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Intermixing during growth of Cr on Fe (100) studied by proton-
and electron-induced Auger-electron spectroscopy
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1- and 2-ML Cr films have been grown on(#80 under layer-by-layer conditions and studied using Auger
electron spectroscopy induced by electrons and grazingly incident protons. Exploiting the different sampling
depths for proton and electron excitation, we could quantitatively evaluate the layer-dependent concentration
profiles of Cr and Fe near the film surface and their evolution in time. For a coverage of 1 ML, more than half
of the deposited Cr atoms have undergone place exchange with Fe substrate atoms, which results in a mixed
first and second layer. For 2 ML, the first and second layer consist predominantly of Cr. Long-time measure-
ments show that as-grown 1-ML films are not stab®0163-18206)11131-Q

Recent studies have shown that epitaxial growth of metahs a model system to study phenomena of exchange coupling
films on metal surfaces involves complex phenomena nobetween ferromagnetic layers separated by nonferromagnetic
anticipated from simple thermodynamic consideratibRer ~ spacer layers.Whereas for Cr coverages larger than 3 ML
a variety of systems the interface between substrate and filithe surface magnetization shows a clear layer-by-layer anti-
is not atomically flat, but intermixing and alloy formation ferromagnetic stackinfjjmportant and unexplained anoma-
occurs. The atomic scale mechanisms involved include plackes in the magnetic properties appear at lower coverages.
exchange of condensate and substrate atoms and nucleatiBecent Auger-electron forward scatterirrmd STM studie’
and growth of mixed adlayer islands. Continued growth thushave revealed a potential structural cause of these anomalies:
may leave many condensate atoms buried in the second atite authors find that for growth at 570 K no atomically
deeper atomic layers. Unprecedented insight into these prabrupt interface is formed, but intermixing occurs for cover-
cesses has been obtained from scanning tunneling microages below 1 ML. For coverages beyond 2 ML the film
copy (STM),2® where the arrangement of atoms in the top-surface seems to be predominantly Cr.
most atomic layer is probed. However, additional techniques Our experimental procedure is based on recording Auger
are required to complement inherent limitations of STM,signals from Fe and Cr during exposure of th¢1B§) sur-
such as its inability to look into buried layers and problemsface to a constant flux of Cr vapor. The Auger electrons are
concerning the identification and distinction of atomic spe-induced either by 4-keV electrons at oblique incidence or by
cies. In this paper, we will introduce a new technique to25-keV protons under grazing incidence. In case of electron-
study intermixing and interdiffusion effects in heteroepi-induced AES, the sampling depth is essentially determined
taxial growth: Auger-electron spectroscof4ES) induced by the escape depth of the Auger electrons and amounts to
by grazingly incident protons in combination with conven- about two layers for the low-energy Auger line of Fe at 47
tional electron-induced AESWe will show that the differ- eV and six layers for the high-energy Auger line at 703 eV
ent sampling depths in proton- and electron-induced AESsee below The situation is different for proton-induced
allow one to obtain layer-dependent concentration profiles oAES: Grazingly incident protons cannot overcome the col-
condensate and substrate atoms within a few layers benedatttive repulsive interaction potentials with surface atoms,
the surface with(nea) monolayer resolution. but are specularly reflectedplanar surface channeling’

We have studied the system Cr on(Fe0, which has Creation of Auger electrons via core-hole excitation is thus
interesting magnetic properties. It is the basic building blockconfined to atoms in the topmost surface layer, i.e., the sam-
of Fe/Cr/Fe sandwiches and superlattices, which have servaiing depth amounts to one layer, irrespective of the Auger-
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FIG. 1. Sketch of the experimental setup.
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0 2000 4000 6600 electron-induced Fe 47-eV Auger signéentral pangl and
electron-induced Fe 703-eV Auger signaight panel during
growth of about 2 ML Cr on FE00) at 570 K. The left and right
FIG. 2. Electron-induced Fe 47-eV Auger sigiablid circles vertical _solid lines ind_icate the opt_ening_ aqd closing of the shutter,
and Cr 36-eV Auger signdbpen circles during growth of about 5 respectively. The_ vertical d_ashed lines |nd|c§te the growth of 1 and
ML Cr on Fg100) at 570 K. The solid lines are the results of a 2 ML Cr, respectively. All signals are normalized to the data for the
piecewise least-squares straight-line fit to the data. The vertica‘fIean surface.
solid line indicates the opening of the shutter. The vertical dashed
lines indicate the completion of atomic layers as obtained fromoscillations in reflection high-energy electron diffraction
maxima in the intensity of specularly reflected projectiles and(RHEED). This enables one to count the number of grown
breakpoints in the Fe Auger signal. The Auger signals have beelayers and precisely determine the completion of
normalized to the Fe signal for the clean surfddée initial drop  a new layer.
of the Fe signal reflects the short supersaturation at the beginning of Essential components of the experimental setup are
growth to artificially enhance the density of nucl@efs. 13, 14, sketched in Fig. 1. The proton beam is incident upon the
and 9.] Fe(100 surface at a grazing angt®,,=1.4° along a high-
index surface lattice direction with a maximum angular di-
electron escape depth. This has been proved for layer-byergence of+0.05° and a typical current density of 50
layer growth of Ag on C(111): When the Cu surface is nA/mn?. The incidence angle of the electron beam is
covered by only 1 ML Ag, the proton-induced Cu Auger ®,,=33°, its current density is typically LA/mm?. Those
signal is reduced to merely 2% from the clean-surfaceslectrons which are emitted by electron or proton impact in a
signal? direction oblique to the target surfa€é5°) are energy ana-
Simultaneously with Auger electrons, we measuredyzed by a 150° spherical sector analyZ800 mm mean
the intensity of specularly reflected protons. In caseradiug with a transfer lens system(CLAM2). The
of a layer-by-layer growth, the intensity depends on the covelectron-energy spectra were recorded using pulse counting
erage in an oscillatory wa® similar to the well-known detection with a constant relative energy resolutdd®/E of

Time (s)

TABLE |. Relative Fe Auger signals after growth of 1 ML and 2 ML Cr on(F&0) at 570 K
and layer-dependent Cr concentration derived from it.

1 ML Cr
H*, 47 eV e, 47 eV e, 703 eV
Fe signal(experimenk 0.53+0.02 0.7G-0.02 0.86-0.01
Fe signal(calculation 0.550 0.706 0.858
top layer second layer third layer
Cr concentration 0.450.03 ML 0.55+0.05 ML 0.00+0.10 ML
2 ML Cr
H*, 47 eV e, 47 eV e, 703 eV
Fe signal(experimenk 0.33+0.03 0.45-0.03 0.73:0.02
Fe signal(calculation 0.300 0.464 0.728
top layer second layer third layer

Cr concentration 0.760.05 ML 1.00:0.15 ML 0.30+0.25 ML
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about 0.5% for electron excitation and 2% for proton excita-

tion. The intensity of reflected protons is monitored by < | ' '
means of a channeltron detector, which is positioned into the & 12} | H-excitation | |
maximum of the angular distribution of the scattered beam :'; )
(q)out~¢in)- "\" | I °
The (100 face of an Fe single crystal was prepaneditu % 1.0 | o T
by frequent cycles of grazing sputtering with 25-keV*Ar b 'I °
ions and subsequent annealing at 860 K. During sputtering ¢ 0.8 - ¢ 5
the target is rotated around its surface normal to achieve a E I o E .
uniform removal of material. Preparation of the surface was ®©@ 0.6 | | e °
finished when the angular distribution of scattered protons c o | ¢
was narrow, Low-energy electron diffraction showed a sharp g 0.4 - |
. , : " I=) . |
(1x1) diffraction pattern, and no more impurities could be & '
detected by electron-induced AES. & I
High-purity Cr is deposited by crucible-free electron S 0.2 - | N
beam evaporation. Precise adjustment and continuous control < Ir I
of the flux are allowed by a shutter and an integrated flux 0.0 ' . '
monitor. A quartz microbalance can be driven into the vapor S l ' ' '
beam to calibrate and occasionally check the flux monitor. @ | o-oxcitation
Growth rates were typically IG ML/s. The substrate tem- + 12 I ]
perature during evaporation is held constant at53(K, g [ | o T
which was measured by a thermocouple. The pressure inthe> 1.0 | r ° -
UHV chamber is X10 ** mbar and below 10*° mbar dur- S o ¢, ]
ing Cr evaporation. ° 08 I I e * o .
In our experiment, we recorded the Fe Auger spectra at 47 e | i
and 703 eV in the case of electron excitation and 47 eV in -2 'I
the case of proton excitation. The Auger signal is evaluated E 06 ]
from the peak-to-peak height in the numerically differenti- |
atedN(E) spectra. We tentatively extracted the Auger signal E» 04 o| —
from the originalN(E) spectra by proper background sub- @ ’
traction and integration. Comparison of the two methods for & g2 | ® |
the same data sets did not show significant differences, i.e., 3: | | e |
changes of Auger line shapes with coverage are negligible 0.0 _J. ] . . . .
and do not affect the peak-to-peak heights. The Auger spec- __ ) — . : :
trum of Cr resembles the Fe spectrum. Proper Auger 3 . |
lines are at 36 and 529 eV. Evaluation of the 36-eV line, Q 12t I @™-excitation
however, turned out to be ambiguous for small coverages ™~
(=0.5 ML) due to a change in background slope, which g 10k | ° ° e ® o
leads to an underestimation of the signal from the peak-to- 2 : | o ¢ ° o o
peak height. Q I l 1
In Fig. 2 we show the electron-induced Auger signal ver- w» 0.8 - .
sus time plots for the Fe 47-eV Auger liggolid circles and S - I ]
the Cr 36-eV line(open circleg during growth. The Auger _T-,_:.' 0.6 I l _
signals follow a series of linear variations with break points, 1 ¢ |
where the slope changes abruptly. The break-point positionsn_: 0.4 L ]
for Fe and Cr fairly coincide and correspond to maxima in g ) |
the intensity of specularly reflected projectilgsertical o ° I
dashed lines in Fig.)2The piece-wise linear variation shows & 02 | 7
that growth proceeds in a layer-by-layer mode, in agreement $
with recent RHEED®, STM,!® and ion-scattering studids. < 0,0 laa | ! . L
We note that the first break point for the Fe signal is missing, 0 2000 4000
which indicates deviations from ideal layer-by-layer growth. Time (s)

From Auger signal versus time plots comprising several

ML, the escape depth of the Auger electrons can be in- g 4 proton-induced Cr 36-eV/Fe 47-eV Auger signal ratio
ferred. Assuming that the overlayer consists predominantlyio, pangj, electron-induced Cr 36-eV/Fe 47-eV Auger signal ratio
of Cr for film thicknesses larger than 2 ML and that the central pane| and electron-induced Cr 529-eV/Fe 703-eV Auger
escape probability decreases exponentially with film thick-signal ratio(bottom panel as a function of time after growth of 1
ness, we geh=2.2+0.1 ML. A corresponding analysis for ML Cr on Fg100 at 570 K. The vertical solid line indicates the
the high-energy Auger line yields=5.9+0.4 ML. These opening of the shutter. The vertical dashed line indicates the growth
values closely match the values derived from theoretical inef 1 ML Cr and closing of the shutter. All signal ratios are normal-
elastic mean free path$,when the experimental geometry ized to the data for 1 ML Cr/R&00).
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and the(weak attenuation of the primary beam are taken In order to test the stability of grown films, we measured
into account? (\=2.7 and 6.1 ML, respectively the Auger signals after evaporation of 1 ML as function of
In Fig. 3, the decrease of the Fe Auger signals duringime at 570 K(Fig. 4). To compensate for signal fluctuations
growth of 2 ML Cr is shown. For proton-excitation, the due to long-term drifts of primary beam current and inci-
47-eV Auger signalleft pane) does not drop to zero, as is dence angle of the protons, we simultaneously measured
expected for a pure Cr overlayer. This shows that the growtipoth the Cr and Fe Auger signals and evaluate the Cr/Fe
layer consists of a mixture of Fe and Cr atoms. The decreasggnal ratios. For proton excitation, this ratio in fact de-
of the electron-excited Auger signal at 47 ééntral panel  ¢reases with time to 0.6 from the initial value after about
and, especially, at 703 elfight pane] is less, which points 3400 g(Fig. 4, top panél When we consider that the initial
to a concentration gradient of Cr within the first few layers. .j . <antration of Cr atoms in the top layer is 45%, a crude

From f[he relative Auger signals at 1 anq 2 ML, _the Corre'approximation yields a further reduction of the Cr concentra-
qundlng layer-dependent Cr concentration profiles can bf?on to about 35%. This result is corroborated by the ratio
z)etween the electron-induced low-energy Auger sig(fats.

f}, central pane) which decreases only to about 0.8 from the

squares fit to the experimental data are shown in Table I. de',t'a_l vglue. Becguse the sampllng' depth IS apout two layers,
1 ML, the grown adlayer consists of 45% Cr and 55% pethis is in qual'ltatlve accordance with our finding that Cr at-.
atoms. For the second layer, the ratio is just reversed. Th@MS migrate into the second layer but not deeper. The ratio
third and deeper layers solely consist of Fe atoms. We notBetween the high-energy Auger signals, where the sampling
that this result does not change when the escape depths #t@pth is six layers, should thus stay constant, as actually
varied within =20, or when the constraint concerning the observedFig. 4, bottom pang!
amount of Cr deposited is omitted. In summary, we have shown that although growth of Cr
Our results show that about half of the deposited Cr atomen Fe&100 proceeds in a layer-by-layer mode at 570 K, the
have undergone place exchange with Fe substrate atonigterface formed is not atomically abrupt. Exploiting the dif-
This interlayer transport process competes with lateral miferent sampling depths in proton- and electron-induced AES,
gration of Cr atoms, leading to nucleation and growth ofwe could determine the layer-dependent concentration pro-
mixed adlayer islands. With further Cr deposition, this sce-ile of Cr and Fe within a few layers beneath the film surface.
nario continues. Now, however, the top substrate layer isve find that intermixing is essentially confined to two or
already a mixture of Cr and Fe atoms and exchange prahree layers and proceeds within a time of roughly 40The
cesses between Cr adatoms and Fe substrate atoms should8&yits thus essentially confirm recent findings of Venus and
less probable, leading to a larger Cr concentration in th@yeinrich? who observed by Auger-electron forward scatter-

adlayer for a coverage of 2 M70%) compared to the ad- g that about half of the Cr is below the surface.
layer concentration at 1 Mi45%) (see Table)l Neverthe-

less, 30% of the Cr atoms deposited did exchange places We would like to thank R. J. Celotta and R. J. Behm for
with underlying Fe atoms, which means that the second layetommunicating information prior to publication. The assis-
should now predominantly consist of Cr, in agreement withtance of R.-A. Noack and H. W. OrtjohariMunste) in the

our observatior{100%. The fact that no Cr atoms are found preparation of the experiments is gratefully acknowledged.

from the third |ayer for 1 ML COVerage and, ConSiStently,ThiS work was Supported by the Deutsche Forschungsge_
from the fourth layer for 2 ML, indicates that place exchangemeinschaftSonderforschungsbereich 290

processes within buried layers are less probable.
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