PHYSICAL REVIEW B VOLUME 61, NUMBER 20 15 MAY 2000-I1

Infrared optical properties of ultrathin Fe films on MgO (001) beyond the percolation threshold
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In ultrathin metallic films the scattering and the spatial distribution of charge are influenced by the interfaces
with the vacuum and with the substrate, and by the resulting confinement of electrons. To investigate the
dynamic conductivity of the free charge carriers, as the main contribution to the ir dielectric function, we used
in situ transmission spectroscopy in the middle ir, which we performed during the evaporation of Fe on
MgO(001) in ultrahigh vacuum. Up to a thickness of about 3 nm we find ir absorption and spectral dispersion
clearly different from bulk iron behavior. For continuous films such findings indicate significant scattering of
charge carriers at the surface and, at closer inspection of sets of spectra, a thickness dependent effective ir
optical oscillator strength. The type of thickness dependence of surface scattering and of oscillator strength is
correlated to the development of mesoscopic roughness during growth.

[. INTRODUCTION strate is completely covered already at a thickness of about 1
nm. This is different to many other metal-on-insulator
The electronic properties of low-dimensional systemssystems>—27 Epitaxial order was proofed by HAS and by
e.g., of metallic thin films and nanostructures, are of basidow energy electron diffractioflLEED). At room tempera-
interest for material science and a wide range of technicalure and below 0.8 nm film thickness, island growth is evi-
applications. The conductivity of metallic nanostructure de-denced by HA§'- Above 1.0 nm film thickness, the contin-
fines its applicability for electronic devicésThis conductiv-  ued deposition of metal reduces the roughness of the surface,
ity can show a modulation due to quantum size effects I-€., the morphology that remains from the preceding island
(QSB, which in turn can be responsible, e.g., for electron-growth with grain sizes of-4.0 nm>*!is slowly wiped out.
phonon-interaction correlated growth phenom@mairther- Seeking for accordance between experimental ir spectra
more, the electronic structure in low dimensional solids playsand calculations for the thin Fe films, we consider important
an important role in friction phenomeﬁand it affects the facts: (|) the dielectric function of a metal like iron has a
surface potentidl,which promises a way to design catalytic frequency dependence in the midinfraredlIR) region,
properties. Finally, the interaction between adsorbates andhich is considerably different from the simple Drude model
the electronic structure of metallic low-dimensional supportswith frequency independent scattering rate and plasma

gives rise to enhancement efféctthat push forward the frequency:” (ii) real thin films have irregular surfaces and
chemical detection limit and that might be used for sensointerfaces’ that result in additional electronic relaxation and

applications. also in depolarization effect$:*3

Optical properties of conductive matter depend on elec- After a short description of theor{Sec. 1) we give an
tronic structure, i.e., the relaxation of electrons close tgoverview of the experimental setup and present the results
Fermi level and their optical effective massi?In thin films ~ (Sec. Il), which are analyzed with respect to thin film con-
both these quantities are different from their bulk valuesductivity parameter¢Sec. IV). The discussion of these pa-
First, additional relaxation mechanisms due to electronfameters will illuminate their relation to the morphology of
interface scattering=*° lead to the so-called classical size the films(Sec. V.
effect (CSB. The CSE depends on surface roughfés¥
and it is influenced by adsorbat€s2° Second, the confine-
ment of electrons due to the interfaces changes the band Il. BASICS OF ir DYNAMICAL CONDUCTIVITY
structure and the density of states at Fermi |éVef? This is OF CONTINUOUS IRON FILMS
the QSE. Oscillations in the optical properfiééwere mea-

. The treatment of valence electrons of a metal as a Fermi
sured up to a thickness of several nanometers. Nevertheless S
) . . , - “"gas leads to the useful Drude-Sommerfeld approximation of
optical properties of few nanometer thick metal films on in-

sulators are poorly investigated, which is partially due to thethe metal dielectric function as long as the energy of external

strong tendency of this material combination towards islan(s\)/(Citations is too small to enable interband transitins.
growtghzg,_gg y ith typical assumptiongisotropic relaxation and a phase

i . . velocity much larger than the electron velocity at Fermi en-
In this paper we report on ir-transmittance measurements

of Fe/MgQ001) prepared at 315 K in ultrahigh vacuum ﬁ:g)?u?éig:lelectrlc function reduces to a Drude type dielec-
(UHV) and their interpretation for continuous ultrathin films.
The implementation of the noncontinuous island film spectra

will be discussed in a forthcoming pap€rFrom our He- 2
atom scattering (HAS) studies performed earlier on e(w)=€,— L (1)
Fe/MgQ001),%° we know that at room temperature the sub- o(wtio,)
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100 - ' ' ' ] cording to Matthiesen’s rule, it is added to the bulk rate to
3 ] give an effective thin-film relaxation rate ,rg(w,d):

o, 7r(0,d)=w (o) + og(d). ()

The surface scattering contributian(d) scales with the re-
ciprocal average thickneskof the deposited film and with
the velocity of the quasifree electrons:
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Drude parameters (10°cm™)

We use the velocity at Fermi levély=1.98<10° m/s
and average over all directions with a positive component

0.1t 1 i
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. . . ] perpendicular to the film surface. The factemplays a two-
1 2 3 4 5 fold role. Originally, a probabilityp was used by Fuch¥3®
Wavenumber o (10°cm™) to describe the specularity of the surface scattering. For an

isotropic electron gas and a film with perfectly parallel inter-
FIG. 1. Spectral behavior of the Drude parameters plasma frefaces, the nonspecularity paramederwhich is proportional
quencyw,te(w) (upper curvesand scattering rate .rr(w) (lower  to 1—p, should be equal to unity as long as each collision
curves for iron (see text, Sec. )JIfound for 4.5 nm Fe/Mg@01)  with an interface is counted as a scattering out of specular. In
(solid ling) and for 1.0 nm Fe/Mg@®@O0Y) (dotted ling. Both para-  our analysis of real films the parameteraccounts for sur-
meters are converted from Sl units to chunits by multiplication  face roughness and also for mesoscopic topography of the
with 1/27rc. The labels of the axes are also valid for the inset with metallic film. A heterogeneous film thickness may be treated
wp(w) andw (o) versusw for bulk iron as derived from the bulk i g way similar to that proposed by Nambz® By laterally
dielectric function(Ref. 32 (see text, Sec. JI averagingws, i.e., the inverse film thickness, the mesoscopic
roughness appears as an increase ihthe optical data are
analyzed with respect to the average thicknésshe value
of @ may go far above unity if the mesoscopic roughness is
strong. Due to this sensitivity on morphology the determina-
tion of a as a function ofl supplies a tool for gaining insight
into both the development of microscofghort range, i.e.,
_ / Ne? <1 nm) surface roughness and the mesosc@pity range,
@p= €om*’ 2 i.e., >1 nm) morphology of the film.

To account for the temperature and for volume defects of
is an average value for the effective mass of the optical exthe actual sample an adjustment of room temperature param-
citation process for the effective densityof the free elec- eters is necessary. For example, ultrathin Fe/NO§D)
trons. Similar to Young®¥ results, frequency dependent grown at room temperature shows grain bounddtids
functions have to be considered fef, and forw,. Thisis  (which may act as sources for electron scatteriag dis-
the result of a renormalization procedure for effects oftances of typically 4 nm, which is of the same order of mag-
electron-phonon interaction in the MIR. Experimental datanitude as the electron mean free path in polycrystalline iron
of various metals clearly evidence that the dielectric func4n the MIR3? For a simulation of the bulk properties of our

tions in the MIR? are poorly described on the basis of fre- films grown at 315 K we adjust the parameters of
qguency independent Drude parameters.

We derived the functionsoy(w) and o () from true 00)=0.,ot yo? (5)
frequency dependent experimental data of bulk polycrystal-

_ 1 _ — 4 _
line iron>? by using the formal dependence of the Drude €~ @70 =860 cm ~andy=3.55<10 e for hest accor
dielectric function onw, and onw, and by settinge.. equal dance of MIR spectra of experiment and calculation for the

to unity3? The scattering rate calculated this way is almostthic_k'aSt film under investigation wheres s sm_all. For com-
frequency independent at lower frequencies, but abov@arson. the d.ata frEm Ref. g?ee msEt of Fig. )}itren\]/zvell
~2000 cm ! a scattering contribution that increases«ts Feproduced with ,=180 cm  and y=3.20<10 * enr.

(see Fig. 1 dominates. Such contributions are also known When calcul_atlng Fhe thm'f'lm dielectric function, we _also
from electron-defect scatterirfy. Actually, for metals at take into consideration a thlpkness dependent variation of
moderate temperaturesﬁathey should be determined biye(®) and therefore replace it by, re(w):

electron-phonon scattering. _

In cor?tinuous thin films the surface, the dimension- wpre(@,d)=B(d) @p(®). ©
ality, and the morphology influence electronic With this scaling facto3(d) we approximately account for
transport:>273336=38yith decreasing thickness of the metal QSE, for surface effects with respect to electronic polariza-
film the scattering of electrons at the interfaces increasinglyion (from classical electrodynamics known as depolariza-
dominates their relaxation. This is more relevant the earlietion), and for static charge transfer.
the metal film completely covers the substrate during growth. We expect a failure of the above described model in the
Usually an additional relaxation rateg is introduced. Ac- case of metal-island films. We also expect a less good de-

where w is the frequency of the external fields, is the
relaxation rate(i.e., the inverse life timeg and e, accounts
for the background polarizability. The optical mass',
which enters the plasma frequency
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scription of experimental results for thicker-6 nm) films 1.0 ;\'
and higher frequencies because in our model the scattering of [ 1.0nm
electrons in the film is treated independently of the depth in 09
the film. However, it is a good approximation as long as the 1
film thicknessd is similar or smaller than the electron mean S 08— 20nmq
free path lyep=ve/w,. With vp=1.98<10° m/s this 8 ://Z__;:
length is 5 nm at 2000 cit, but only 1 nm at 5000 cm* £ 07 .'/”_//'.
for a film thickness of 4.5 nm. a ://7-0;:

If the scattering in the thin film leads tbyrp<\g g 06 .'/T
(A\e=0.37 nm irt! bulk Fe, a limit of the applicability of = [ onm

semi-classical calculations is reached. The onset of weak 0.5 '/ '
localizatiorf® necessitates a fully quantum mechanical treat- ! 315 K]

ment of the transport properties. For our continuous thin-film 04T

model we find that,p is smaller tham\g only for films 2000'3000'4000'
thinner than 1 nm. Another reason for a quantum mechanical ;
treatment is the confinement of electrons along a direction Wavenumber o {(cm’)

perpendicular to the surfaG&'?? When d?<lyrphg the _ _ o
classical picture becomes invalid and QSE should be FIG. 2. Selection of transmittance specfreormal incidence

considered® Concerning optical properties in the MIR, the Measured for Fe growing on MJab) at 315 K. Unity means the
transition region is again around 1 nm thickness. same transmittance as the substrate and the labels indicate the film

thickness. For successive spectra the film thickness differs by 0.2
nm.
Ill. EXPERIMENT AND RESULTS

For our experiment we used a combination of a vacuunfd<0.8 nm), the transmittance does not decrease remark-
Fourier transform ir spectrometéBruker IFS66v/$ with a ably,_ i.e., no anolmaloﬁélncrease of absorption is observed.
liquid-nitrogen cooled mercury cadmium tellurid®CT) Within thg experimental errors these results were reproduced
detector(Bruken and a UHV chamber<{2x10 1 mbar) ~ Several times.
with KBr windows and facilities for ultrathin-film prepara-
tion. A water-cooled evaporator with flux monit@micron IV. INTERPRETATION OF ir SPECTRA
enables Fe deposition at a controlled rate0(18 nm/min, ) ] . ]
assuming Fe bulk densityThe metal vapor hits the surface ~ FOr an interpretation of our ir optical data we calculate the
at an angle of 37.5° with respect to its normal. The rate id’ transmittance of a layer-on-substrate system taking into
calibrated for each experiment with a quartz microbalancéccount coherent multiple reflections and the continuous-
(Tectra at sample position. Average film thicknesses are dethin-film model dielectric function of Sec. Il. The ir trans-
rived from the deposition time. Ultraclean M¢@1) was Mission of the bare MgO substrate is described on the basis
prepared in UHV by cleavage of ax77x 15 mnt sized Of the well known one-phonon parameters, the dielectric
single crystalKristallhandel Kelpin. The crystalline surface constant in the near-infrareeind visiblg region, and slightly
structure of our samples is checked with LEEOmicron.  adjusted parameters of the multiphonon efféétShe nu-
From earlier HAS and atomic force microsco@FM) mea- merical 4falculat|ons are performed with commercial
surements we know that these surfaces show atomically fl&oftware. _ , _
terraces of several 10 nm width. We also know that cleavage The calculated spectra of Fig. 4 are best-fit results. This
in air leads to an enhanced defect density on Naf),284*
which can alter the growth kinetics.

During thin-film deposition at room temperature ir- 1.00 {
transmission spectroscopy was performed at a sampling rate
of one spectrun100 scansduring 0.04 nm increase of film
thickness. These spectra (1800 chrto 4500 cm'!) were
taken at normal incidence with a resolution of 32 CmAs a
reference, the MgO transmission is measured prior to film
preparatiorf? ir-transmission spectra for Fe films are shown
in Fig. 2 for a selection of various thicknesses. Complete
series of consecutively measured spéétcemonstrate that
broad-band shifts in ir transmittance are well resolved down 0.25
to a level of 102 nm increase of film thickness. In this
experiment, we observe negative slopes for the transmittance
spectra of the thinnest films. However, around 1.5 nm a FG. 3. Solid symbols: Transmittance at 2000 Gnversusav-
crossover to positive slopes occurs. The spectra with almogragefilm thicknessd for Fe growing on Mg@001) at 315 K. Open
no frequency dependence indicate this ir optical crossovekymbols: imaginary part of the Drude type continuous thin film
The transmittance decreases in the whole spectral range witfielectric function (see text, Sec. )l for 2000 cm *(0),
increasing film thickness as demonstrated at 2000%sm 3000 cni1(O), and 5000 cr(A) calculated from our fit para-
e.g.,(see Fig. 3 In the very beginning of metal deposition meters(see Fig. 5.

300
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0.50 100

Thickness d (nm)



PRB 61 INFRARED OPTICAL PROPERTIES OF ULTRATHINé&. . . 14111

1.00 p—— ' ] 13500 cmY), i.e., w clearly dominates inv, . The val-
0.98| ] ues for B start from 1.28 at 4.5 nm, and show a gradual
- decay to 0.9 at 1.0 nm. Below 1.0 nm the uncertainty in the

0.96 F o : -
§ p determination of the values increagsse error bars in Fig.
s 5) and no well-defined values can be found. This is mainly
E 0.50 due to the fact that in the limibs~ w 1> » the two param-
S 045F ] eters enter the dielectric function only as the rgéfd .
(= ) ] These thickness dependenciesrand 3 are found for all
experiment { . . .
o040t/ calculation ] the investigated films grown at room temperature on

, , ) ] MgO(00)) cleaved in UHV. The results are very stable with
2000 3000 4000 respect to small variations of the bulk properties, particularly
at thicknesses below 2.0 nm. At high thicknesses, where
is small, the arbitrary balance betweepandw .o appears in
FIG. 4. Transmittance spectra for continuous Fe thin films of 1.0the values forr [see Eqs(3) and(4)]. We chosew .4 to give
nm and of 4.0 nm thickness on M@@1). Full lines: Experimental  an «(d) with an approach to a constant value at 4.5 nm. The
results for growth at 315 K. Dotted line: Best fit result using fre- saturation behavior o8 at large thickness appears reason-
guency and thickness dependent Drude paramétesstext able. The meaning of a value above unity needs further in-
vestigations. We find values fg8 above unity for Fe thin
selection of spectra represents the highest accordance Bms (studied up to~13 nm) on several substrates and for
measurement and calculation that could be gained in théeveral growth conditions. We carefully checked that it is not
whole thickness range from 0.8 nm to 4.5 nm. We want to due to the uncertainty in the thickness calibration. Interest-
emphasize that the use of the frequency dependent opticlgly, Au film Qat§7 also indicate an increased plasma fre-
parametersw,(») and (o), which represent the actual quency at a thickness far above the percolation threshold.
bulk properties, is essential to gain this accordance. The only
thickness dependent continuous-thin-film fit parameters are V. DISCUSSION
the scaling factorsy(d) for the surface-scattering rate and ) ] . ) )
B(d) for the plasma frequency, as introduced above. Their The observed evolution of ir optical transmittance during
best-fit valuessee Fig. 5 are defined by a spectral mean- 9rowth of the metal thin film resembles a scheme that fo-
square fit. The importance of both these parameters is evfuses on the percolation threshold of a metal island fiff.
dent from the strong dependence of the mean-square deviflowever, the actual reason for the behavior observed here,
tion between experiment and calculation on the twoln Particular the optical crossover atl.5 nm thickness, is
parameterssee inset of Fig. b Almost no accordance is different from that schemé&. For large film thicknesses
obtained if the frequency dependencies.gf ») andw () (>2.Q nm), the spectral increase of ir transmittance with in-
are ignored or if even long wave Drude parameters are use&€asingw is known from the simple Drude model and it is
for describing the dynamic properties of iron in the MiR.  typical for metals as long as is sufficiently smaller than the
Coming from the highest thickness, (and w¢) steadily ~ frequency for plasma or shape resonances. For small thick-
increases from a value of about Gik., ws=520 cnT*) and ~ Nesses €1 nm), an ir transmittance with a dispersion of
then it sharply increases to values far above {i.@., OPposite sign is found. Below the percolation threshold it is
5200 cnil). At a thickness of 1.0 nm, e.g., it is 2(6e.,  due to the response of separate metal partitlBas will be
discussed in more detail in a forthcoming paffeFrom the
S S R - comparison of our ir-transmission data with detailed HAS
] studies®**and from dc-conductivity measuremefitae de-
10F . duce that at the optical crossover, which occurs-at5 nm,
o 1 the film already completely covers the substrate and, there-
134 41 fore, should be conductive. The optical crossover in this sys-
r 1 tem cannot only be the result of the morphology at the criti-
11 cal percolation thicknes®.1t must be caused by a property
5T o9 T ] of the continuous ultrathin metallic iron films.
g ] In order to extract further information on electronic struc-
] ture, percolation, and continuous-thin-film morphology we
will analyze the thickness dependence of the parameters
a(d) and B(d). For a film with a homogeneous electronic
: : : : system and parallel, but atomically rough interfaces, a non-
! Thickiess d(3nm) 4 specularity parameter between zero and about unity is ex-
pected independent of film thickness. An increase aof
FIG. 5. Fit results for continuous thin-film parametergsolid ~ POINts to an increase of surface roughness. At thicknesses
circles and 8 (open circle versusaveragefilm thicknessd for a ~ below 2.0 nm our fit parameter reaches values far above
representative selection of our spectral data. Inset: Contour plot dfnity, i.€., atomic roughness seems to be topped by morpho-
the mean-square deviation of calculated spectra from experimenté®gical (long range roughness. Since the average film thick-
result ford=1.5 nm under variation ofr and 8%; for successive nessd enters reciprocally into the scattering rdsee Eq.
lines the mean-square deviation changes by a factor of two. (4)], regions thinner thard are of stronger weight than

Wavenumber o (cm™)

o, B

Q00000000 00-000-000-00-00]
kooooo&weggﬁ:" 9
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thicker regions. Therefore, the found behavior clearly indi-metal island$/*#’On the basis of our thin-film model we can
cates a granular morphology of the continuous Fe films omecognize the negative slope of the transmission spectra for
MgO(001). Such morphology is established for Fe/ 1.0 nm<d<1.5 nm as the result of the strongly enhanced
MgO(001) grown at room temperature by HASand by electron scattering in an ultrathin film in combination with
scanning tunneling microscopy.With further decreasing the frequency dependence af,. As so0Nn asw g~ ws
thickness, the increasing indentation between such graingw, the frequency dependence of the thin-film dielectric
should appear as a divergenceni(d). Our results show this  function is dominated by»,(w) [see Eq.(1)]. In this case,
divergence atl~0.8 nm. The incomplete substrate coveragean increase oy, with w results in a respective increase of
for even thinner films is corroborated by HAS experimefits. absorption or decrease in transmission as found for a film
Accordingly, the thickness dependencecofndicates a per- thinner than 1.5 nm.
colation transition atl~0.8 nm. The result of a film rough- Combining the interpretation fa#(d) and 8(d) we find
ness that is strongly dependent dris also derived by an that the ir optical crossover in Fe ultrathin films-atl.5 nm
interpretation of the dc conductivity that follows from our fit is due the electronic properties of continuous metal thin
results in terms of a QSE mod¥| This model describes an films. The thickness dependencies of the parametersd 3
increase of dc resistivity with decreasingthat is stronger show no significant structure at1.5 nm, but they point at a
than predicted by the CSE. However, also in this case thgercolation threshold at-0.8 nm. These findings are illus-
o, 1r(w=0,d) values from our experiment can only be re- trated by the thickness dependence of the imaginary part of
produced if an increase of surface roughness with decreasintpe dielectric function in the MIRas calculated with the fit
thickness is assumed. At about 1 nm film thickness, theparameters, see Fig).3Vith decreasing thickness the mono-
square root of the rms fluctuations in film thickness, which istonically decreasing values indicate a decrease of metallic
used in the QSE mod&las a parameter for the film rough- absorption.
ness, starts to exceed the film thickness. We interpret this as For films thinner than 0.8 nm we found no reasonable
an indication for the percolation transition. description of the experimental spectra on the basis of the
The decrease of the fact@r with decreasing thickness is continuous film model. A much better fit between calculation
consistent with the behavior ef since it corresponds to an and experiment we reach with the model of Yamaguchi
increase of depolarization fields. Depolarization fields beet al*® for a two-dimensional arrangement of islarfds.
come relevant whenever the local surface is tilted with re-
spect to the electric field of the incident wave. An increase of VI. SUMMARY
these depolarization fields indicates an increasing amount of . . . .
tilted surface area or an increasing long-range roughness am- Our |r-trqnsm|53|on study demonstrates that |r.1for.mat|'on
plitude. Hence, a facetted surface or a granular film seems " eleqtronlq structure and morphology of ulirathin films IS
be an appropriate picture to explain the small valuesgof ac<_:e53|ble via ir optlcal_ methods. However, careful analysis
Our finding is in agreement with the results of Berthier ando.f ir data and the conS|der§t|on B frequenpy dependent op-
co-workers””#” For inhomogeneous systems with Conduc_t|cal parameters are essential. The analysis of Fe/(@QD

tive matter(in two or three dimensionsn an insulating ma- shows that, e.g., the optical crossover, which we observe in

trix, they calculate a dependence of the Drude plasma fret_he ir transmittance, is driven by electronic structure and

quency on the metal filling factor that shows a roughly Iinearelectronic scattering but not only by the percolation transi-

increase starting from zero frequency at the percolatioﬁ'on' From our spectral ir-transmission data we deduce a

threshold. Considering the film above the percolation thresh‘ijr"’mUIar morphology for continuous films and the percola-

old as a metallic effective medium, the decrease3ofith tion transition at a thickness 0.8 nm.
decreasingl clearly points at a percolation thickness below
1.0 nm where we find the minimum ¢f. The increase oB
between 1.0 nm and 0.8 nfaccompanied by an increase of  The authors gratefully acknowledge financial support by
uncertainty cannot be interpreted within the continuous film the Deutsche Forschungsgemeinschaft and the stimulating
model. It indicates the onset of the absorption due to isolatedorrespondence with Z. Tasovic
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