the two-dimensiorndl’ modef® and
2.5 ML andA_ ypap reaches a maximum value for 3—4 ML. with values measured on Fe/@00) (Ref. 40 and on
Assuming that below 2.5 ML our Fe films present perpen-Fe/\M100).** This extrapolation method fof allows for
dicular anisotropy, this result would indicate a lower thick- the existence of a deviation from the power law above a
ness threshold for the reorientation transition of the ferrocertain temperatur®:*> The deviation is connected to the
magnetic easy axis than reported in the case of @@  low dimensionality of the system: in quasi-two-dimensional
substraté®22:2>37 systems the spin fluctuations related to the phase transition

The Curie temperature of the in-plane magnetized ultraare very important and affect a larger temperature range near
thin y-Fe phase has been determined for 4 ML thickness by - than in bulk ferromagnetism. By reachifig from be-
measuringd ypap as a function of temperature, as shown inlow, the magnetization may not vanish because of the forma-
Fig. 4. The experiment was performed by varying the tem+ion of short-range ordered spin clusters that can show dif-
perature of the 150 K deposited sample between 150 and 3G8rentT. values, depending on their si¥&The spread of the
K. The data are fitted by a function describing the power-lawmeasured Aypap Values neaf provides evidence for a
dependence of the order parameter of ferromagnetism in thimited coherence length that is connected to the high density
neighborhood of the Curie temperatuFe .* The fit is ob-  of defects in the low-temperature grown layer. The possible
tained by maximizing the function 1¢@— (T/Tg)] in the re-  onset of interdiffusion at the interface, when annealing at
gion where logLMDAD ) vs lod1— (T/T¢)] is linear. This  room temperature, may have a direct consequence on the
procedure yields an exponefit= 0.212(5) for the power law deviation from the power-law behavior.
[1— (T/Tc)]? and a Curie temperaturd-=288(5) K. The analysis of the energy splitting of the F@ 8ore
level can give insight on thiecal magnetic moment of the
iron atoms in the epitaxial films. In Fig. 5 we compare the Fe

—_
<

~ 1o} A . 3p LMDAD splitting of 3 ML fcc-Fe on Cig,Al14(100)
) [AE=1.10(2) e\ of a standard bcc-F&00) surface. The
z 8r E energy width of the dichroism spectrum represents the en-
£ 6l y ergy splitting of theJ=3 multiplet due to the exchange in-
£ teraction for the ® core hole and the spin-polarized valence
< 4f Fel/wcfsi%i\l/oo) ] band. The splitting reflects therefore the value of the mag-
2 . T2 150K ] netic moment of the excited atom, i.e., a local prop&tf
% Fe 3p Recent experiments on Fe-Co and Fe-Ni surface aifoys
— ot 1 have demonstrated that the width of the@ Zore level

1 2 3 4 5 6 LMDAD ;pectra is prop_ortional to théocal magnetic mo-

fec Fe thickness (ML) ment. This means that sizable changes of the livoal mag-

netic moment are reflected in changes of the splitting energy
FIG. 3. Fe 3 LMDAD asymmetry for increasing Fe coverage of_ the core hole magnetic sublevel, and conseque_ntly on the
on Cuy,Al14(100), indicating the onset of in-plane magnetization atW!dth of the LMDAD spectrum. Roughly _Speaklng, the
2.5 ML Fe and the phase transition between 4 and 5 ML, with 359avidth of the LMDAD spectrum for the predicted low-spin
reduction of magnetization. ferromagnetic phase with 1uk should be reduced to one-
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A LA creasing the Fe thickness, the deeper Fe layers undergo a

3 ML fec Fe/ Cug, Al (100) transformation from a distorted fcc structure towards a more
+ clean bec Fe (100) compact undistorted orté?22627|f the top layers remain in

N the perpendicularly expanded, large volume structure, then a

magnetovolume instability in the vertical direction may ex-
plain the reduction of LMDAD asymmetrifewer layers in
the high spin stajeas well as the permanence of a high
magnetic moment near the surface. The dense deep layers
could be in the antiferromagnetic state at sufficiently low

ALMDAD

hv =170 eV temperaturdparamagnetic at 150)Kwvhile the surface/near-
Fe 3p surface layers would remain in the high-spin ferromagnetic
state with magnetic moments of 2.5@@3. For
—_— L . Fe/Cuy,Al1¢(100), the formation of an antiferromagnetically
-36 55 -54 53 -52 -51 . >
Binding Energy (V) ordered phase in the deep layers for samples thicker than 4

ML is compatible with the LMDAD results, since it would
FIG. 5. Fe  LMDAD for 4 ML fcc Fe on Cy,Al,4(100) (open  add a nondichroic spectral contribution with a reduced total
circles and for bce-FEL00) (filled circles. The bec-FELO0) spec-  photoemission peak widttdue to the reduced magnetic mo-
trum represents the average of a surface enhanced moment nfent of Fe atoms in the antiferromagnetic phasethe sur-
~3up and subsurface and bulk contributions-e2.2ug . Accord-  face (ferromagnetit dominated LMDAD spectrum. This
ing to an escape depth=5(1) A, ~30% of the photoemission contribution cannot severely modify the line shape of the
intensity originates from the surface and the LMDAD lineshape ofsurface sensitive Fe@spectra, but can certainly reduce the
bce-Fe100 is equivalent to that of a homogeneous Fe film with A ... On the other hand, if the observed reduction of
~2.3ug- magnetization for thicknesses larger than 4 ML was due to a
transition of the wholey-Fe film to a low-spin ferromagnetic
half of the width of the LMDAD spectrum for bulk bcc Fe phase, as suggested by Durrastdal. for Fe/Cuy111),* then
(2.2ug). From Fig. 5 we observe that the width of the LM- a large reduction of the LMDAD splitting should be ob-
DAD spectrum of 3 MLy-Fe/Ci,Al,4(100) and that for the served, which is not the case.
a-Fg(100) are identical within experimental accuracy. A dis-
cussion of the LMDAD signal of bcc-Fe is needed at this
stage: the reported LMDAD spectra were obtained in highly CONCLUSIONS
surface sensitive conditions, which implies that the measured
LMDAD line shapes represent the average of surface, suqh
surface, and substrate contributicisThe width of the ref-
erence bcc H&00 surface spectrum is determined by the
surface enhanced moment, the subsurface, and the bulk m
ments averaged with relative weights set by the surface se

In conclusion, we have observed in-plane ferromagnetism
ultrathin fcc-F€100 layers on Cy,Al;¢(100) for thick-
ness between 2.5 and 6 ML, which were prepared and mea-
sured at 150 K. The magnetization is oriented in plane at
fBwer coverage than reported in the studies of FEIC0),
riB'erhaps as a consequence of the laterally expanded

sitivity of the measurement. A numerical simulation of the . - .
. .~ CugsAl14(100) lattice, which reduces the need of expanding
Fe(100 LMDAD spectrum, based on the hypothesis of lin- the interlayer distance perpendicularly in order to reach the

ear dependence of the LMDAD width upon the magneucfavorable atomic volume for the high-spin ferromagnetic
moment and on an escape depth\ef5 A, gives an average

value of the magnetic moment of the sampled bcc iron layer hase, and consequently reduces the perpendicular anisot
of 2.5(1)ug . The enhanced values of the magnetic momenEOpy' The ferromagnetic fcc-FE00/CueAl;6(100) phase

as an average magnetic moment of the order gig,5as
at the bcc FELOO) surface and subsurface layers have bee ) .
taken from theory(2.97u for the surfack® It appears "Yeduced by comparison with the data from a cledre(100

. . . > surface, and has a Curie temperature close to room tempera-
from Fig. 5 that the magnetic moment of the iron atoms in 3 P b

. ture for 4 ML thickness. A phase transition is observed be-
ML y-Fe/CuysAl1(100) is of the same value. If we make tween 4 and 5 ML: the order parameter is suddenly reduced

the hypothesis that the magnetic moment of the 3 Iv”"thiCkbut the magnetic splitting of the top layers remains basically

y-Fe film is uniform through the layer, then our data are : . )
consistent with the formation of the theoretical high-spin fer_$changed. This can be understood by analogy with the be

romagnetic phase characterized by a magnetic moment vior establi_shed fqmFe/CleO) films of similar thick-
2.5(1)ug, and with the experimental value from Gradmann%es.s that exhibit antlferromagnetlca_lly ordefed paramag-
and Isbert: larger than in bulke-Fe. In the high-spin state of netic deep layers and surface restricted ferromagnetism.
the y-phase, iron is a strong ferromagnet, with an almost full
majority 3d band. In these conditions, the surface enhance-
ment of the magnetic moment should be limited to a 10%
effect at most, likewise in the case of hcp or bee cobalt. W.A.AM. and W.N.R. acknowledge the hospitality at

Above 4 ML, the LMDAD asymmetry is reduced by LURE during the experiments and the financial support of
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