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Chemical effects in the manganeses3—2p x-ray emission that follows resonant and nonresonant
photon production of a 2p hole
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Spectra for the manganesge-3 2p x-ray emission after resonant and nonresonant photon excitationpf a 2
electron are presented for metallic manganese, MKMIRO, and LaMnQ. The absorption and emission spectra
are compared with the results of free-ion calculations forMand Mr?*. The experimental absorption
spectrum of MnE is in very good agreement with the calculation for #rwhile the absorption of the other
compounds is found to be a superposition ofdland Mr?*. There are noticeable differences among the
compounds, both in the relative positions and intensities of the emission peaks. The resonant emission spectra
from MnF, is dominated by decay from thepZ3d® resonant configuration, while “normal” fluorescence is
found to predominate in LaMnIn metallic manganese and MnO the emission spectra are well described as
a superposition of these two extreme cases.
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I. INTRODUCTION energy d to d dipole-forbidden excitations could be

Transition-metal compounds have a wide range of imer_pbtalned? That work also showed that a free-ion calculation

esting electronic and magnetic properties that have mad@ & two-step plcturé,qu adequate.for a direct companson
them the subject of numerous studies. Located right in thg"Ith experiment. Chemical effeqts n b_Oth x-ray absorption
middle of the 3 row, manganese forms compounds that carfNd resonant valence x-ray emission in several manganese
be used to study different aspects of transition-metal comcOmplexes have been studied |n.de%é|ERecently, attention
pounds ranging from the effect of intra-atomic electron-has been given to the process in Wh_lch thecdre hole is
electron correlation to charge transfer. Knowledge of theséllled by emission from the Sshallow inner shell. In addi-
properties is important for both a basic understanding of théion to the well-known advantages of the valence photon-in—
electronic structure of these compounds and to understarghoton-out processé$,detection of emission from thes3
their behavior in many applications. core level is not affected by self-absorptinand one is
Inner-shell spectroscopies are well-established tools fotherefore allowed to directly compare emission from differ-
the study of the electronic structure and thus have been exent samples. Thesshole width is, however, rather largef
tensively applied to manganese compounds. X-ray absorphe order of a few e), and this results in broad emission
tion spectroscopyXAS) across the. absorption edge in Mn  features. Also, the emission process is strongly affected by
has been used to determine, among other things, the mang&lectron-electron correlation, especially by interaction be-
nese oxidation state in different compound$This is pos-  tween the configuration with asdole in the final state with
sible because in XAS one obtains information about the conthe configuration with two B holes2-14something that re-
duction band, of 8 character. In this regard the ligand-field fects the fact that in these compounds intra-atomic many-
multiplet theory has proven to be an invaluable tool in the body effects are as important as the interatomic many-body
interpretation of the results. Complementary to XAS, X-raygfacts® This correlation effect in the<3— 2p emission was
emission spectroscogXES) provides information about the studied? for one value of the excitation energy in Mns,

density of states of occupied levels that participate in theand is the subject of independent wirfor a whole range of

decay process after the prodl'qu.on of an mner—shel] hOIeexcitation energies in MnEIn that article!* we showed that
One can also study photoexcitation processes that mvolvi% this ionic compound, the observed resonant spectra can be
the resonant promotion of an inner-shell electron into a dis: P ' P

crete or quasidiscrete state, followed by the emission of épterpreted in terms of a relatively simple Kfrfree-ion cal-

photon to fill the inner-shell hole. An analysis of the energyculation that includes the interaction between the® 3
loss in this x-ray Raman-scattering process provides infordround-state configuration and 6the configurations with a
mation about the energy levels of the ground state. In parSingle hole in the 8 subshell(3s3d”), and the configuration
ticular, the — 3d resonant excitation with the subsequentWith two holes in the B subshell(3p*3d’). We also proved
decay of the p hole by photon emission is particularly well that a comparison with a free-ion calculation also gives good
suited to study the partially filled Bshell in manganese results for nonresonant excitation, provided that only the
compounds. Early studies of valence emission in MnOstates with a @ hole coupled to the & S high-spin outer

showed that useful quantitative information about low-shell are considered.
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In this article we present a comparison of experimental
results for resonant and nonresonant manganese 2p
emission in metallic manganese and in the compounds MnO
and LaMnQ. We use our previous resulfsfor MnF, as a
reference. Manganese is nominally Min MnF, and MnO,
while it appears as M in LaMnQO;. Therefore, the M#
free-ion calculation presented befbtean be also used for
the comparison with MnO. In this paper we extend the the-
oretical results for M#" in a spherically symmetric environ- >
ment, and they are then compared with the experimental data '-,'_J
for LaMnO;.

Il. EXPERIMENT

The experiment took place at beamline 8.0 at the Ad-
vanced Light Source of Lawrence Berkeley Laboratory.
Monochromatized photons from a 5.0 cm undulatdb.0)
are focused onto the sample, and the resulting fluorescence
emission spectra are recorded with a high efficiency x-ray
spectrometer. This soft x-ray fluorescence spectrometer is a 630 635 640 645 650 655 660 665
grazing incidence instrument with a fixed entrance slit and a Photon energy (eV)
position-sensitive area detector. A total electron yi@#Y)
spectrum is obtained by recording the total electric current FIG. 1. Total electron yield TEY) spectra of Mnk, metallic
through the sample as the energy of the exciting photons iganganese, MnO, and LaMg@ the region of the @— 3d reso-
scanned. Photon emission spectra are then recorded at $&nces. Th_e Iz_ibels give the excitation energies at W'hiCh we obta_lined
lected values of the incoming photon energy by positioning3SH 2p emission spectlra. The ph.oton energy scale is the same in all
the spectrometer detector along the Rowland circle to intersPectra, while the vertical scale is arbitrary in each case.

cept the wavelength region of interest. Details of the beamymission spectra that are analyzed in detail elsewterhe
The incoming radiation flux was monitored by the total phO'Lal\/"']C)3 Spectra also give the values of the photon energy
tocurrent produced in a gold mesh placed in front of thefor which we recorded emission spectra. The TEY spectrum
beam just before the sample chamber. The monochromatef both metallic manganese and MnO were recorded directly
and the spectrometer energies were calibrated with the alrom the samples, and therefore show indication of an oxide
sorption and emission spectra of the metallic manganesgurface® even for MnO. In Ref. 6 it was shown that the
sample. The absorption and emission experimental values isignal from the oxide layer can be removed by sputter clean-
metallic manganese were fixed to those published in théhg the sample. If we compare our TEY spectra with those of
literature®1”We took a metallic manganese reference emisRef. 6 it is clear that our MnO TEY spectrum is almost
sion spectrum before recording the series of emission spectfaentical to their spectrum for the oxidized sample, and their
for each sample. The metallic manganese sample was a cofean MnO spectrum is almost the same as our Mspec-
mercially available chip of purity greater than 99.9%, thoughtrum that has been shown to correspond to 2Mn

it was exposed to atmosphere before loading it into the exabsorptiont* They also showetthat a direct subtraction be-
perimental chamber and therefore its surface was oxidizedween the original spectrum of the oxidized sample and that
The MnO and Mnk samples were commercial powders of of the clean sample resulted in a Rnabsorption signal.
purity greater than 99%. The LaMn@vas a single crystal. Here we follow a similar procedure to subtract the in
For the Mnk, MnO, and the metal emission spectra, we usetpectrum obtained in MpHrom each of our TEY spectra.
an angle of incidence of 45° with respect to the incomingThe results are shown in Fig. 2. The bottom panel is, once
radiation, and therefore the fluorescence also made an andigore, the Mnk total electron vyield. In the top panel we
of 45° with respect to the sample normal. In order to increasghow the signal that has to be added to the bottom panel to
the count rate for LaMn@we had to increase the angle of obtain the spectra in Fig. 1. It is clear that in all cases the
incidence to 55°, and we also increased the monochromatejbtraction gives spectra that correspond to*Mnin fact,

exit slit aperture. This should have little effect, however, onthe result for MnO is in good agreement with Ref. 6. We

the relative intensities of the emission peaks. notice that there are some differences among the subtracted
spectra, mainly in the region of tHe; edge. The signal for
IIl. RESULTS AND DISCUSSION the metal does not show a defined structure, while the MnO

and LaMnQ have a pre-edge peak and two distinctive peaks
A comparison of the TEY spectra of MpfFmetallic man-  at 640.3 and 641.7 eV. However, the intensity ratio of these
ganese, MnO, and LaMns made in Fig. 1. The lower case two peaks is different for each compound. They are both
labels in the Mnk spectrum indicate the values of the excit- about equal for MnO, while in LaMn©the second peak is
ing photon energy at which we recorded the-32p photon  larger. In LaMnQ there is also an indication of structure at
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FIG. 2. Result of subtracting the MpHEY spectrum from the

spectra of metallic manganese, MnO, and LaMnO The first peak in the calculation is the strongest, and in
LaMnO; the second peak is the largest. The calculation pre-

low photon energies, around 637 eV. Theabsorption fea- dicts a peak at about 646 eV that is completely absent from

tures on the high-energy side are almost identical for all thre¢he experimental spectrum. Finally, both experiment and

samples. The fact that we were able to subtract a significartheory give a three peak structure in the region of khe

Mn?* absorption signal in LaMngis in agreement with the edge, between 650 and 655 eV, but the calculation gives

results of a cluster calculatiétthat indicates that the ground sharper peaks and in the reversed order of intensity.

state is an almost equal admixture df and d°L states, In these experiments we also recorded tBe-2p emis-
where this last term denotes a state in which a ligand electrosion spectra at selected points in the TEY spectra, indicated
is transferred to the manganese ion. by C, D, I, and K in Fig. 1. In MnO and LaMnQthe

In our previous work?we showed that the TEY spectrum 3s— 2p emission features are about 20 eV higher in energy
of MnF, can be interpreted directly in terms of Hartree-Fockwith respect to the intense oxygemp-2 1s emission. They
(HF) calculation for the MA" free ion. All the lines corre- are, therefore, superimposed on top of a rather large back-
spond to electric-dipole excitations starting in @3S  ground. This background also appears in the metallic man-
ground-state configuration. In this paper we make the correganese data, suggesting the presence of an oxide layer. In
sponding comparison between the results of a calculation fdiact, for the metal, MnO, and LaMnp)we were able to
a Mr®* free ion and the subtracted signal for LaMpQhe  obtain spectra containing both oxygesdnd manganeses3
calculation considers transitions starting at the* 3  emission peaks, though there is definitely a larger oxygen
ground term, but in this case there are five possible values dfackground component in the MnO and LaMpgamples.
the total angular momentum. We included all transitions We start the 8 emission comparison with the spectrum
originating in these states, weighted by their correspondingbtained 16 eV above the resonance structgig. 4). This
Boltzmann and degeneracy factors. We used the standarsl much larger than theghole-width, and we therefore ex-
80% contraction factors for the Slater integrals to partiallypect that in these spectra, emission is completely decoupled
take into account the effect of correlatihThe calculated from absorption. In our previous analysfswe made a de-
spectrum is presented at the bottom of Fig. 3. The experitailed study of this “normal” emission for MpFand also
mental Mr#* spectrum for LaMn@ in Fig. 2 is shown on gave a theoretical interpretation based on a multiconfigura-
top. The theoretical spectrum was shifted down in energy tdional HF calculation that includes the interaction of the 3
make the peaks at 640.7 eV coincide. In this case the frediole in the final state with theg83d® configuration. In Fig. 4
ion calculation is not as successful as for¥H It gives the ~ we make a comparison among the “normal” emission spectra
right energy separation between thg and L, absorption of all samples. The dots are the experimental spectra, while
edges. It also predicts a small peak at 637 eV that wouldhe continuous lines give the result of a four peak fit to the
correspond to the pre-edge structure in the experimentalata, with the background subtracted. We used Pearson-7
spectrum. However, this structure is broader and asymmetritinctions® with the same width and peak shape parameter
in the experimental spectrum. The calculation predicts thregor all peaks. This allowed us to continuously vary the peak
peaks at thé; and only two appear in the experimental data.shape between a Lorentzian and a Gaussian. The results ob-
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FIG. 4. Normal 3 emission spectrum for Mnf metallic man- 2p1/,3d%(5D) quartet states.

ganese, MnO, and LaMnOThe excitation energy is indicated by
(. K, K, K) in Fig. 1. The dots are the experimental data. The There are also differences in the relative intensities of the
continuous line gives the best fit through the dots, including anemission peaks. The relative intensity of the low-energy
exponential background. The dashed lines are the individual peakghoulder at 553 eV is largest for MgFthen decreases
The vertical lines give the position of the emission peaks in MnF slightly for MnO and the metal, and is a factor of 3 smaller
for LaMnQ;. The relative intensities of the two emission
tained in the fits indicate that in all cases the peak shape igeaks on the high-energy side also depend strongly on the
predominantly Lorentzian. The measured line width is aboutompound. In Mnk the first peak is about 32% larger than
3.8 eV and it is almost the same for all samples. For comthe second and they are almost equal in the metal, and in
parison purposes we indicate with vertical lines the positiorMnO the second peak is 47% larger than the first. In
of each of the peaks in MpFAIl the compounds show the LaMnQO; the first peak of this group is 67% larger than the
same overall structure with a strong peak, a low-energwecond. The extra peak in LaMp@s the smallest of the
shoulder, and two small peaks on the high-energy side. Thigroup.
structure can be explained by emission between a state in We also performed a HF calculation for “normal” emis-
which the 2 hole couples to thed® ®Ssubshell, resulting in  sion from a nominal M#" ion in the ground state. In this
either a’P or °P term, and a state with ashole!* The two  case we made the same assumption as béferamely, that
emission peaks lower in energy are dominated by transitionafter direct production of a2 hole it only couples to the
into a 2p5, hole, while the two features at higher energieshigh-spin terms 8* °D. One then finds that a number of
result from transitions into ag,, hole. This behavior, which states are produced and they roughly correspond to high-spin
is very well described by the calculation in MpHs also  sextet terms and low-spin quartet terms. Here we stress that
present in all the other samples, even in the nominally™n this approximate term assignment by no means implies that
compound LaMn@. At this point we remark that the relative these are pure states, because the Coulomb interaction and
position of the peaks is different for each sample. Comparethe 2o hole spin-orbit coupling strongly mix different states.
to MnF,, the whole emission structure is compressed andn the end, however, a rather similar structure is found for the
slightly shifted towards lower emission energies in the otheBs decay, with four broad features. A comparison between
compounds. In addition, there is an extra emission peak ithe calculated emission and the Zhormal” spectrum of
LaMnO;, at about 575 eV. Taking the difference betweenLaMnO;is shown in Fig. 5. The comparison between experi-
centers of the highest and the rest of the peaks as an indicezent and theory is certainly not as good as the one ftfund
tion of the spread, one measures an energy spread of 19.6 édf MnF,. However, we find the same overall structure, a
for MnF,, 15.2 eV for the metal, 13.8 eV for MgFand  strong peak corresponding to decay from tipg,Bd°® sextet
15.3 eV for LaMnQ. The main emission peak is pretty terms, and a low-energy quartet shoulder. The calculation
much in line for the metal, MnO, and LaMnQand is clearly  gives two peaks at higher energy, both resulting from the
shifted down with respect to the main peak in MnFhe  decay of a p,,, hole. Experimentally, we observe thes
shoulder to the low-energy side is almost at the same energnd the P,,, peaks at the calculated energies, and another
in all compounds, the largest shift being 0.6 eV towardsbroad and weak peak at a higher emission energy. The cal-
lower emission energy in the metal. culation also predicts a broad, low-energy satellite at about
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TABLE |. High-spin to low-spin energy splitting&eV).

3000
Compound Photoemission pz), fluorescence 2, fluorescence 2000
MnF, 6.5 4.5 5.2 1000
Metal 3.9 4.3 g 0
MnO 6.2 35 3.9 o 3000
LaMnOs 5.6° 3.8 3.9 & 2000
2
@Also for atomic manganes@see, also, Ref. 22 'Z’ 1000
bRef. 23. 8 0
£
g 3000
545 eV, however, no indication of its existence is found in & 2000
the experimental data. These results would seem to indicate g 1000 |
that “normal” emission is dominated by the Bole and its u_:_: 0

interaction with the configuration with twopdoles, and that 3000
the detailed structure of the outed 3ubshell plays a minor

role. 2000
From this analysis it is clear that the nondispersive or 1000
“normal” 3s— 2p emission has a similar structure in all com- 0
pounds studied. However, the position and relative intensity 540 550 560 570 580
of each peak depend on the detailed electronic structure of Photon energy (eV)

the compound. The change in the peak position depends on o _
the changes in the energy levels owing to the presence of the FIG- 6. Emission spectra at the maximum of the#ry reso-
crystal field, while the relative peak intensity depends on th&'ance(b, C, C, G in Fig. 1. The symbols are the same as in Fig. 4.

electric-dipole transition-matrix element that is also depen- The comparison of emission at the first resonance is made
dent on the detailed electronic structure. It is interesting tan Fig. 6. Once again, the dots represent the normalized data,
point out that the measured changes in separation betwegyhile the continuous line represent the fitted peaks and the
the low-energy and high-energy doublet that is due mainly tajashed line indicates the peak position obtained for MnF
the 2p fine structure would seem to indicate that this splitting These were the emission spectra used for normalization, in
is affected by the valence-band structure. The largest mearder to make the height of the most intense peak the same in
sured splitting is 15.1 eV for Mnf and the smallest is all compounds for this particular excitation energy. In the
10.3 eV for MnO. Taking the differences between the twocalculation discussed in Ref. 14 we found that in the?Mn
low-energy peaks and between the two high-energy peakién this resonance is dominated by’R term that then de-
one can also obtain values for the high-spin to low-spin splitcays into’D and®D terms. We observe a similar behavior for
ting in the 3 subshell. These values can be compared to th@ll compounds, indicating that at this photon energy both
splittings obtained directly in photoemissi®?3but one has ~ absorption and 8emission are produced by Khions in the

to keep in mind that our values are certainly reduced by thé@mple. There are two peaks in each spectra, with compa-
presence of thehole. The comparison is made in Table I. rable relative intensities, but there are measurable differences

among the compounds. TH® shoulder at the low-energy
side is at about the same position in all the spectra. The
main peak is at about the same position in Mr#ad the
metal, and is shifted towards lower emission energies in
MnO and LaMnQ. The separation between the two peaks is
reduced from the value in MFto the metal, until it be-

The effect of the B hole is to reduce the splitting, and it is
larger for the B3/, hole. No systematic trend in the splitting
is found as a function of the manganese valence state.
Finally, a word about the extra peak at 575 eV in
LaMnQ;. This feature is definitely too high in energy, and
would seem to correspond to the 3 2pg, nondipole emis- comes 3.8 eV in both MnO and LaMnOThis last value is
sion found in other transition-metal compourf$tis 19 eV 15cer 1o the one obtained in the ionic HF calculafitn,
above the main S emission peak, while theory puts it at There gre also variations in the intensity of tfi@ peak
about 30 eV’ The fact that it appears only in LaMR0a rejative to thePD peak. It is largest for Mnf about the same
distorted perovskite, would seem to indicate that its intensityfor the metal and MnO, and smallest for LaMaQ\ll of
is enhanced by the lack of inversion symmetry at the metajhese values are smaller than the calculated free-ion relative
site. intensity*
Now we compare the emission spectra obtained at corre- Figure 7 shows the emission spectra at the second reso-
sponding points in the TEY spectra. We took emission specaance of the s, group (¢ in MnF, and D for the other
tra at resonances C, D, and | in Fig. 1, and thus we are ableompounds In MnF, this corresponds to excitation into a
to compare the emission features for the metal, MnO, andD state in Mri*. However, in the other compounds this
LaMnO; at these resonances with the emission spectra faresonance coincides with the strongest transition irf*Mn
MnF, at resonances b, ¢, and h, analyzed separttely. One would therefore expect that any difference of tlse 3
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FIG. 8. Comparison between the LaMg@mission spectrum at
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Solid line: decay from the (&,,3d* °D sextet terms. Dashed line:
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FIG. 7. Emission spectra at the maximum of the ¥n reso- This competition between resonant and “normal”

nance(c, D, D, D) in Fig. 1. The symbols are the same as in Fig. 4.3s—, 2p emission is also displayed in the spectra shown in
Fig. 9. Here we present the emission spectra that correspond
o to the excitation energies indicated byn MnF, and | in all
emission compared to MpHs caused by the presence of the other compounds. In this case we have two excitation
L\/m ions. In MnF, the 3 emission proceeds mainly into the mechanisms. We have a resonant transition that produces a
D and®D channels, producing two peaks. The largest congp, , hole and we also have a nonresonant excitation in
tribution results from the state with the same dominant mulyyhich a 23, hole is produced, with direct excitation of the
tiplicity as the intermediate state, which is a quartet. Thisglectron into the conduction band. We also have to consider

agreement between theory and experiment indicates that fghe Coster-Kronig process that transfers thg,2hole into
MnF, the interference effects that were neglected in the cal-

culation play only a minor role in this compound. The situ- 2000
ation is certainly different in the metal and in MnO. For these 1500
two samples there is a broad feature that can be adequately 1000
fitted by three peaks. The peaks at the highest and lowest 500
emission energies seem to be aligned in these two com-
pounds, and they are likely to correspond to emission into 3 2008
the 3D and 3°D states found in Mnj provided they are £ 1500
shifted down. The peak at the center would then correspond E; 1000
to thglmaln_emlssmn peak. |n.LaM@®nd it can be readily ‘é 500
identified with “normal” emission into af®,, hole produced g
nonresonantly. This competition between Raman and “nor- E 2000
mal” emission has been observed betdia CoO and NiO, 2 1500
and was interpreted as resulting from the creation of § 1000
electron-hole pairs across the gap. However, in our results g 500
for LaMnQ; this emission feature is really dominant and 0 8
does not disappear when the excitation energy is more than a 200
few eV above threshold. 1500
Figure 8 shows the comparison between the experimental 1000
emission spectrum and the result of the calculation for “nor- 500
mal” emission, in which we present the features that corre- 0 - ’ ‘
540 550 560 570 580

spond to decay of the@,, hole. The main peak in the cal-
culation corresponds to the high-spin sextet states, and is
shifted to lower energies with respect to the maximum in the  F|G. 9. Emission spectra at the maximum of the’&1® 4D
experimental data, probably indicating the presence of a disesonance(h, I, I, 1) in Fig. 1. The position of the “normal”
persive peak. The quartet shoulder is certainly visible in thess— 2p;,, emission peaks is indicated by solid lines, while that of
experimental spectrum. the resonant 8— 2p,,, peaks is indicated by dashed lines.

Photon energy (eV)
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the 2p5/, hole. This process will enhance the “normal” emis- is dominant for Mnk. We also found that a signal produced
sion to fill the 2/, hole. In the last two cases, and consid- by Mn®* absorption is present in the spectra of metallic man-
ering the Mi#* ionic model, this would lead to nonresonant ganese and MnO, indicating the presence of a surface oxide
X-ray emission starting in a@,23d5 configuration. The fea- layer or mixed valence in the metal. However, thex3ray
tures that correspond to this “normal” emission are the tweemission results indicate some degree of mixed valence
peaks on the low-energy side of each spect(undicated by states in these compounds. The absorption spectrum of
solid lineg, while the two peaks on the high-energy side areLaMnQ; is also a superposition of absorption by #Mrand

the resonant one@indicated by dashed lingsTaking the Mn3* ions. We found out that the free-ion calculation for
peak with maximum intensity in Mnfas a reference for the Mn*" is not as successful as the Ririree-ion calculation for
emission energy, it is clear that the corresponding peak in th®InF,, something that suggests a mixed valence for LalinO
other compounds is shifted towards lower energies, with thét is also clear that chemical effects are present in the man-
largest shift occurring for MnO and LaMnOThe resonant ganese 8— 2p emission after resonant excitation of thp 2
structure is at about the same energy in the metal and inore electron in all compounds studied. There are systematic
MnF,, and is shifted towards lower energies in MnO andtrends in this study that indicate that the pure ionic behavior
LaMnO;. More importantly, the intensity of the resonant found for MnF, is dominated by resonant emission. In the
structure relative to the “normal’s3—2p;), is certainly dif-  metal and the more hybridized compounds the normal emis-
ferent for each compound. In Mgkhis relative intensity is  sion that results when the excited electron interacts weakly
the largest and then it decreases for MnO and Lall@@d  with the 3 subshell is more important.

is smallest for the metal.
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