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interpretation of x-ray emission spectroscopy data”
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In a recent paper, Kantor ef al. presented Mossbauer spectroscopy data on the pressure dependence of the Fe
spin state in Mg;_,Fe O [Phys. Rev. B 73, 100101(R) (2006)] and found that the transition was completed at
significantly higher pressures than what had been found by x-ray emission spectroscopy (XES) studies. In
order to account for the discrepancy, the authors reanalyzed the XES spectra using a simple spectral decom-
position and achieved good agreement for the two types of data. In this paper, we show that the proposed
alternative analysis of the XES spectra is inadequate, prove that previous XES work had correctly identified the
low-spin state at the highest pressures, and provide a complete reanalysis of the XES data.
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It has long been known that x-ray emission spectroscopy
(XES) is directly sensitive to the spin state of transition
metals,! and now it is coming into use to study spin
transitions.”"® The most prominent variations of the K3 line
shape are seen on the low-energy side of the main K3 5 line:
a satellite, known as Kf’, changes its intensity with spin-
state transitions, which makes it easy to follow such transi-
tions qualitatively. Extracting the total spin momentum of the
3d electrons, however, is not straightforward due to the com-
plexity of the numerous transitions that make up the spectra.
The energies of the several multiplet terms are closely dis-
tributed in energy, there are no energy regions with complete
spin polarization, and the arising lines are broad and strongly
overlapping. Moreover, variation of the 3d spin momentum
leads to a completely new pattern of multiplet terms, so the
spin-state variation affects the full spectral envelop. There-
fore, fitting the spectra with any well-grounded theoretical
model seems impossible. Several attempts were made to fit
the spectra with a minimal set of established functions
(Lorentzians, Voigt curves), but, possibly apart from the for-
tunate case of Mn where the satellite is very well separated,’
the resulting phenomenological descriptions of the line shape
can be hardly applied to quantitative probing of spin
transitions.®® Consequently, other approaches, based on
quantifying the variations of the satellite intensity>® or the
full line shape'®'? from difference spectra, are used, with
increasing confidence. In a recent paper, Kantor er al. pre-
sented Mossbauer spectroscopy data on the pressure depen-
dence of the Fe spin state in Mg,_,Fe,0,"* and found the
transition pressure range significantly higher than what had
been found with XES.> To account for the discrepancy, the
authors reanalyzed the XES spectra of Ref. 6 using a simple
spectral decomposition by fitting the spectra with the sum of
an asymmetric Pearson IV and a Gaussian, and obtained
agreement for the two types of data.

In this paper, we show that this proposed alternative
analysis of the XES spectra is inadequate by applying it to
another Fe(II) spin transition. We point out the causes of its
failure, offer a more sound analysis, and reanalyze the XES
data of Lin et al.®
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PACS number(s): 75.30.Wx, 76.80.+y, 78.70.En

We have studied [Fe(phen),(NCS),] (phen=1,10-
phenantroline), a compound that exhibits an abrupt thermal
spin transition at 185 K, well above and below its transition
temperature, with XES to secure the line shapes for pure
high-spin (HS) and low-spin (LS) states. Crystal-field multi-
plet calculations were also performed to assist the XES line-
shape analysis, while MoOssbauer spectra were taken at the
same temperatures (295 and 80 K) to verify that the spin
conversion is complete in both cases in the sample.

First, we show with the help of the XES spectra displayed
in Fig. 1 that analysis in terms of two features, main line and
satellite, is insufficient. Although the most conspicuous
change is indeed seen on the satellite region, the underlying
multiplet structure unveiled by theory reflects the very com-
plex nature of the changes. As shown on the right of Fig. 1,
many (around 250) multiplet terms of different intensities
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FIG. 1. (Color online) Experimental (left panel) and theoretical
(right panel) K3 spectra of [Fe(phen),(NCS),], in its HS (top) and
LS (bottom) forms. Insets in the experimental part display the
Mossbauer spectra.

©2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.75.177101

COMMENTS

make up the spectra. The multiplet spectra have been calcu-
lated with the crystal-field multiplet model assuming a
1s'3d° intermediate state for Fe(II). This model has been
shown to be sufficient for a general simulation of the K XES
spectral shapes of transition-metal compounds.'* More de-
tailed simulations include charge-transfer effects and the in-
clusion of the ls XPS spectral shape for the excitation
process.!>16 In addition, each transition can have a different
linewidth due to the term-dependent lifetime broadening.'”
The variation of the spin leads to a completely new pattern of
multiplet terms, which results in the change of the full spec-
tral envelop. Consequently, the LS and HS spectra have
nothing in common, as it is very well illustrated by the mul-
tiplet structure; thus, the classification of the spectrum parts
to satellite and main line should remain at a qualitative level.
This is further supported by the width of the main line,
which is narrower in the LS state.

The spectral changes at spin transition are not due to
gradual changes at the iron sites. Instead, as Mdssbauer spec-
troscopy clearly shows, in the transition regime both spin
states are present: the spectra are superposition of those of
the HS and LS, and the main change is seen in their intensity
that follows their relative amount.'® This is not characteristic
for molecular systems: coexistence of the two spin states has
also been observed in oxides at pressure-induced spin
transitions.'” While the Mossbauer parameters of each spin-
state component can modestly vary at the transition due to
the extreme sensitivity of the technique—not only to the dis-
tribution of the 3d electrons but also to the lattice changes—
the line patterns of XES, a very local probe, remain the
same. We should also note that (at least in systems where
there is a drop in the volume when going to the LS state from
the HS) the crystal field does not change linearly at the tran-
sition, but jumps to that of the other state, typically from
around 1.5 to 2.5 eV in the case of Fe(II).?° This can ex-
plain why the spectra should not change in a continuous way.
Moreover, it has been shown by theory that even large
crystal-field variations barely affect the XES line shape as
long as the spin state remains the same.?! Accordingly, in a
high-pressure XES experiment on CoO identical line shapes
were obtained for pressures between 0 and 140 GPa.?
Therefore, the spectra should be decomposed using the full
HS and LS line shapes. This can be accomplished by fitting,
if proper (good statistical quality, without artificial shifts or
extra broadenings) reference spectra are available, or by
comparing the integrals of the absolute values of the differ-
ence spectra (IAD) to that obtained on reference data.'!2

The spectra of Fig. 2, which comprises two intermediate
spectra (spA, spB) besides the two proper reference ones
(HS, LS) without any artificial energy shifts, provide ideal
grounds for testing line-shape analysis methods. To start
with, the intermediate spectra were fitted with the sum of the
reference ones, the only fit parameter being the HS fraction.
The fits give 100%, 72.5%, 41.8%, and 0% HS fractions for
the spectra HS, spB, spA, and LS.

As seen on the spectra, besides the intensity changes of
the satellite, a relevant apparent energy shift is also present.
These two effects result in large overall spectral differences,
shown below the spectra, where difference curves from that
of the LS are also shown. These spectral differences consist
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FIG. 2. (Color online) Four spectra on the spin transition of
[Fe(phen),(NCS),]. Differences from the LS line shape are also
shown below the spectra.

the main ingredients of the above-mentioned IAD method
we have suggested recently to evaluate the total 3d spin mo-
mentum from XES.!''2 The IAD approach gives 100%,
72.1%, 42.2%, and 0% HS fractions, in excellent agreement
with the fits. Another important observation is that identical
center of mass was found for all spectra. This justifies the
proposition of Glatzel and Bergmann who suggest shifting
the spectra to have the same center-of-mass energy when the
energy scale is uncertain.??

Kantor et al. proposed fitting the HS spectrum with a
Pearson IV and a Gaussian, then fixing the width and asym-
metry of the Pearson and fitting the other spectra with this
and the Gaussian; the intensity of the latter was proposed to
be proportional to the average spin.'> Applying this analysis,
we obtained Gaussian areas for “satellite peak intensities” of
15.2%, 13.3%, 10.5%, and 7.1% (in terms of spectral area)
for the spectra HS, spB, spA, and LS. This corresponds to
HS fractions of 100%, 87.6%, 69.5%, and 47% (or S=2,
1.75, 1.39, and 0.94). This implies that for the LS spectrum
this approach erroneously shows that half of the iron in the
sample is in the HS state, and the intermediate spectra are
also interpreted to have bigger HS contribution than they
should. When looking into the causes of the big discrepancy
with the analysis of Kantor et al., several reasons can be
identified on why the latter fails.

First of all, the sum of a Pearson IV and a Gaussian seems
far too simple for the multiplet structure. Although the fits
might be reproducing the line shape well, no justification is
given in Ref. 13 as to why this ad hoc spectral decomposi-
tion should also grasp the relevant physical aspects. More-
over, the main line cannot be described with a Pearson IV of
identical linewidth and asymmetry: the LS and HS line-
widths are different, and the energy shift causes apparent
additional broadening in the transition region. Finally, the
crucial assumption of Kantor et al. is that the Gaussian in-
tensity vanishes when the pure LS spin state is reached; this
implies that a single Pearson IV should be able to describe
the LS line shape. This is not the case: the extra intensity on
the low-energy side requires a relevant Gaussian intensity, as
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FIG. 3. (Color online) Left: fitting of the LS data with the model
of Kantor et al. Right: the LS data convoluted with a Gaussian of
2.2 eV FWHM compares well with the 79 GPa Mg, ;5Fe »50 spec-
trum from Ref. 6.

seen in the left of Fig. 3. Releasing all fit constraints (and
leaving out the Gaussian) results in an almost identical Pear-
son line (which is left out from the figure as at this size
would not be fully distinguishable). The main mistake in the
analysis of Kantor ef al. is that it was not checked whether
the approach could describe LS line shapes.

We also wish to point out that using the energy difference
of the main peak and the satellite, denoted as AE in Ref. 13,
is an artificial quantity when obtained on apparent spectral
features in the transition region, where the shape of the spec-
trum depends on the superposition coefficients only. Conse-
quently, this cannot give further physical insights as the au-
thors claim. Moreover, the variations of the total spectral
area, used in Ref. 13 to find correlation with the satellite
intensity variations, reveal only incorrect normalization of
the spectra: the area should remain the same, as the overall
K emission yield does not depend on the spin state.

As shown above, the analysis of Kantor et al. results in
S=1 for the LS sample. From the foregoing, it is not sur-
prising that this coincides with the value obtained with the
same analysis on (Mg,Fe)O at the highest pressure.!3 This
suggests that the spectral shapes are similar. Indeed, as we
can see in the right of Fig. 3, convolution of the spectrum of
the LS reference with a Gaussian of 2.2 eV full width at half
maximum (FWHM) perfectly matches the 79 GPa
Mg, -5Fe(,50 spectrum from Ref. 6. This line-shape similar-
ity is a strong argument that the spin state is the same
(§=0) in the two cases; the different broadening can stem
from the differences in the experimental conditions. More-
over, at the highest three pressure points, no further varia-
tions are observed on the spectra, which suggests that the
spin transition to the LS state is complete.

Finally, we reanalyze the XES data of Lin et al. published
in Ref. 6. As the raw spectra had different background levels,
a constant background is subtracted. More importantly, the
spectra are normalized to the area and shifted to the center of
mass, thus, each spectrum has the same zeroth and first mo-
ments. We saw that the spectrum taken at the highest pres-
sure reflects iron in the LS state; the one obtained at ambient
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FIG. 4. (Color online) Selected spectra reflecting the spin tran-
sition in Mg 75sFe(,50 from Ref. 6. Differences from the LS refer-
ence are also shown.

conditions has HS iron; thus, we have proper (inner) refer-
ences, which allows the IAD analysis. To create the differ-
ence spectra, we subtracted from each the average of those
taken at the highest three pressures, which were the same
within the error. This was advantageous as the individual
spectra have limited statistical quality. The IAD values ob-
tained by integration of the absolute values of the difference
spectra were projected to the §=0,...,2 scale. Some of the
spectra and the differences are shown in Fig. 4; the results
extracted on the average spin are plotted in Fig. 5, together
with the analysis of Kantor ef al. and Lin et al. It is apparent
from the latter figure that our analysis, although providing
smaller standard deviations and thus presumably more accu-
rate values due to the larger area differences used in the
evaluation, eventually secures the same transition pressure as
that of Lin er al. (Similar conclusions can be drawn for the
analysis of the high-pressure XES data of Mg 4oFe( 6,0, see
Ref. 24 for details.) The IAD values for the HS spectra are
0.291 for Mg, ssFe,50 and 0.321 for [Fe(phen),(NCS),].
This agreement is notable; the 10% difference is not too
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FIG. 5. (Color online) Comparison of the different analyses of
the Mg0'75F€0>25O XES data.
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large considering that these numbers were obtained on spec-
tra collected on different spectrometers, at different experi-
mental conditions (and broadenings), and on samples of
quite different natures. This raises the prospect that the IAD-
spin correlations are transferable for systems with the same
transition-metal ions. Moreover, in the possession of this
number, the IAD can also give the spin variation between
two experimental points without the need of reference spec-
tra.

In conclusion, we showed that the XES analysis proposed
by Kantor et al. is unfounded. We have also tested a very
recently developed analysis method on a reference spin-
transition system and applied to the same high-pressure data,
too. This and other recent works show that XES with careful
data analysis is becoming established as a quantitative tech-
nique that can procure the 3d spin momentum. While in the
case of iron XES needs more effort in general to compete
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with the accuracy of Mossbauer spectroscopy, it can be ex-
tended to other transition metals still keeping the benefit of
element selectivity, where the isotope specific Mossbauer
spectroscopy cannot be applied; a further advantage is that
the technique is not influenced by magnetic order or mag-
netic fluctuations and relaxations. Last of all, we agree with
the authors of Ref. 13 that Mdssbauer spectroscopy and XES
should reflect the same transition pressure. However, in the
case of Mg ,5Feq,50, according to a very recent synchrotron
Mossbauer spectroscopy study,” the transition to the LS
state is completed between 52 and 70 GPa, in agreement
with the XES data.>¢
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