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Mn vacuum deposition at room temperature onto CdTe(110) surfaces cleaved in situ yields atomic
0

interdiffusion for metal coverages 6 ~ 3 A as a result of a partial Mn-Cd exchange reaction in the inter-
face region. Synchrotron-radiation photoemission measurements show the reaction product to be a
Cd& Mn„Te semimagnetic semiconductor surface alloy. Large values of the average Mn concentration
are achieved in such metastable interface reaction product. We use these results to explore the composi-
tion dependence of the electronic structure of ternary semimagnetic semiconductors.

I. INTRODUCTION

Ternary semimagnetic semiconductors' " are substi-
tutional alloys in which some of the group-II cations in a
II-VI semiconductor are randomly replaced with magnet-
ic impurities (usually Mn or Fe). In general, electronic
parameters such as the energy gap E and the electron
and hole mobilities of the semimagnetic ternaries exhibit
a composition dependence similar to that observed in
nonmagnetic ternary compounds. Furthermore, the pres-
ence of magnetic atoms produces a number of magneto-
optical and magnetotransport phenomena unique to sem-
irnagnetic semiconductors, such as giant negative magne-
toresistance, extremely large electronic g factors, and
large Faraday rotation. ' '"

The magnetic properties are the result of the exchange
interaction between the magnetic moments localized on
the Mn or Fe atoms and the band and impurity
states. ' '" The Mn magnetic moments mostly derive
from the localized 3d orbitals, although studies have
shown that the Mn atomic configuration in
Cd& Mn Te is (d$) (s1')(pf) rather than (d1') s . Re-
cent theoretical investigations ' ' have therefore fo-
cused on the 3d contribution to the electronic structure
of semimagnetic ternary semiconductors, and on the 3d
hybridization with anion-derived p states. However, the
spin polarization of the non-d orbitals also has a pro-
found inhuence in determining the ternary electronic
structure and the anomalous Curie temperatures of these
materials and this has only recently been taken into ac-
count.

The electronic structure of Mn-containing semimag-
netic semiconductors has been the subject of recent sys-
tematic experimental investigations, ' and probably no
semimagnetic semiconductor has been studied experi-
mentally and theoretically more than Cd& „Mn„Te.
Since the Mn chalcogenides have different crystal struc-
tures as compared to the II-VI semiconductors,

Cd, Mn Te can be produced in the form of single-
phase bulk single crystals only for x up to 0.77.'

We present a synchrotron-radiation photoemission
study of the interaction of Mn atoms with CdTe(110) sur-
faces at room temperature. Results for bulk
Cd& „Mn„Te samples were also obtained for compar-
ison. An investigation of the Cd 4d, Te 4d, and Mn 3d
emission as a function of Mn coverage indicates that
atomic interdiffusion across the interface results in Mn
atoms partially replacing Cd atoms in the II-VI matrix to
produce a Cd, Mn Te surface layer. Systematic stud-
ies as a function of the photoelectron escape depth indi-
cate that the surface alloy composition is relatively
homogeneous in the direction normal to the interface
within the photoemission sampling depth. We used core
photoemission results for the bulk ternary semimagnetic
standards to calibrate the average composition x of the
interface reaction product. We observed that the average
composition increases with Mn coverage throughout the
coverage range examined, corresponding to
0. 15 & ~ 0.94.'4

Resonant photoemission studies of the Mn 3d contri-
bution to the valence bands as a function of the average
composition x revealed an unexpected composition
dependence of the electronic structure of Cd& „Mn Te.
Through this dependence we analyze here the origin of
the previously reported many-electron satellite and, in
general, the relative importance of many-body effects and
Mn d —Tep hybridization in determining the valence-
band structure.

II. EXPERIMENTAL DKTAII S

Single crystals of CdTe were cleaved in situ to expose
mirrorlike atomically clean (110) surfaces. Mn deposition
was performed from a resistively heated tungsten basket.
The deposition rate was determined by means of a quartz
microbalance. Thicknesses quoted in angstrorns can be
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converted to equivalent monolayers (ML's) using the
CdTe(110) surface atomic density of 6.73 X 1014

atoms/cm (1 ML=0.83 A Mn). The system pressure
during deposition was &2X10 ' Torr, and the spec-—11trometer operating pressure was 2X 10 Torr.

The experiments were performed at the Synchrotron
Radiation Center at the University of
Wisconsin —Madison. Radiation from the 1-GeV electron
storage ring Aladdin was monochromatized with a 3-m
toroidal-grating monochromator. Angle-integrated pho-
toelectron energy-distribution curves (EDC's) were ob-
tained with a commercial hemispherical electron-energy
analyzer. The overall resolution (electrons plus photons)
was estimated from the width of the Fermi-level cutoff in
EDC's from thick unreacted metal films deposited on
Si(111) samples in situ, and ranged from 0.2 to 0.45 eV
for photon energies 40 &hv& 130 eV. Radiation from a
high-intensity tungsten lamp was focused through a
viewport on the sample surface when necessary to elimi-
nate electrostatic charging.

Bulk semimagnetic semiconductor samples of
Cd& „Mn Te (x=0.20, 0.32, 0.45, 0.60, 0.68) were grown
at Purdue University through a modified Bridgmann
method. X-ray diffraction showed the samples to be
single-phase single crystals. The nominal Mn concentra-
tion (from the premelt constituents) was checked a pos-
teriori with electron-microprobe analysis against calibrat-
ed standards. The samples were placed in the analysis
chamber, cleaved in situ to expose (110) surfaces, and an-
alyzed following the methodology described in Refs. 1 —6.
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and antiresonance (h v~z =47 eV, dashed line). The
EDC's at resonance have been normalized to the photon
Aux and are plotted in relative units. The antiresonance
EDC's (dashed line) are normalized to the integrated Cd
4d intensity of the corresponding resonance EDC at each
e. The difference between EDC's taken at hv~ and
h v„z emphasizes the Mn 3d contribution. Shown at the
top of Fig. 1 for comparison is an EDC for a thick un-
reacted (50 A) Mn film evaporated in situ on a Si(111)sur-
face, ' representative of unreacted metallic Mn emission.
The binding energies are referred to the Fermi level E~.

III. RESULTS AND DISCUSSION

A. Interdiifusion at the Mn-CdTe(110) interface

We investigated the valence-band emission from the
Mn-CdTe(110) interface through resonant photoemis-
sion' at the Mn 3p-3d resonance, and exploited the
characteristic Mn 3d photoionization cross section to
probe the Mn contribution to the valence emission. Elec-
tronic states which have Mn 3d character exhibit a
minimum (antiresonance, hv„~ -47 eV) followed by a
maximum (resonance, h vz -50 eV) in the photoemission
cross section as a function of photon energy. ' This is
the result of the quantum-mechanical interference of two
possible photoexcitation channels: the direct excitation

3p 3d 4(sp) +hv~3p 3d 4(sp) ef
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and a Mn 3p-3d transition to a discrete excited state, fol-
lowed by a super-Coster-Kronig decay,

3p 3d 4(sp) +hv~3p 3d 4(sp) ~3p 3d 4(sp) Ff .

The corresponding overall photoionization cross section
can be calculated considering the interaction of the
discrete excited state with the continuum through a for-
malism first discussed by Fano, ' and then extended to
transition metals by Davis and Feldkamp and Yafet.16 17

Photoelectron energy-distribution curves of the
valence-band emission from the interface as a function of
Mn coverage e are presented in Fig. 1. For each cover-
age we show data at resonance (hvar =50 eV, solid line)

0
i i i I I I

14 1 2 10 8 6 4 2 O=EF

Binding Energy (eV)

FIG. 1. Photoemission energy-distribution curves (EDC's)
for the valence-band and shallow Cd 4d core-level emission dur-
ing Mn-CdTe(110) interface formation at various coverages e
(in A). For each coverage we show EDC's for photon energies
at the Mn 3d-3p resonance (h vR =50 eV, solid line} and antires-
onance (h v„z =47 eV, dashed line). The difference emphasizes
the Mn 3d contribution. The topmost EDC's were obtained for
a thick unreacted Mn film on Si(111)(Ref. 18).
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Prior to Mn deposition, the CdTe valence-band max-
imum E„estimated through a linear extrapolation of the
leading valence-band edge, was found 0.75+0.10 eV
below EF.

The two bottom-most spectra in Fig. 1 (6=0 A, solid
and dashed lines) were obtained from CdTe(110) prior to
metal deposition, and show that there are no major
changes in the relative cross section of the binary-related
electronic states between 47 and 50 eV of photon energy.
Comparison with previous photoemission studies of
CdTe, and band-structure calculations, ' indi-
cate that a CdTe density-of-states (DOS) feature at 1 —4
eV in Fig. 1 derives primarily from Te 5p states, while the
feature centered at approximately 5 eV corresponds to
Cd 5s —Te 5p hybrid states. The Cd 4d core-level emis-
sion appears 10—13 eV below Ez in Fig. 1. Analysis of
the bulk CdTe electronic structure indicates that a
valence-band feature with predominantly Te 5s character
appears at approximately 10 eV (Refs. 19 and 24) as a
low-binding-energy shoulder of the dominant Cd 4d dou-
blet.

As Mn is deposited onto the CdTe(110), the antireso-
nance spectra (h v„„=47eV, dashed line) do not change
significantly for 8 + 3 A, except for the progressive at-
tenuation of the Cd 4d core emission. Large changes are
visible, instead, in the resonance spectra (solid line) which
emphasize the development of the Mn 3d contribution.
Several Mn3d —related features develop and grow with
coverages for 0 & 6 ~ 3 A; they include a relatively sharp
feature at 4.35 eV below EF (or 3.60+0.10 eV below the
linearly extrapolated valence-band edge), and two less in-
tense features in the 1 —3- and 7—9-eV range, respectively.
Emission at EF is not visible for e & 3 A.

O

For e & 3 A, a second stage in the evolution of the Mn
3d contribution emerges in Fig. 1. The emission at the
Fermi level grows with the development of g sharp Fermi
cutoff, the 4.35-eV major feature progressively disap-
pears, and the overall Mn 3d line shape approaches that
of bulk Mn. The Cd 4d emission is sharply attenuated,
but some residual Cd 4d emission is visible, shifted to
lower binding energies, even at the highest coverages ex-
amined (-50 A).

The position of EF, as determined from the Fermi-level
cutoff of the EDC's for 50-A Mn films on CdTe(110), was
found 0.25+0.10 eV to higher kinetic energy (lower bind-
ing energy) than that of Mn on Si(111), or a Cr film in
electrical contact with the chamber. A similar effect
(both in magnitude and polarity) was observed by John
et al. during a study of the Ag-CdTe(100) interface.
John et al. proposed that the photoinduced rigid shift
was due to a surface photovoltage which compensat-
ed for an equilibrium potential difference of the metal
surface relative to CdTe(110). Such a potential difference
would be present (in the absence of illumination, and un-
der equilibrium conditions) because of the low work func-
tion of the metal relative to CdTe(100). The same eff'ect
should be observed for Mn-CdTe(110), since the work-
function difference for this system ' is of the same sign
and higher magnitude than that of Ag-CdTe(100).

Analogous valence-band measurements were per-
formed on bulk Cd, Mn„Te samples (x=0.20, 0.32,

0.45, 0.60, and 0.68). Representative EDC's are shown in
Fig. 2 for selected compositions, at photon energies near
the Mn 3p-3d resonance (h vi, =50 eV, solid line) and an-
tiresonance (h v„z =47 eV, dashed line). The zero of the
binding-energy scale in Fig. 2 corresponds to the position
of the Fermi level EF in CdTe. Since the different ternary
alloy samples exhibited variable doping, we aligned the
valence-band maxima of the different EDC's in Fig. 2
with the value of E, in CdTe to facilitate comparison
with the results for the binary. Therefore, the apparent
energy difference E„—EF for the ternary samples in Fig.
2 is not consistent with the actual doping. The position
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FIG. 2. EDC's for the valence-band and Cd 4d emission from
Cd& Mn Te bulk semimagnetic semiconductors cleaved in
situ. EDC's at resonance (h vR =50 eV, solid line) and antireso-
nance (hv&R =47 eV, dashed line) emphasize and suppress, re-
spectively, the Mn 3d contribution. The Cd 4d core intensity
(9—13 eV) for each sample was scaled by a (1—x) factor derived
from electron-microprobe analysis in order to compare the
spectra with those in Fig. 1 ~
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of E„was estimated through a linear extrapolation of the
leading band edge at a photon energy of 47 eV, at which
the Mn 3d contribution is minimized. ' The Cd 4d in-
tegrated intensity for the difFerent samples was normal-
ized to the Cd concentration (1—x) in order to allow
direct comparison of the emission intensities in Figs. 1

and 2. In Fig. 1, the EDC's from the Mn-CdTe(110) in-
terface during the first stage of interface formation (6 ~ 3
A) appear qualitatively similar to those of the bulk ter-
nary samples in Fig. 2, while they are markedly diFerent
from the results for metallic Mn (topmost EDC in Fig. 1).
This suggests that Cd& „Mn Te-like species may have
formed at the Mn-CdTe(110) interface.

To probe atomic interdiQusion across the interface, we
analyzed the Cd 4d and Te 4d core emission as a function
of Mn coverage. The integrated intensities of these core
levels are plotted in Fig. 3(a). The depth dependence was
investigated through comparison of measurements taken
at diFerent photon energies. We examined the Cd 4d
core levels (circles) at h v=40 and 95 eV, corresponding,
respectively, to escape depths A, =4.0 +0.4 and 7.6 +0.8
A (Ref. 34), and the Te 4d core levels (diamonds) at
hv=58 and 110 eV, corresponding to k=5.9+0.6 and
6.3+0.6 A, respectively, from Ref. 34. The hatched re-
gion in Fig. 3(a) marks the boundaries of the expected
coverage dependence of the core emission, assuming no
interdict'usion, layer-by-layer growth, and an escape depth
of 4.0—7.6 A.

In Fig. 3(a) we observe no detectable difference in the
core-emission attenuation rate for the difFerent escape
depths [Fig. 3(a), open versus solid symbols], so that the
measured intensities must reAect relatively uniform sam-
ple composition throughout our sampling depth. The Cd
4d signal in Fig. 3(a) (circles) decays with Mn coverage at
a rate inconsistent with layer-by-layer growth with no
interdiffusion. The observed attenuation length [1.5 A,
corresponding to the lower dashed line in Fig. 3(a)] is far
shorter than the expected escape depth. We suggest that
the surface layer of the semiconductor is partially deplet-
ed of Cd as a result of Mn in-diFusion. In this case, the
Te- and Mn-derived core emission should exhibit a
characteristic coverage dependence. We expect a very
slow attenuation of the Te core emission, since Mn would
difFuse into the semiconductor rather than simply cover
the surface, and a parallel slow rate of increase of the Mn
intensity. A coverage dependence of this type has been
observed during metal-cation exchange reactions at a
number of metal-semiconductor interfaces.

The attenuation rate of the Te 4d emission (diamonds)
is indeed much slower than expected from layer-by-layer
growth of an unreactive film [hatched area in Fig. 3(a)].
Over 80% of the initial Te signal is still observed at a Mn
coverage of 3 A (3.5 ML). The Te 4d attenuation rate
would be consistent with the presence of an unreactive in-
terface only if the photoelectron escape depth were ap-
proximately 20 A [see the corresponding upper dashed
line in Fig. 3(a)].

Results for the Te 4d and Cd 4d core li.ne shapes are
not presented here for brevity. We mention, though, that

0
the Te 4d line shape remains unchanged for 0 ~ 1 A and
exhibits only slight indications of broadening for cover-
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FIT+. 3. (a) Integrated intensities for the Te 4d and Cd 4d
core levels as a function of Mn coverage B. The relative intensi-
ties were measured at different photon energies corresponding
to higher (open symbols) or lower (solid symbols) surface sensi-
tivity in bulk CdTe (Ref. 34). The range of attenuation rates ex-
pected in the absence of interdiffusion for escape depths be-

0
tween 4.0 and 7.6 A is shown by the hatched area. Lines drawn
through the Cd 4d and Te 4d data correspond to attenuation
lengths of 1.5 and 20 A, respectively. (b) Intensity of the Mn 3d
emission as a function of coverage measured from the integrated
area of the difference curve between the resonance and antireso-
nance EDC's of Fig. 1. The range of expected intensities in the
absence of interdiffusion is shown by the hatched area. Theoret-
ical and experimental intensity values have been normalized to
each other for B=0.1 A.

0

ages ~ 3 A. An apparent "sharpening" of the Cd 4d line
shape, as a result of Mn deposition, is consistent with the
changes observed in comparing the Cd 4d emission in
Cd& Mn„Te versus CdTe, and is mostly the result of
modification of the Te 5s contribution, which is partly su-



IF~SION AT THE Mn-CdTe(110) INTERFACE AND. . . 8189

perimposed to the Cd 4d bulk and surface doublets. '

Atomic interdiffusion at the interface should also result
in drastic changes in the Mn emission intensity and line
s ape relative to those expected for layer-by-layer forma-
tion of an unreacted interface. We have alread shown in
Fig. 1 that the Mn 3d line shape for 8 &3 A is incon-
sistent with the presence of unreacted Mn and consistent
with the formation of a semimagnetic alloy. As far as the
Mn emission intensity is concerned, the only Mn core lev-
e s accessible in the photon energy explored were the Mn
3p levels, with relatively low cross section. Therefore we
elected to u ho use the resonant 3d valence emission intensity
to gauge the Mn concentration. We calculated
resonance-antiresonance difference fe curves rom the
EDC's in Figs. 1 and 2 following the methodology pro-
posed in Refs. 3, 5, and 31. The results are illustrated in

ig. 4 for the Mn-CdTe interface, and in Fig. 5 for the
ulk ternary samples. In both figures, the dashed line in
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FIG. 5. Resonance-ce-antiresonance difference curves for bulk
semimagnetic Cd& „Mn Te semiconductor standards at select-
ed va ues o x. These curves were obtained from the EDC's in
Fig. 2 and represent the Mn 3d contribution to the valence-band
emission in the bulk ternary alloys.
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the 10—13-eV binding-energy range replaces spurious
structure due to imperfect cancellation of the Cd 4d and

5ar
Te 5s emission. The bulk-alloy difference cur

' F' .curves in ig.
are in good agreement with those of Refs. 3 and 5.
The Mn integrated emission from the interface and the

bulk-alloy spectra has been calculated by integrating the
difference curves in Figs. 4 and 5 after subtraction of a
inear background interpolated between 0 and 16—17 eV.

We emphasize that the background subtraction was per-
ormed in an identical manner for bulk and interface

difference curves. The interface results are plotted in ar-
bitrary units in Fig. 3(b) as a funct' f M
so t squares). Mn-CdTe intermixing is supported b

corn arisonparison of the experimental results in Fig. 3(b) (solid
re ya

square) with the theoretical trend expected in the absence
of interface reaction. In the absence of interdiffusion and
island formation, the Mn emission intensity would in-
crease with coverage approximately as

Io/If = [ I —exp( —eo/A, )],
I I

14 12 10 8 6 4 2 0 EF

Binding Energy (eV)

FIG. 4. Resonance- -antiresonance difference curves from the
Mn-CdTe(110) '

( ) interface for various Mn coverages. The curves
were obtained by subtracting the hv =47 V
rom the corresponding h v& =50 eV curve at the same Mn cov-

erage. he results emphasize the coverage dependence of the
Mn 3d contribution. The topmost difference curve was ob-
tained from a thick unreacted Mn 61m on Si(111).

where Io is t e Mn emission intensity for a cover age e,
an f is the emission intensity for a thick Mn film
(e~ ~ &. Inn our case, the final line shape at high Mn
coverages is radically different, and it is not possible to

e can consider,erive an appropriate value for I W
si y rom a coverageowever, relatiUe increments in inten t f

&
to a coverage ez, and obtain from the previous equa-

tion

l —exp( —62/A, )

l —exp( —e, /1, )
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where the symbols have their obvious meaning. This ex-
pression will be applicable only in the coverage range
where the Mn 3d line shape remains relatively unchanged
(0 & 6(3 A). We selected a Mn coverage of 0.1 A as an
arbitrary reference, assumed an escape depth X of 3—4
o

A, and normalized the theoretical curve and the experi-
mental data at the reference coverage. The correspond-
ing expected rate of increase of the Mn emission (for
6)0. 1 A) in the absence of interdiffusion is shown by
the hatched region in Fig. 3(b). Comparison with experi-
ment shows that the Mn emission increases with coverage
at a rate which is only 50—60% of the theoretical rate.
%e emphasize that this result is not substantially affected
by a difFerent choice of the reference thickness. The low
rate of increase in the Mn 3d intensity is consistent with
the proposed Mn in-diffusion.

Together, the behavior of the Cd 4d, Te 4d, and Mn 3d
emission argue compellingly in favor of the formation of
a Cd& Mn Te surface layer, as a result of a partial
Mn-Cd exchange reaction. This type of atomic
interdiffusion across the interface is likely to yield a com-
position gradient in the direction normal to the interface.
In other words, while the surface region of a cleaved
semiconductor is likely to be stoichiometric and reAect
the bulk composition, this is not necessarily the case for
reacted surfaces. However, the lack of escape-depth
dependence in the results of Fig. 3 indicates a relatively
homogeneous composition of the ternary layer on the
scale of the photoemission sampling depth. Only on this
basis, and within the limits of such a simplistic assump-
tion, will we define and estimate an average composition
X of the reacted layer.

B. Semimagnetic surface-layer composition

The composition of the surface layer can be examined
using the bulk ternary semiconductor samples as stan-
dards. The relative homogeneity of the surface alloy ob-
served in Fig. 3 suggests that an average Mn concentra-
tion x within the surface layer can be used to characterize
the layer properties. %"e estimated X at each 6 from the
[Mn]/[Cd] emission intensity ratio in the interface alloy
and in the bulk standards. The Mn emission intensity
was determined integrating the resonance-antiresonance
difference curves as described in the preceding section for
the interface results in Fig. 3(b). The Cd intensity was
obtained from the integrated Cd 4d core emission at
h v=50 eV (Ref. 32). The resulting [Mn]/[Cd] ratio from
the bulk standards is compared in the inset of Fig. 6
(solid triangles) with the expected x/(1 —x) dependence
(solid line); x was determined from the electron-
microprobe analysis. The remarkable agreement indi-
cates that the photoemission [Mn]/[Cd] ratio can be used
to gauge the composition of the Cd& Mn Te interface
reaction products.

From the data in Fig. 1 we calculated the [Mn]/[Cd]
ratio for the interface, and estimated x assuming the ratio
proportional to x /(1 —X). We plot in Fig. 6 the resulting
values of x as a function of the metal coverage B. In
view of the uncertainties involved in the analysis, we esti-
mate the overall accuracy as about 10% of each x value
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FIG. 6. Average Mn concentration x of the Cd& „Mn Te

surface alloy formed through Mn-CdTe(110) interface reaction
as a function of Mn coverage (circles). In the inset is a plot of
the photoemission [Mn 3d]/[Cd 4d] intensity ratio for selected
bulk Cd& Mn Te samples (triangles) as a function of x. The
expected x /(1 —x) dependence is shown by a solid line.

in Fig. 6. The highest Mn concentration observed in the
Cd, „Mn Te interface reaction products (x=0.87 and
0.94 in Fig. 6) would be above those that can be obtained
through conventional bulk-crystal growth techniques.
However, a word of caution is required here. For
x )0.77 in bulk single crystals one observes' the pres-
ence of a MnTe second phase. On the basis of our photo-
emission results we cannot rule out the presence of a
MnTe second phase at the interface. The results of Fig. 3
suggest a relatively homogeneous composition in the
direction perpendicular to the interface on the scale of
the photoemission sampling depth, but provide no infor-
mation on the lateral homogeneity of the reaction prod-
ucts. Our estimates for the average composition x of the
surface alloy have therefore to be intended as an average
of the local composition within the sampling depth and
across the surface.

0
Emission at EF is visible in the B=3 A spectrum in

Fig. 4, so that the large x value (0.94) determined for this
coverage may in principle be affected by the presence of
unreacted Mn. To estimate this effect, we subtracted the
unreacted Mn contribution using the bulk Mn difFerence
curve in Fig. 4 (topmost spectrum) scaled down to the
emission intensity at EF in the 6=3 A spectrum. The
modified [Mn]/[Cd] intensity ratio results in a value of X
lowered by 6—7%%uo, so that the Mn atomic concentration
in the reacted phase for 6=3 A may be as low as
0.87—0.88, where the smaller of the two values corre-
sponds to the higher estimate of the unreacted Mn contri-
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bution. This lower value of x would suggest a trend to-
ward saturation in the ternary alloy composition for
2 & 0 & 3 A. We emphasize that the choice of integration
range and background (linearly interpolated between 0
and 16—17 eV) for the Mn 3d emission was identical for
bulk and interface results, so that it does not affect the
comparison of the corresponding Mn concentrations.

We suggest that such high Mn concentrations are
achievable at the interface because of the metastable
character of the reaction products. Although we describe
the Cd& Mn„Te interface reaction products as metasta-
ble, we caution the reader that, to our knowledge, the x
dependence of the surface free energy of Cd& „Mn„Te
has never been determined, and we did not perform any
study of the temperature dependence of composition and
structure of the reaction products.

The reduced escape-depth dependence of the results of
Fig. 3 suggest a substantial room-temperature diffusion
length for Mn in CdTe, and the consequent formation of
a relatively thick Cd& Mn Te surface layer. A rough
estimate of this thickness can be made using the values of
x in Fig. 6. At a coverage of 2 A (2.4 ML), x=0.87 in
Fig. 6. If Mn atoms replace 87% of the cations in the
semiconductor lattice, then the thickness of the layer in
which the exchange reaction has occurred will be 2(2.4
ML)(2.3 A/ML)/0. 87=12.7 A. For lower coverages 0,
the Mn concentration x is smaller, and so will be the es-
timated layer thickness. For example, at 6=0.1 A it is
x=0.15 in Fig. 6, and the corresponding estimated layer
thickness is 3.7 A. Admittedly, such estimates are based
on the simplistic assumption of composition homogenei-
ty, and we should at least explore if such an assumption is
quantitatively consistent with the lack of escape-depth
dependence in the results of Fig. 3. We focus on the Cd
4d results for which we have the widest variation in es-
cape depth in Fig. 3. Since Mn is in-difFusing in CdTe,
the relevant escape depth is that of photoelectrons in
CdTe. Using values of 4.0+0.4 and 7.6+0.8 A, respec-
tively, for the low- and high-photon-energy results in Fig.
3, we can estimate the expected variation in the Cd 4d
intensity as a function of coverage given a surface layer of
composition x. We find that the high-photon-energy re-
sults are quantitatively consistent (within the scattering
of the experimental data of about 20%%uo) with the predic-
tion of our simplistic model. However, the low-photon-
energy results are lower than the experimental data by
about l%%uo for 6=0.1 A and about 30% for 6=2 A, and
therefore not strictly consistent with our simplistic as-
sumption. The presence of about 0.06 ML of segregated
Cd visible in the high-coverage spectra would be
sufhcient to explain such a discrepancy. At 6=2 A, for
the segregated Cd layer on top of a homogeneous ternary
layer of composition x=0.87, the expected residual Cd
emission would be 34%%uo of the original emission at
hv=95 eV, and 24% at hv=40 eV, consistent with the
observed results (within an experimental uncertainty of
20%).

We emphasize that the amount of segregated Cd (0.06
ML) visible at high coverages is much less of the total
number of Cd atoms displaced during interface reaction.
For example, at 8=2 A the formation of a 12.7-A-thick

layer of a surface alloy with x=0.87 would produce
about 2 ML of displaced Cd atoms. Most such atoms are
not present within the photoemission sampling depth,
since their presence would give rise to a much slower Cd
4d attenuation rate with Mn coverage than observed
and/or dominant metallic Cd 4d emission features. We
propose that while a small fraction of such atoms remain
segregated at the surface, most of them diffuse away from
the sampled region. Cd is known to exhibit a large
room-temperature diffusion coefBcient in II-VI semicon-
ductors, and cation losses due to interface reactions
have been observed in other related systems. It is to
date a matter of debate if the displaced cations diffuse in
the bulk of the semiconductor or escape into vacuum,
consistently with the large cation vapor pressure. Our re-
sults cannot discriminate between the two behaviors. We
mention, however, that recent experiments on interface
reactions of related systems under oxide capping layers '

indicate systematically reduced intermixing at the inter-
face under capping, therefore supporting the second
mechanism.

The small initial value of the layer thickness (at small
6) is probably related to variations in the Mn diff'usion

length in CdTe. At low Mn coverage, there is a relatively
high probability of a Cd-Mn exchange reaction in the
first layer of the semiconductor. At higher coverages,
most of the Cd atoms in the topmost layers have been re-
placed by Mn, and the reaction may become diffusion
limited. This stage (6~ 3 A) corresponds to the satura-
tion in the layer composition x observed in Fig. 6, and to
the appearance of unreacted metallic Mn on top of the
ternary layer, as shown by the metallic Fermi level and
the evolution of the valence-band emission in Fig. 1. The
relatively large values of the layer thickness at 6-2—3 A
imply substantial room-temperature Mn diffusion lengths
in CdTe. Both surface and bulk thermodynamic parame-
ters may therefore play a role in determining the evolu-
tion of this interface.

C. Ternary electronic structure

We can use the data of Figs. 1 and 4 to gain informa-
tion on the composition dependence of the Mn 3d contri-
bution to the valence-band structure in Cd& „Mn„Te.
The resonance-antiresonance difference curves for

0B~ 3 A in Fig. 4 and for the bulk samples in Fig. 5 em-
phasize three main Mn-related features, i.e., major struc-
ture at 4.35 eV, smaller structure at 1 —3 eV, and a broad
satellite in the 7—9-eV range. ' The similarity between
the results of Figs. 4 and 5 is exemplified in Fig. 7, where
we plot the Mn 3d valence-band contribution for Mn-
CdTe(110) at a coverage of 0.6 A (solid circles) corre-
sponding to x=0.57, superimposed to the corresponding
result for a cleaved single-crystal sample with x=0.60
(open squares). The binding energies in Fig. 7 are re-
ferred to the valence-band maximum E„and the three 3d
features appear now at 3.6, 0.3-2.3, and 6.3—8.3 eV, re-
spectively. One-electron density-of-states calculations for
a hypothetical zinc-blende MnTe (Refs. 5 and 6), and
first-principles or semiempirical calculations for
Cdl Mn Te, indicate that the 3.6-eV feature
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curves) from the interface reaction products at 6=0.6 A
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squares} cleaved in situ,
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FIG. 8. Photoelectron peak emission intensity from Mn 3d
states 1.5 eV below the valence-band maximum (solid circles,
surface alloys; open circles, bulk ternary alloys) and the satellite
8.0 eV below E„(solid triangles, surface alloys; open triangles,
bulk ternary alloys), relative to the main 3d spectral feature 3.6
eV below E, . All of the data were determined from the peak in-
tensity relative to a secondary background (linearly interpolated
between 0 and 16—17 eV) in the resonance curves of Figs. 1 and
2.

is ' ' mostly of es symmetry (I',2), and remains rela-
tively unhybridized, exhibiting the strongest resonant
enhancement. The t2 states, on the other hand, mix
with Tep —derived orbitals of the same symmetry (1 iz),
and the resulting hybrid states account for the Mn 3d
contribution in the 1 —2-eV range in the resonance-
antiresonance curves. Trends in the relative intensity of
the first two features in the ternary sernimagnetic semi-
conductor series should reAect the Mn d —anion p relative
degree of mixing.

The broad emission feature 6-8 eV below E, does not
appear in one-electron ground-state calculations, and has
been associated by Fujimori and co-workers with a
many-electron satellite. ' In the configuration-
interaction calculation for a model MnTe4 cluster of
Ref. 3 the satellite is associated with an unscreened d
final state, while the other two Mn 3d features reportedly
both correspond to a d I. final-state configuration. In
this configuration, the core hole is fully screened through
charge transfer from a Tep —derived ligand orbital. The
results of the calculations are in good agreement with
the photoemission resonance-antiresonance difference
curves, but the model contains several fitting parameters
(energy difference between the final-state configurations;
lifetime of each configuration) that are determined
through comparison with the experimental EDC's. In
our opinion, the validity of the model can be judged only
from the accuracy of its predictions about the character
of the different Mn-derived spectral features.

The evident changes with composition x of the Mn 3d
signature in Fig. 4 suggest that the concentration depen-
dence of the difFerent Mn features should be examined in
the light of the cluster-model versus one-electron picture.

0
For 0 ~ 3 A it appears that the relative intensity of the
states within 3 eV of E, increases with coverage at a rate
similar to that of the main structure 3.6 eV below E, .

The emission intensity (relative to a linear background)
1.5 eV below E, remains about 30%%uo of the main line for
all coverages 0.2 & 6 & 3 A (0.29 & x & 0.94). The intensi-
ty ratio [I(1.5 eV)]/[I(3.6 eV)] is plotted (solid circles) as
a function of Mn coverage in Fig. 8. The corresponding
ratio for the bulk ternary samples is also plotted (open
circles) in Fig. 8 for comparison. Along the same lines,
we have also calculated the ratio of the satellite emission
relative to the main line as a function of 6, using the
peak emission intensity relative to a linear background at
initial energies of 8.0 eV (satellite) and 3.6 eV (main line)
below E, . The [I(8.0 eV)/[I(3. 6 eV)] ratio is also plotted
in Fig. 8 (solid triangles). The open triangles show the
corresponding ratios in the bulk ternary samples. For
coverages 0 ~ 3 A, the relative satellite intensity is ap-
proximately proportional to the Mn concentration x:
[I(8.0 eV)]/[I(3.6 eV)] =Cx where C =0.5+0.05.

The results in Fig. 8 indicate that there is a large con-
centration dependence of the satellite intensity, while the
3d-related DOS features all exhibit the same behavior
with composition. The latter result is consistent with
both the predictions of the one-electron calculations and
the cluster model, since the Mn-Te coordination remains
largely unchanged as a function of the Mn concentra-
tion in the alloy. The variation of the relative intensity
of the satellite with x is instead an unexpected result. An
increase in x in the alloy has two main effects: an in-
crease in the fundamental band gap, and an increase in
the d-d second-nearest-neighbor interaction. If the satel-
lite corresponds to an unscreened d final state, as pro-
posed by the cluster model, the change in band gap and
d-d interaction should leave it relatively unaffected. The
observed concentration dependence therefore indicates
that the proposed identification of the many-body final
state which accounts for the satellite feature (d un-
screened final state) should be reexamined.
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IV. CONCLUSIONS

We have shown that deposition of Mn onto CdTe(110)
surfaces at room temperature yields interdiffusion across
the interface and the formation of nonequilibrium
Cd& Mn Te surface alloys, where x varies with the Mn
coverage e. An estimate of the average concentration x
within the surface layer was performed using core-level
intensity ratios and data for bulk ternary standards. The
results suggest a relatively homogeneous composition of
the surface layer, and surprisingly large Mn diffusion
lengths in CdTe at room temperature.

The interface data were used to examine the composi-
tion dependence of the Mn contribution to the electronic
structure of semimagnetic semiconductors. The results
indicate that the level of Mn8 —Tep hybridization is in-
dependent of x, as expected, but that the relative intensi-
ty of the 3d many-body satellite is concentration depen-
dent and increases linearly with x. We conclude that the
proposed unscreened d identification of the many-body

final state responsible for the satellite should be reexam-
1ned.
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