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Photoemission studies of Ga_,Mn,As: Mn concentration dependent properties
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Using angle-resolved photoemission, we have investigated the development of the electronic structure and
the Fermi level pinning in Ga,Mn,As with Mn concentrations in the range 1%-6%. We find that the
Mn-induced changes in the valence-band spectra depend strongly on the Mn concentration, suggesting that the
interaction between the Mn ions is more complex than assumed in earlier studies. The relative position of the
Fermi level is also found to be concentration dependent. In particular we find that for concentrations around
3.5%-5% it is located very close to the valence-band maximum, which is in the range where metallic con-
ductivity has been reported in earlier studies. For concentrations outside this range, larger as well as smaller,
the Fermi level is found to be pinned at about 0.15 eV higher energy.
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I. INTRODUCTION samples to be transferred between the growth and analysis
chambers under UHV conditions. In the transfer system the
The possibility to include magnetic impurities at rela- vacuum was in the low-IC-torr range and in the electron
tively high concentrations in GaAs by means of low- spectrometer in the low-I8%torr range. The ability to
temperature molecular beam epitatyi-MBE) has opened transfer samples means that no post-growth treatment was
new exciting prospects of combining magnetic phenomenaeeded to prepare the surfaces for the photoemission mea-
with high-speed electronics and optoelectronics. The numeksurements. This is a point worth stressing in the present con-
ous investigations of Ga,Mn,As alloys that have been car- text, as the samples are prepared under rather extreme con-
ried out so far have revealed interesting material propertiesitions and change their properties with annealing even at
the most notable being carrier-induced ferromagnetism, withemperatures well below that at which MnAs segregétes.
reported Curie temperatures as high as 110@ther inter-  |ndeed, the spectra presented here are somewhat different
esting properties are the anomalous Hall effect, negativerom those obtained on sputtered and annealed surtaces.
magnetoresistance, and photoinduced ferromagnetism. Al- The MBE system contains six sources, including an As
though there is general consensus concerning the importangaived cracker. It is also equipped with a 10 keV electron
of Mn-induced holes, the detailed mechanisms behind thgun for reflection high-energy electron diffracticRHEED).
ferromagnetic ordering of the Mn spins remain a subject offhe samples were approximately 300 mn? pieces of
debatez._7 The electronic state of the Mn ions in Samp'eSepireadyn_type GaA$100) wafers, which were In glued on
with high Mn content is also discussed, though at low contranferrable Mo holders. Each sample preparation started
centrations (below 19 the d°+hole configuration is with a 1000 A buffer, grown at a substrate temperat( (
established.Also the role of As antisites has been discussedsf 590 °C; T was then lowered to the growth temperature of
extensively’° It is clear that further spectroscopic studies | T-GaAs and GaMnAs, which was typically 220 °C. At low
related to these problems are strongly motivated. In th@emperature the growth started always with a 200-300 A
present work we have used photoemission to study two keyT-GaAs buffer layer. The AgGa flux ratio was maintained
features in the electronic structure of GaMn,As alloys for  at values around 10. During deposition of this layer the LT-
a range of Mn concentrations: the Mn-related mOdiﬁcation$aAS growth rate was measured by recording RHEED inten-
of the electronic structure and the Fermi level position relasity oscillations. After opening the Mn shutter the RHEED

tive to the valence-band maximutWBM). oscillations were observed again during the GaMnAs
growth® At this low growth temperature the reevaporation
Il. EXPERIMENT of Mn and Ga from the surface is negligible, so the growth

rate increase is proportional to the Mn content. The Mn con-
The experiments were performed on the toroidal gratingcentrations quoted below are estimated to be accurate within
monochromator beamlin@®L 41) at the MAX | storage ring  0.5%.
of the Swedish National Synchrotron Radiation Center Immediately after transfer the surfaces were checked with
MAX-lab, where a dedicated system for MBE is attached tolow-energy electron diffractiodLEED). All Mn-containing
the photoelectron spectrometer. This configuration allowsamples exhibited 22 reconstructed surfaces in RHEED as
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well in LEED, while the clean reference GaAs sample dis-underlying regiol, which is clearly associated with oxida-
played ac(4x 4) LEED pattern with sharp integer order and tion. Typically these redistributions range over a thickness of
less distinct fractional order spots. Photoemission was exaround 150 A. This clearly emphasizes the significance of
cited with mainlyp-polarized light incident at 45° relative to carrying out surface-sensitive experiments iansitu pre-
the surface normal, the samples being oriented with1he] ~ pared samples. o _
azimuth (i.e., the onefold periodiciyin the plane of inci- Photoemission from Mn @ states in dilute systems like
dence. The electron energy distribution curves were obtainea -xMnyAs is easily identified via resonant enhancement
using a hemispherical electron energy analyzer with an arPf the 3d cross section at theplexcitation threshold, which
gular resolution of 2°, and the overall energy resolution wagccurs at 50 eV photon energy. Since the spectral shape
around 0.3 eV. A clean Ta foil, in contact with the samplechanges quite much in this energy range and since our aim is
holder, was used to determine the Fermi level position if0 compare spectra recorded from a series of different
each case. The counting rates were normalized to the incBamples, we have chosen to use a photon energy well above
dent beam intensity by means of photocurrent from a goldhis resonant range1 eV). Although the absolute cross sec-
mesh in the beam path. tion of Mn 3d is smaller at 81 eV than that just above 50 eV

A superconducting quantum interference de\i8®UID) photon energy, the cross sections of the GaAs valence states
was used to estimate the paramagnetic-to-ferromagnetife also reduced in a similar way and therefore the Mn
phase transition temperatur@j for some of the samples 3d-induced spectral features are still readily detected. Figure
used in the photoemission experimerifs. was defined as 1(a) shows a set of such valence-band spectra from samples
the temperature at which the nonzero magnetization onsé&¥ith different Mn contents, together with a reference spec-

appeared on cooling the sample from liquid nitrogen to lig-trum from clean LT-GaAs. It is worth pointing out that just
uid helium temperatures. like the GaMnAs, such LT-GaAs contains large concentra-

tions of point defectgmostly As antisitesand that spectra
from such layers are found to be somewhat different relative
those obtained from MBE layers grown at high
Considering the intrinsic surface sensitivity of photoemis-temperaturé? Considering that until now only one indepen-
sion and that surface compositions in alloy systems ofterlent valence-band photoemission study of such materials has
deviate from those in the bulk, it is well motivated to startbeen published and that the samples are produced under
with a brief comment on this point. The fact that clear andrather extreme growth conditions, it is well motivated to start
actually unusually persistent RHEED oscillations are ob-the discussion with a direct comparison between the present
served during growth of GaMnAs shows that the atoms arelata and the published ones. We note then that the data con-
still mobile in the surface layer despite the low-temperatureain some similarities, but also some significant differences.
conditions. However, once accommodated in lattice sitesThe main Mn-induced feature is the peak at 3.4 eV below the
further mobility that would lead to phase separation is effi-VBM for the most Mn-rich samples. Its Mn origin is clearly
ciently inhibited under the low-temperature growth condi-revealed by the resonant enhancement mentioned above. A
tions. Thus, it is well motivated to expect that the samplesimilar resonant structure was found in Ref. 12, but at a
compositions are uniform, including the first atomic layers.binding energy of 4.5 eV relative to the Fermi level. Since
We should mention, however, that applying secondary-iorthe Fermi level is located about 0.13 eV above the V&ide
mass spectroscopySIMS) as well as Auger microprobe below), there seems to be a discrepancy of almost 1 eV be-
analysis on samples exposed to atmospheric pressure, weeen the two results. Furthermore, the spectra in Ref. 12
have observed pronounced enrichmént a factor of 2 of  contain a second pronounced peak at about 2.5 eV larger
Mn in the surface layefand a corresponding depletion in the binding energy. This structure is completely missing in our
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data. The weak asymmetric peak seen in all spectra around ' ' ' J }'N_38'56V
6.5—7 eV in Fig. 1a) reflects theX; critical point emission. ix o e
Such density-of-stateO9) structures are seen at all pho- i h
ton energies and all emission angles due to diffuse elastic
scattering of the direct interband excitation of this state. Al-
together we thus find that the present spectra are significantly
different from those found in the literature, and although the
reason for these deviations is not clear, it is natural at this
point to suspect that the different surface preparations could
be the cause. This would then underline the importance of
carrying out these experiments onsitu grown samples.

It is immediately clear in Fig. 1 that the Mn-induced spec- A L : : T
tral changes vary with Mn content. To examine this variation
in some more detail, we have generated difference spectra, as
displayed in Figs. () and ¥c). The first spectrum in this  FG. 2. Normal-emission valence-band photoemission from
sequence shows that with 1% Mn the spectral intensity igsa _,Mn,As with different Mn concentrations, aligned at the
increased over a range 1-4 eV below the VBM, with a peak-ermi level. The spectra were excited with 38.5 eV photons.
centered around 3 eV and a shoulder at 1 eV below the
VBM. The main increase coincides with weak structures inthe shifts towards higher binding energies could be an effect
the clean GaAs spectrufaround 3 eV and 4 eV below the of increased correlation energy, as found in LDA
VBM). As these structures are due to excitations at the higkalculations’ on Ga _ Mn,As.

DOS regions at th&Xs and =" points, one could suspect ~ The important conclusion from the data in Fig. 1 is that
that the Mn-induced changes are in this case caused kiie character of the Mn states in GaMn,As depends on
disorder-related increase of diffuse scattering. Howeverthe Mn concentration. Since supplementary x-ray diffraction
from the fact that no corresponding increase is seen for thanalysis of our samples shows a high degree of perfection
X critical point emission and from the following develop- in the layers, we have no reason to suspect that the variations
ment of the 3-eV peak, we can safely conclude that theseeen here are due to varying sample structure quality, but
spectral changes do indeed reflect Mn-derived states. Thascribe them to the different Mn contents. No such de-
low-Mn-concentration spectrum does in fact resemblependence has been reported in any of the earlier studies. A
closely the theoretical energy distribution of majority spinprevious analysis of Mn @ partial DOS in GaMnAs with
states €+t, orbital9 derived in local density approximation 6.9% Mn was successful in modeling the observed spectrum
(LDA) calculationd® of Ga,_,Mn,As in the diluted limit. using a configuration interaction model involving Mrd 3
With the Mn content raised to 3% we see that the incremenand ligand states in a MnAsluster? Obviously, this kind

tal change is somewhat different than the initial one. Theof model cannot account for concentration-dependent prop-
peak at 3 eV is increased further, but the range around 1 e¥frties like those reported here. With an average distance be-
remains essentially unchanged. Increasing the Mn contemtiveen two impurities of around 10 A, it is clear that the
further results in another change: the main additional spectradxplanation must be based on a model in which long-range
contribution appears as an asymmetric peak around 3.8 eNiteractions are taken into account. A possible cause for the
below the VBM, i.e., clearly shifted relative to that found at spectral variations discussed here is Mn-concentration-
lower concentrations. Thus, the peak observed at 3.4 eV idependentp-d exchange. Such dependence has been sug-
the corresponding full spectruffig. 1(a)] can be concluded gested previously on the basis of magnetic circular dichroism
to represent an average of several contributions. Finally, thexperiments®

additional spectral changes with further increase of Mn con- GaMnAs is also known to exhibit unusual conductivity
tent are found to be less distinct, the intensity is increasedharacteristics? at low Mn concentrations the system is
rather uniformly over a range 2—6 eV below the VBM. semiconducting; around 4%—-5% Mn metallic conductivity is

The reason behind the downwards shift of the Msh 3 reported, and with a further increase of the Mn content the
states is not clear at this point. In very recent experinténts material becomes again insulating. Interestingly enough, the
we have found that similar shifts may be induced by low-Curie temperature also exhibits a maximum around the same
temperature annealing250-300 °Q. Since annealing at Mn concentration. These two observations suggest that the
high temperatures is known to result in phase separation ardkensity of holes is actually decreasing with Mn concentra-
formation of MnAs clusters, it is natural to ascribe thetions above 5%, and this might be directly reflected by the
annealing-induced changes in our experiments to displacd=ermi level position relative the VBM. In Fig. 2 we show a
ment of Mn atoms from the substitutional sites. In view of set of valence-band spectra from samples with varying Mn
the spectral similarities, it is then tempting to assume that theontents, aligned at the Fermi level. The photon energy used
present observations of concentration dependence reflects anthis case was 38.5 eV, chosen to probe the phase space
increasing fraction of Mn atoms residing in nonsubstitutionalregion around th&; point. This emission is reflected by the
sites as the Mn concentration is increased. Such sites coufstominent peak around 7.5 eV. Considering the high density
for instance be interstitials. In this case the Md 8tates of defects in LT-GaAs and in GaMnAén the range of
should be more localized than for the substitutional sites, and0?%cn?) it is reasonable to assume that the surface Fermi

Binding energy rel. to Egz(eV)
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samples shown in Fig. 3, close to 80 K, is lower than the 110
K reported by Ohncet al. (see Ref. L We attribute this to
the influence of As antisites oR.. The growth temperature

. ' ] of all the samples shown in Fig. 3 was close to 220 °C and no

“i_+ + o post growth annealing was performed after the MBE growth.

I +~ﬁ1% ﬁ“[:+ ........ 1% Thus the maximunT . value can be expected to be smaller

y than the values for annealed samples reported by @hab

y //////;d//l/ (110 K) and by other group¥:? The most intriguing obser-
Valence ban . . . . . .
; /2,/,/,«/ //: vation is the shift ofEr back into the band gap region with
1 2 3 4 5 6 further increased Mn content. This is consistent with the re-
Mn concentration (%) ported metal-insulator transitidi though the present results
suggest that the reason for the insulating properties is not
function of Mn concentration in Ga,Mn,As. Included are also the impurity scattering, but rather a true reduction of charge car-

measured paramagnetic-to-ferromagnetic phase transition temperr ers. Itis pOSSIb|.e.'[ha'[ this cou!d 'be related to .the.growmg
tures () for some of the samplesolid circles. The dashed re- ensity of As antisite defects within GaMnAs with increas-

gion represents the valence band. ing Mn concentration. An increase of the As antisite density
should influence the Fermi level position in the observed
level does not deviate from that in the bulk. This assumptiorflirection (due to their donor characterFurthermore, it has
is supported by the fact that no additional spectral broadereen foun& that inclusion of Mn in the GaAs host matrix
ing that could be expected due to emission from a very narlads to a higher As antisite density even if the growth con-
row band bending region was detected in any spectra. Focuglitions are othervise the same.
ing on theX; emission we see that its position is changing
with Mn content. This variation is shown more clearly in Fig.
3, where we have plotted the energy separafipn X5 for a
larger set of samples. Starting at a value of 7.35 eV for clean The present investigations of valence-band photoemission
LT-GaAs, it is reduced and settles at a value of 7.1 eV arounfom Gg _,Mn,As compounds show two new effects. First,
1.5% Mn concentration. This pinning position remains stableve find that the spectral changes induced by the Mn atoms
for Mn concentrations up to around 3.5% and is likely due todepend on the Mn concentration, and second, we observe
the Mn acceptor level known to be located 113 meV abovdhat the position of the Fermi level also changes with Mn
the VBM.” With this interpretation we deduce the VBM to be content. None of these features has been reported previously.
located around 6.95 eV above tXg point, a value well in  The varying shape of the Mn-induced valence-band struc-
the range of literature dat&(6.70—7.1 eV based on angle- tures directly shows that the Mn-host interaction cannot be
resolved photoemission and x-ray photoemission. A very inireated with a local model. As to the Fermi level variations,
teresting feature is observed around 4%—5% Mn concentrave note that the minimum observed around 3.5%-5% Mn
tions, whereEg appears to drop to a position close to thecontent coincides with previously reported metallic conduc-
VBM. As already mentioned, samples in this concentratiorfivity and also with the range of maximum paramagnetic-
range are reported to exhibit metallic conductivity. Theferromagnetic transition temperatures.
present observations are fully consistent with such behavior.
We also note that the low position Bf implies an increased
density of holes, which in turn may be the explanation for
the relatively high Curie temperatures previously found in  We are pleased to acknowledge the technical support of
this range of Mn concentrations. This is also verified in thethe MAX-lab staff. This work was supportet by grants from
present experiment as seen in Fig. 3. The fact that the maxthe Swedish Natural Science Research Coufi¢ffR), the
mum T, is observed in the most metallic samplés., those  Swedish Research Council for Engineering Scien@ées),
for which the Fermi level is close to the VBMs in good and, via cooperation with the Nanometer Structure Consor-
agreement with existing theories describing magnetism irtium in Lund, the Swedish Foundation for Strategic Research
GaMnAs. We note that the maximurf, value of the (SSB.
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