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Giant resonant photoemission at the Mn »—3d absorption threshold of Cd,_,Mn,Te
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Resonant photoemission spectroscopy data from (Mn, Te single crystals are presented. A strong reso-
nant behavior, related to the Raman-Auger decay channel arising from the creation of theddrezole, is
detected for states in the valence-band region at the pn 2d absorption threshold. The transition from the
resonating Raman-Auger to the weak, normal Auger emission is shown to occur well above the main absorp-
tion edge. This effect is ascribed to the presence of a manifold of localized states arising from thg Mn 2
—3d Coulomb and exchange interaction, which prevents the delocalization in the intermediate state of the
autoionization process.
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Recent advances in the search of new materials for spirexcitation channel—i.e., the photoabsorption process fol-
tronics have prompted a reconsideration of photoelectrotowed by a Coster-Kronig decay—overwhelms the direct
spectroscopies for the study of the contribution of magnetighotoemission channel. Therefore, the interference effects
ions to the spectral weight in the valence-band region. Irbetween the two channels are weaker than in the case of
particular, the ferromagnetic Ga,Mn,As and In_,Mn,As  3p—3d absorption. o
semiconductors and th&n;_,Mn,O oxide have attracted 10 the best of our knowledge, resonant photoemission ex-
particular attention from a spectroscopic point of view, andPeriments on the Mn@— 3d absorption threshold of diluted
recent experiments have been reported on resonant photBi2gnetic semiconductors have been so far virtually ne-
emission(RESPES at the Mn 3—3d absorption edge of glected, since all experiments have been performed at the Mn
these compounds These studies are rooted in earlier SP—3d absorption threshold. Only the parent MnTe

1 . .
works>® which were aimed at identifying the Mrd3pectral compound’ has been studied with RESPES at the Mp 2

weight in the valence-band photoemission spectrum of singlﬂ.?’d threshold. The aim of the present study is to probe the

crystals of the Cd ,Mn,Te diluted magnetic semiconductor giant resonance at the Mrp2-3d threshold of single crys-

X , tal Cd,_,Mn,Te (x=0.45) DMS and to track the transition
(DMS). The photoemission af electrons from 8 transition from the Raman-Auger to normal Auger regime.

metals and th.eir compounds i§ ;trongly enhanced _When the The measurements have been performed at the INFM
energy of the incoming photon is just enough to excit®ign  A| O|SA synchrotron beamline in Triestétaly). For this
electron ©=2,3) to an unoccupieddlevel, leading t0 &  experiment Cg_,Mn,Te single crystals grown with the
process called resonant photoemission. This effect is intelgriggman method have been used. The photoemission data
preted as due to a process wherengrelectron in the initial  were collected in ultra-high vacuum at a base pressure of 1
state is first excited to an emptyd 3evel, forming a tighly ~ x107'°torr. The crystal surface was prepared by repeated
bound (ip,3d) intermediate state. This intermediate statecycles of Ar ion sputtering at 1 keV beam energy and anneal-
may decay via autoionization, yielding a final state identicaling at 320°C until a clear reflection high-energy electron
to that obtained by the direct photoemission process. For Muliffraction (RHEED) image could be detected. Moreover, we
3d electrons the resonance arises when an interference balso checked the surface composition by collecting x-ray
tween the direct photoemission channehpf3d®+h»  photoemission spectroscop¥PS) spectra of Cd @, Te 3d,
—np®3d*e) and the Mnnp— 3d excitation followed by a and Mn 2 core levels. We noticed that the sputtering pro-
Coster-Kronig decaynp®3d®+hv—np°3d®—npb3d%e;)  cedure produced Cd-poor surfaces with a prevailing Mn
occurs. Interference effects can be handled within the Fanweight, whereas after the annealing process the Cd weight
formalism’® The condition for interference to occur is the was restored to the expected values. Resonant photoemission
coherence between the direct and indirect emission channelsnd absorption measurements have been taken in transverse-
The loss of coherence can be due to delocalization of the 3electric polarization at a grazing angle of about 8°. The
electron in the intermediate state, which produces an enerdyeamline has been operated between 600 and 700 eV at a
difference between the final states of the two channels.  resolving power of about 3000 with a photon flux of 0.5-1

When RESPES experiments are carried out across the 10'2 photon/se¢? The electron analyzer has been used in
2p—3d absorption threshold in @8 transition-metal com- normal emission and with a fixed energy resolution of 850
pounds, a dramatic enhancement of the electron emission eV, thus yielding an overall resolution better than 1 eV. A
observed(giant resonange€"'® much larger than that ob- channeltron has been used to measure the total electron yield
served at the B—3d threshold. In giant resonance the de- for the absorption spectra.
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FIG. 2. Mn 2p;, and Mn 2p,, absorption lines of the
Cdy ssMng 4sTe single crystal. The numbers indicate the photon en-
ergies at which the photoemission spectra of Fig. 1 were collected.
Inset: total resonating spectral weiglRSW) vs photon energy ob-
tained from the RESPES spectra after that the polynomial back-
15 10 5 0 ground, the off-resonance spectrum, and the @dethission have
been subtracted. The thin line is the XAS spectrum.
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) 640.5 eV(spectrum No. 1D At resonance, three features can
FIC_;. 1. Resonant valence-band spectra collected with photop clearly detected. They are labeled as A, B, and C in Fig. 1.
energies across the Mmp2-3d absorption threshold. The photon sy first sight, these features have a constant binding energy
energies are labeled by numbers which correspond to the pointg,y \one of them shows an energy dispersion. However, in
!nd!cated on the Mn @ XAS Cur.ve.Shown. inFig. 2. The blf"wk dots order to confirm this behavior we had to carry out a data
indicate the normal Auger emission which is found to disperse on . h . f the
the BE scale. The dashed line is drawn as a reference for the norall_nalys!s on the_ rough spectra. The main purpose ot
dispersing Raman-like emission. analysis was to |de_nt|fy the spectral profile of the resonating
features, track their energy dependence on photon energy,
and find out the expected normal Auger emission for photon
In Fig. 1 the resonant valence-band spectra collected witenergies above the absorption threshold. The discussion of
photon energies across the Mp-2 3d absorption threshold our results is based on two issues. The first is related to the
are shown. At a binding enerdgBE) of about 11.5 eV the Cd deconvolution of the resonating spectral weight in the va-
4d shallow core levels can be detected; the intensity of thisence band, while the second is related to the transition from
structure is constant with the photon energy while the intenthe Raman-Auger to the normal Auger emission.
sity of the valence band in the range 2—-10 eV strongly in- In order to extract the resonating spectral weight from the
creases. The Cdd4emission has been used to normalize thevalence band data, we have followed a procedure recently
spectra and was taken as a reference for aligning the spectapplied to the analysis of RESPES at the Qu-23d thresh-
to a common BE's scale, along with the Tegh core level  old of CuGeQ.®
emission at 42 eV, not shown in the present data. The photon In Fig. 3 an example of the data analysis is shown for the
energies are labeled by numbers which correspond to thepectrum collected ahr=640.5 eV photon energy. The
points indicated on the Mn2x-ray absorption spectroscopy background is subtracted from the valence-band spectrum by
(XAS) curve shown in Fig. 2. using a polynomial function. Four Gaussians are introduced
In Fig. 2(a), both the D3, (L3) and the 24, (L,) lines  to fit Cd 4d and the valence-band emission: one for the Cd
of the Mn 2p absorption spectrum are clearly detectable.shallow core level and three for the resonant valence band
Both lines show a fine structure which is ascribed to multip{Fig. 3(@)]. The peak intensity of the Cdd4emission was
let effects arising from the Coulomb and exchange interacmaintained fixed, since the Cdd4photoemission cross sec-
tions between the Mng2 core hole and the Mn operd3hell  tion at these energies can be considered con$iarite use
electrons. This absorption profile is quite similar to thatof three Gaussians for the valence b&w®) is based on the
measured for the Mn 2 thresholds in other DMS identification of the resonating features of Fig. 1, where the
compoundsg?**where Mn is tetrahedrally coordinated with three A, B, and C peaks are clearly detectable. Once the
the ligand ions. As can be observed in Fig. 1, the resonandeackground has been subtracted, one is left with the photo-
of the photoemission spectrum has its maximum at aboug¢mission spectrum that can be used to extract the pure reso-
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FIG. 3. Example of the data analysi®) The background is 8 29
subtracted from the valence-band spectrum by using a polynomialE 28]
function. (b) ResonanfNo. 10 in Fig. 2 and off-resonancéNo. 1 29

in Fig. 1) spectra after background subtraction. The topmost spec- 2
trum represents the pure resonant contribution resulting from the
subtraction of the off-resonance from the resonant spectrum.
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nant contribution. This contribution is obtained by subtract-
ing from each spectrum the off-resonance spectrum collected FIG. 4. Detail of the valence-band region with photoemission

athv=636.5 eV(No. 1 in Fig. 1, as shown in Fig. ®) for  spectra collected at photon energies above the main line of the
the spectrum collected at 640.5 €No. 10 in Fig. 3. Inthis  apsorption spectrurtspectra Nos. 18—29The bottom spectrum is
way, for each photon energy we have been able to estimatgectrum No. 1. The dots indicate the normal Auger emission. The
the total resonating weight by summing up the area of the Aline through the dots is drawn as a guide for the eye.

B, and C Gaussian peaks.

The three spectral features we have identified at the Mn In the inset of Fig. 2 the total intensity of the resonating
2p—3d resonance have a counterpart in the RESPES studspectral weightRSW) against the photon energies is shown,
carried out at the Mn 83— 3d absorption threshold, as well along with the XAS spectrum. The integrated intensity
as in the related impurity cluster calculations of the Mih 3 closely reproduces the XAS spectrum with the three struc-
spectral weight proposed by Mizokawa and Fujimori in sev-tures at abouhr=640.5, 642, and 644 eV, characteristic of
eral photoemission studies of DM$'$/ The identification the Mn 2pz, absorption. When the integrated intensity is
of 3d* satellites in the Mn @ photoemission spectra of decomposed into the three A, B, and C components resulting
Cd;,_Mn,Te alloys has been the subject of several experifrom the data fitting, the constant-initial-stat€lS) profile
mental and theoretical studies in the past.*®When a pho-  characteristic of each band—not shown here—closely re-
toelectron is emitted from the Mnd3orbitals in the ground sembles that extracted from the integrated intensity of the
state, several @ configurations may arise, due to multiplet resonanting spectral weight. Therefore, differences between
(Coulomb and exchangeplitting. the CIS profiles are not detectable, apart from a scaling fac-

In addition to multiplet splitting, also Te m—-Mn 3d  tor due to extent of the resonance effect of each sitylé,
charge transfer configurations must be accounted for in ther C) structure.
configuration interactio(Cl) model for both initial and final Due to the large number of states, with different symme-
states of the photoemission process. Therefore hybridizatiotny of the 3d* configurations contributing to each of the three
among charge transfer ¢3L) and ionic (31*) configura- A, B, and C bands, according to the calculation resultsis
tions introduces a further redistribution of the spectral weightot possible to relate any of the three bands to a well-defined
in the final state. In Ref. 17 impurity cluster CI calculations Eg or T,y symmetry of the 8* final-state configurations.
on Cd,_,Mn,Te are presented. The calculated M §pec- Moreover, there is not a direct relationship between the
tral weight shows a manifold of states which yields threeweight of the 31"~ configuration (2, in the present cage
main features, separated by about 3 eV from each other, im the final state and the extent of the resonance, as found in
agreement with the experimental resonant photoemissiothe case of Ci' compounds? The valence band resonates
data collected at the Mn8—3d absorption threshol@i®  not only where the 8* configuration presents a larger
Indeed, by subtracting from the on-resonance spectaaih  weight(i.e., in the region where the C band is detegtddit
lected at 49.5 eV photon eneigihe VB spectrum collected also where the 65£ configurations mainly contributé and
far from the absorption threshold, it was possible to evidenc® bandg which indicates that resonant photoemission in-
the resonant contribution of the MrdZtates. Three features volving more than two holes in the final state may lead to a
resulted from the subtraction: one in the 0—2.5 eV energyather complicated behavior that cannot be directly related to
range, one at about 3.4 eV, and another broad feature in tttee spectral weight distribution of thed3™ ! configurations.
5-9 eV energy range. They correspond to peaks A, B, and C In the resonant spectra taken above 642.5 eV photon en-
detected in the present data. ergy, in spite of the low intensity of the normal Auger chan-
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nel, we have been able to observe the;M,sM, s Auger  line in Fig. 4 has only a qualitative value and should be
emission, not clearly detectable in the experimental RESPE&garded as a guide for the eye, the Auger emission being
spectra collected at the Mrp3,, absorption edg@In Fig. 4  rather broad and structured. Therefore, at the present stage
the spectra taken &tv ranging from 642.5 to 646 eNos.  we cannot extract quantitative information on the BE’s ver-
18-29 are shown, along with the off-resonant spectrumsus photon energy slopes for the,CgVin,Te system, until
(No. 1). It is evident that the energy of the B band shows afyrther work is carried out by comparing the behavior of the
dispersive behavior on _the E_>E’s scale which is_ characteristign 2p3d3d Auger emission in the valence-band region with
of the normal Auger, i.e., incoherent, emission, expecteqnat of the Mn 23p3d Auger emission at higher energies.
above the resonance threshold. In conclusion, the transition from a coherent, Raman-like

'I_'he transition from the Raman-Auger to normal Au_gerto an incoherent, normal Auger regime has been tracked. The
;?EJIgsremiyisbeozgi?)(l:ée%a?ywaheen Fr)rzilstiqutes?rf t?e mu“r']plehFesonance effect is still contributing above the photon energy

. : P P uctures whichot the absorption main peak, and the integrated intensity of
and yield fairly localized electronic states are present th%he RSW reproducg s the multlplet.fea_tures of the absorptlon
dominant channel is the Raman-Auger emission and t’her rofile. Thls is ascribed to the localization of the |ntermed|ate

- State which can be favored by the extent of the manifold of

fore the resonant valence band shows a constant binding ep:

ergy behavior. Only with photon energies well above thestates arising from multiplet splitting. The enhancement of

main line of the Mn B, multiplet spectrum can the elec- the resonance in the valence-band region is larger than that

tron delocalize and the Auger channel appear, as shown ig]etectable at the Mn8-3d threshold. This finding sug-

) . . ests that, especially in the case of the new ferromagnetic
Fig. 4, where a br,oa_ld fea_\ture that shows a dispersive beha )MS’s, where impurities with a concentratiarsmaller than
ior versus the BE’s is pointed out.

4 . .
The localization of Mn electrons in Mn ultrathin layers 0.1 have been reportéd; RESPES experiments may profit

has been recently discus@ay analyzing the slope of the from the enhancement at the 2hreshold to probe the spec-

BE's versus photon energy curve for several Auger channelstr"le weight of the magnetic ions.

A slope significantly different from one was found for the L.S. and S.P. acknowledge financial support from the
strong Mn 23p3d emission. This was ascribed to a mixture INFM-LdS project. S.P. also gratefully acknowledges C.
of Raman and Auger behavior above threshold induced b¥radley for stimulating discussions during the School on
localization of the intermediate state. In our case, the straighynchrotron Radiation held at ICTP in Trieg2002.
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