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We report X-ray emission spectra of'feFé', and Cd spin-crossover compounds in their high-spin and
low-spin forms. It is shown that all X-ray emission features are sensitive to the spin state. Variations of the
KB and the Kx emission line shapes, which are in agreement with theory, can be used as quantitative probes

of the spin state; it is suggested that with appropriate reference experiments one can extract the spin momentum

for a general case. Resonant X-ray emission spectra unveil details of the redistribution of electrons on the 3d

levels associated with the spin-state change by revealing features at the X-ray absorption preedge not accessible

through standard absorption measurements.

Introduction susceptibility and Mesbauer spectroscopy measurements have
limitations. Magnetic susceptibility is sensitive to all magnetic

in electronic devices is expected to bring major advances to ions pfese'_“ in the system, ir_wcluding impurities! and it _is n_ot
information technology. Molecules that exhibit bistability at always a 3|mple task to o_ptaln the pgramagnetlc contribution
around room temperature, for example, have potential applica-Of the investigated transition-metal ion from the measured
tions in data storage and display devices. Promising candidatedl@gnetization. While Mssbauer spectroscopy is not influenced
include the so-called spin-crossover complexes, which are diréctly by the spin state, it can serve as a genuine probe through
coordination compounds of transition-metal ions with medium 1S _Sensitivity to the (re)distribution of the 3d electrons;
ligand field strength and an electronic configuration between Unfortunately, in the compounds of interest, it is practically
3¢* and 3d. In these systems, the spin state of the molecules I|m|t_e(_j toiron. Spectro_scoples b_as_ed on absorption or scattering
can be switched back and forth between the low-spin (LS) and of visible or infrared light are limited by the .a.bsorptlon and
the high-spin (HS) states by triggering a redistribution of the morphologic changes of the s_ample at a transition. The success
3d electrons on theyf and g orbitals with variation in the ~ Of MGssbauer spectroscopy is due to its elemental selectivity
temperature or pressure, as well as irradiation with light or @nd the large penetration power. Elemental selectivity is a well-
application of a high magnetic fiel? Recent research trends ~known property of X-rays, thus X-ray spectroscopies are natural
on such materials include systems containing two or more candidates for such measurements. Soft X-ray absorption
different metal sitesand their behavior under extreme condi- Spectroscopy complemented by multiplet calculations have been
tions such as high pressutevith such experiments, challenges shown to be a very appropriate tool for determining the spin
are faced because of the possible presence of different metatate, and it has been used to resolve spin-state related
ions and sample environments with limited access to standardproblems>~” However, soft X-ray techniques are incompatible
techniques. with the environments that extreme conditions (high pressure,
Although many experimental techniques can indicate a changehigh temperature) require. Hard X-rays were less often used in
of the spin state through variations in electronic, optical, this context, although they fulfill all criteria to provide the means
vibrational, magnetic, or structural properties, few can probe to probe the spin state of the bulk. X-ray absorption studies
the spin quantitatively; even the most often applied magnetic mostly focused on the near-edge and extended structigse
preedge region, which should be the most sensitive to the spin
* To whom correspondence should be addressed. E-mail: vanko@esrf.fr. state, did not receive much attention for it is very weak and
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energy side of the main [k 3 emission line, whose intensity = Radiation Facility. The undulator radiation was monochroma-
was found to roughly correlate with the number of unpaired tized with a cryogenically cooled Si(111) double-crystal mono-
electrons on the transition metal. This satellite, referred to as chromator; for RXES a Si(220) monochromator was used. The
Kp', was suggested to originate from the exchange interaction X-ray spectra were taken at a scattering angle 6fWith a 1
between the 3d electrons and the 3p core hole left in the final m diameter Rowland-circle spectrometer arranged in the hori-
state of the emission proceSDespite theoretical confirmation  zontal plane, equipped with the appropriate spherically bent
of this interpretatiort#=7 the spin sensitivity of the K spectra analyzer crystal and a Peltier-cooled Si diode to analyze and
has truly begun to be exploited only by recent high-pressure detect the emitted radiation, respectively. Different analyzer
studies. The observation of a pressure-induced HS to LScrystals were chosen to obtain optimal energy resolution,
transition in Fe% was followed by a few other similar works.  typically 1.5 eV. Namely, Si(620) reflection was used for the
These studies, however, were essentially confined to the cobalt K3, Si(531) for the iron K and cobalt K, and Si(444)
qualitative monitoring of the variation of the spin state, because, for the iron Ko spectra. The XES and RXES spectra were
although theK spectra directly reflects the spin state through collected by scanning the Bragg angle of the analyzer around
the exchange interaction, there is no straightforward way to the maxima of the emission lines; the detector was also
obtain the expectation value of the total-spin angular momentum translated and rotated accordingly. PFY XANES spectra were
from the spectra. taken on the maximum of thed§ emission line by scanning

Besides the K emission, which arises from a 3p- 1s the incident energy through the absorption edge; this latter
transition, electrons can fill the 1s core hole from the 2p or technique was also utilized to check for sample degradation in
valence orbitals giving rise to the cKor valence emission  the beam. The samples were mounted in a standard closed-cycle
spectra, respectively. It was found that the width of the; K helium cryostat. As we preferred to ensure the same state and
line depends on the spin stadfehowever, deviations from this ~ conditions of the sample for the different measurements, we
behavior were also observél.Nevertheless, a systematic chose to swap the spectrometer setups while keeping the cryostat
theoretical work concluded that thexkspectra encompass spin- ~ at the same temperature. This procedure can introduce artificial
polarized informatiort” Therefore, it might be rewarding to  shifts to the emission line, similarly to those caused by position
inspect all XES features for spin sensitivity. Moreover, XES changes along the beam in a spectrometer having a horizontal
can be taken with different excitation energies around the plane of dispersion. Therefore, for the presentation of the K
absorption edge. This approach, called resonant X-ray emissionand K3 spectra we applied the often-used practfc®, and
spectroscopy (RXES) or resonant inelastic X-ray scattering aligned the spectra on the main peak. This does not affect the
(RIXS), can resolve the detailed structure of the X-ray absorp- conclusions of the paper on the line-shape changes, whereas it
tion near-edge spectroscopy (XANES) preedge and offers allows better comparison of the HS/LS line shapes.
complementary information similar to what can be obtained  2.3. Multiplet Calculations. The Ka, K3, and Fe K preedge
from soft X-ray spectroscop?f:?! spectra were modeled using the crystal-field multiplet théry.

In this paper we make an extensive study of the spin This approach includes the electrostatic (Coulomb) interactions,
sensitivity of X-ray emission lines measured off and on the spin-orbit coupling, and the crystal-field effects on every
resonance, following 1s core excitation or ionization of transi- open shell. The spectrum is calculated from the sum of all
tion-metal ions® We performed a systematic study of known possible transitions for an electron decaying from the 2@)(K
spin-crossover systems of (quasi)octahedral mdigénd core, or 3p (KB) level into the 1s core hole. The off-resonance
which cover almost the entirédd’ range, have unambiguous  calculation assumes that the 1s core hole does not affect the
spin states, and show diverse spin transitions. Besides providingremaining electrons and calculates the decay frof3disto
benchmarks, our goal was to explore the potential of these 2p°3dN (or 3@3dV), whereN is given by the formal valence of
techniques to obtain quantitative results on the spin. The the transition metal, for exampliis equal to 5 foi~€'", etcl’
interpretation of the measured spectra is assisted by theoreticaQuadrupolar 34 to 1s3dVt! excitations were considered to

calculations based on the crystal-field multiplet approach. simulate the preedge structure fed".
2. Experimental Section 3. Results and Discussion

2.1. Sample Preparation and Characterization.The Fé! 3.1. Spin Sensitivity of the Different Emission Features.
complex (hereafteiFe"), [F€"L(Py)]|BPh, (L = bis(3-sali- The full nonresonant K-emission spectrékaf, one of the most

cylidene-aminopropyl)-amine, Ry pyridine, Ph= phenyl), was studied spin-transition complexes, are displayed in Figure 1 for
prepared as described in ref 22. The' Eemplex, denoted as  both spin states. As it is seen, not only thg, Kut all emission
Fe', [F€'(pheny(NCS)] (phen = 1,10-phenantroline), was features undergo a relevant modification upon the change in
prepared by the extraction method described in ref 23. Finally, the spin state. The Kspectrum, as expected from the introduc-
the preparation and characterization of [@erpy)]ClO41/,H,0 tion, shows an intensity drop in thefKsatellite region when
(terpy = 2,2:6',2"-terpyridine), which will be referred to as  the spin is diminished. The variation of thexKine shape is
Cad", is given in ref 24. The samples were characterized by more complex, but the difference is ample. This sensitivity of
elemental analysis, and the iron samples were also characterizethe Ko emission lines is not completely unexpected, as a
with MOssbauer spectroscopy. Variable-temperature magnetic-previous theoretical study suggested their use to obtain spin-
susceptibility data were taken on all samples with a Faraday- polarized informatiort/ Both of these line-shape variations
type magnetometer equipped with a continuous-flow Oxford suggest potential to probe the spin state and will be analyzed
Instruments cryostat. At 80 and 300 K, where X-ray spectra later in more detail together with those B&'"" andCo'".
were taken, all materials were entirely converted to the LS or  The highest energy features, which emerge when valence
the HS state, respectively, with the exceptionFef!, where electrons (mostly centered on the ligands) fill the 1s core hole,
the conversion to HS was 60% at 300 K. are also modified at the spin transition. The short melighnd

2.2. X-ray SpectroscopyThe experiments were carried out bond lengths in the LS state result in a relatively sharp and
at beamlines ID16 and ID26 of the European Synchrotron intense K3, sline, which is related to the overlap with tihe2p
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Figure 1. Full K-emission spectra afe' in the HS (thick line) and Figure 2. The preedge region of the Fe K absorption edgEaJt LS
LS (thin line) state. The K and the valence emission regions are als0 gata is on the left; HS data is on the right. The figure shows XANES
shown in magnified forms. Below the spectra, the gray shaded areayata from ref 30 (top), bars indicating the excitations calculated with

displays the HSLS spectral difference. crystal-field multiplet theory (middle), and lsgpresonant X-ray

) - emission spectra given as contour plots (bottom).
orbitals. Even the K" peak, related to transitions from tie

2s-dominated orbitals, is discernible. In the HS state all these seen in the top of the figure, because of the short lifetime of
features lose intensity because of the smaller overlaps causedhe 1s core hole leading to a natural line width of 1.3%V.
by the 10% longer FeN bond lengths. Hence, these modifica- Details of the underlying transitions can be unveiled using
tions stem from the changes in the bonds, rather then directly RXES, that is, combining absorption spectroscopy with emis-
from the redistribution of the 3d electrons. Consequently, we sion; contrasting such experiments to theory opens a way to
must conclude that although this spectral region offers valuable the simultaneous determination of the local structure, the valence
information on the bonding, being weak and unrelated to the  and the spin statéd.This is indeed in the 1s2p RXES spectra
spin, it does not have prospects as probe of the spin state.  shown in Figure 2. In agreement with theory, the HS spectrum
So far we have only considered nonresonant XES. However, reveals all three distinct features at incident energies of 7111.4,
the incident energy can be tuned to the absorption threshold7112.2, and 7113.6 eV, while the LS spectrum consists of a
such that it is sufficient to promote the 1s electron to unoccupied single preedge feature at 7111.8 eV.
orbitals. The RXES spectrum obtained this way extends and This result also implies that partial fluorescent yield (PFY)
complements the information that can be attained from K-edge XANES spectr&* (also known as constant emission energy
XANES as it has been demonstrated recently on high-spin iron scarf®23, which corresponds to a diagonal sampling of the

oxide£829 and will be shown below. RXES surface, can serve as a useful tool to monitor the
The Fe K X-ray absorption edge of the&' complex was variations of the electronic configuration with considerably less
found to show major variations at the spin transité# The experimental efforts than RXES but with better energy resolution

changes of the main (1s> 4p) absorption spectra were so and better separation of spectral features than conventional
substantial because of the large change induced by the modificaXANES 3420 PFY XANES has its limitationg® but usually
tion of the bond lengths and, consequently, the unoccupied retains most of the advantages of RXES and combines it with
electron levels, that the weak intensity preedge features did notrapidity of the experiment. From the techniques discussed here,
receive much attention, despite their inherent relation to the 3d PFY XANES over the preedge region with the spectrometer
orbitals. As in the first row transition metals, the spin state is tuned to the maximum of the most intense emission ling;, K
determined by the distribution of the 3d electrons, we focus provides the fastest way of following the spin transition and, in
our attention to this spectral region, which, at a centrosymmetric general, variations of the electronic structure, when the absorp-
octahedral iron site, originates entirely from quadrupolar-ls  tion on the incident beam is not excessive.
3d transitions. It was recognized that despite the small intensity PFY XANES over the preedge region becomes even more
and poor resolution, these tiny peaks contain a wealth of relevant when the variation of the bond lengths and, accordingly,
information32 the variation of the unoccupied electron density of states are
The preedge of the (conventional) XANES spectra of this very small at spin transition, so the main edge structure is not
complex, taken from the literatuf8,is shown on the top of  much affected. This is the case 100" and also for other spin-
Figure 2. It reflects what can be intuitively expected: for an transition compoundd. Figure 3 displays the PFY XANES
octahedral 38 system the lower-lying,f orbitals are partly spectra ofca". No edge shift is observed, and the main XANES
empty and thus available for excitations only in the HS case; features show some intensity changes but no shifts in energy
therefore, excitations at lower energy are expected for the HS positions. The preedge region, by contrast, is altered signifi-
spectrum when it is compared to that of the LS. Multiplet cantly, and the remarkably resolved features give unmistakable
calculations for 138d® — 1s'3d’ transitions in an octahedral indication of the electron redistribution on the 3d orbitals. In
crystal field reveal the underlying structures, which are shown such a case, the measurement limited to the preedge region is
as bars in the middle of the figure. Namely, the excitations that fast enough to follow transitions on the time scale of a minute.
determine the spectra are transitions from>thg quintet ground 3.2. Line-Shape Variations of Koo and Kf. After having
state to thefT1q, “T2g, and“T14 quartet states for the HS, and demonstrated that all XES features, nonresonant and resonant,
from the A4 to the 2Eg doublet state for the LS form. The vary with the spin state, we analyze thg End the Kx emission
structure of the HS spectrum is not resolved in XANES, as itis lines for all complexes and compare them to results of our
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Figure 3. Partial fluorescence yield XANES spectra (taken on tieg K
emission line) ofCa". The inset shows the preedge region.
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Figure 4. Measured (top) and calculated (bottomj Kpectra of the
studied complexes. The spectra are normalized to the maximum for
better visibility of the satellite region. Besides the experimental spectra
of F€'", a constructed one fgrus = 1 is shown as a dotted line.

theoretical study, the ultimate aim being quantitative determi-
nation of the spin state or spin momentum.

Figure 4 presents the (K spectra of the three studied
compounds. As it is apparent from the figure, our results
substantiate previous claims that the intensity of tjfedatellite
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Figure 5. Measured (top) and calculated (bottomy Kpectra of the
studied complexes. Outer spectral regions (tails) have been omitted
for clarity; the theoretical HSLS difference spectrum df€"" has been
scaled down by 0.6 to match the extent of conversion at the experiment.

remarkable that crystal-field theory, that is, an ionic picture
provides such a good description of the spectral changes for
these covalent compounds; this indicates that for locally similar
atomic environments, similar line-shape changes can be expected
upon variation of the spin state.

The alteration of the K spectra with the spin state, displayed
in Figure 5, cannot be unraveled that easily. What is apparent
from the figure is that in the LS state thexKline (the peak at
higher energy) is stronger and narrower than in the HS state.
The spectral variations are not as striking as in thg &oft
X-ray absorption spectrufwhich is related to the & XES as
it has also a 2p core hole in the final state; the differences are
due to the substantial lifetime broadening of the 1s core hole
and the different transitions that lead to the formation of the
same 2p core hole. The branching ratio (the2mtensity
fraction), which was found to change significantly at the L-edge,
does not vary with the spin state in thexKXES. This is in
agreement with theory and also follows from the difference in
the transitions. The &;/Ko, peak height ratios are nevertheless
modified and can be easily determined and are listed below in
the sequence material HS ratio/LS ratiee"', 2.01:1.83;F€!,
2.03:1.72;Ca", 1.85:1.74. The K lines are broader at high
spin: the information content of this will be discussed later.

The energy difference of the two lines is also affected, but

reflects the spin state differences. The spectra calculated withonly very slightly, since the large separation of the;Kand

crystal-field multiplet theory (performed with different crystal-
field splittings to obtain different spin states) are in good

Kay lines derives from the 2p spirorbit interaction. The 2p
3d exchange interaction, which is responsible for the spin

qualitative agreement with the measured spectra and satisfacsensitivity of the Kt spectrum, is only 2 eV. Accordingly,

torily reproduce the nature of the observed changes. (Thie K

we observe only moderate changes in intensity and broadening

peak heights are exaggerated in the calculations, which is aand very slight line shifts as seen in the HISS difference
consequence of the term-dependent lifetime broadening that isspectra. Multiplet calculations reproduce the experimental

not accounted for properf) The calculations also confirm that
the Kg' region is practically completely spin-polarized, and the
large separation of this feature from the main line is a
consequence of the large -3fd exchange interaction of 5

20 eV in the final state. It is also clear from theory that the
guantitative determination of the spin on the basis of the XE
spectra is difficult even for the K spectra because of the
underlying complex multiplet term structure, which does not

spectra reasonably well, which confirms that line-shape varia-
tions are due to the change in the spin state. (The smaller
differences seen below theoli peaks in the experimental spectra
only indicate that theory overestimates the-&ud exchange
interaction, which leads to larger virtual shift of thetKines.)
Though line-shape variations are not as striking as in tie K
spectra, the overall spectral variation is quite obvious through
the difference and, as it was shown in Figure 1, in terms of

depend only on the spin state. This excludes comparison of ionscounts, the observable change in the $pectrum is 1 order of

in very different local geometries. On the other hand, it is

magnitude larger than in case gfKConsequently, significantly
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5 " - " - this very easily computable quantity, which we will denote as
R AEcp, should be a comparable measure of the spin momentum.
For K§, as it was shown in Figure 4, the satellite intensity is
- increased at higher spin, which should also make possible the
_ _ estimation of the spin momentum. It was proposed on the basis
_e-" - of theoretical considerations that thes'Kintensity should be
SIS+ 1 times that of the K1 3. Experimentally only the trend
PN was confirmed; the calculated values were found significantly
3L . s . - overestimated? Nevertheless, this is the most often used method
0 0.5 1 15 2 to determine the variation of the spin fronBBKES; it is usually

Spin performed by scaling the satellite intensities of the extreme
Figure 6. Measured K line widths in the different spin states. The spectra to known or expect&ivalues?®:38
spectral widths oF€", Fe€', andCo'" are represented by circles, squares, . . . .
and triangles, respectively. (Note that for the spin value of “Rg", Suitable reference spectra for the different possible spin states

we took into account the uncomplete spin conversion.) The dashed linesC@N @lso be used by fitting their linear combination to the
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are guides to the eye. experimental spectrum. However, adequate reference spectra for
each possible spin state with the closest possible atomic
higher signal-to-noise ratio can be achieved with tleedgectra; arrangement, bonding, and experimental conditions to those of
this makes it a very promising tool to probe the spin state.  the studied metal ion cannot always be had. In certain cases
3.3. Determination of the Spin Momentum from XES.The statistical quality of the spectra does not permit this approach.

task of extracting quantitative information from XE spectra is Nevertheless, the iron spectra presented here were successfully
difficult because the measured envelope is due to a complexused to reproduce thefkspectra for pressure-induced spin state
multiplet structure resulting in a multitude of transitions of changes of iron in MgdFe 1SiOs, through model functions
varying line widths. Several theoretical propositions and practi- constructed by superposing the spectra in proportion to the site
cal approaches exist, however, which make an attempt at relatingoccupations and valence distributiofisThe modeled and the
the XES lines to the 3d spin momentum. In what follows, we measured spectra of this mineral showed good agreement. This
make a brief survey of them and test their usability. also illustrates that XES of ions with similar coordination

It was proposed that characteristic energy splittings in the geometry can be similar, despite the big differences in the
XE spectra are proportional to the spin momentum of the 3d ligands' electronic (spectrochemical) properties. In other words,

electrons,S according to the equation crystal-field theory works well in describing these line shapes.
The last approach we mention is to follow the variation of
AE=J(25+1), 1) the spin state through the integrals of the absolute values of the

) ~difference spectra (hereafter IAB)#°
where J stands for the 3d-core hole exchange interaction |t us note the HS and LS XE spectral functionshés)
energy-319 , and I(E), respectively, which are normalized to unit area at
In the case of &, multiplet theory suggests that eq 1 concemns ipteqgration. Using them, the IAD value for the complete spin
the width of the K, line!81921To our knowledge, this has  ransition can be given as IAR = /Ih(E) — I(E)| dE. A
not been exploited yet in following spin transitions, the plausible spectrum in the transition region is a superposition of those of

reason being the observed deviations from this expectedihe two spin states, thus it can be expressesiasysh + (1
behavior, for exampl_e, in HS comppunds of transitional met- _ yus)l, whereyys is the high-spin fraction. Its difference from
als!*3"However, as it can be seen in Figure 6, for our model he |ow-spin referenckis s — | = yus(h — I). The integral of

compounds, these line widths clearly correlate with the spin, jis apsolute value is
which allows us to distinguish different spin states. The widths
of Koy in the Fe complexes show a remarkable behavior, since

regardless of the differences in the valence state, they vary IAD(s) = [|(S(E) — I(E))| dE = y,,lAD}y.  (2)
linearly with the spin. The spectral width of H&!' (which
has a mixed spectrum withys = 60% corresponding t& = Consequently, being proportionaljtgs, the IAD value is indeed

1.7) falls exactly on the line made up by those of the other a good measure of the extent of the transformation. The
spectra with “clean” spin states; this indicates applicability to reference used can obviously be the HS spectrum as well or
both classifying spin states and following transitions quantita- more generally any linear combination of the two spectra.
tively. All in all, this suggests a great potential to quantitative =~ The advantages of this approach are numerous. It uses the
probing of the spin momentum. It cannot be expected, however, information of the full spectrum, not only a part of it: as it is
that the same relation will hold for any atomic environment. seen in the difference spectra in Figure 1, the spectral shape
For instance, using the relationship between line widths and variations extend over a range of about-35 eV. Notably, it

spin presented in Figure 6 we could derise: 1 for the case works for the Ku spectra as well, since the above relations are
of Fe metal; similar efforts failed also in the case of highly valid for any spectral functions whose area are normalized to
correlated oxide¥>3”Nevertheless, the present and earlierdata  unity. It is model independent, it can be performed without

suggest that the linear relation between the Kvidth and the invoking results of theoretical calculations, it relies only on IAD

total-spin momentum holds for coordination compounds. values from reference spectra, and the raw data need only a
In the case of I§, eq 1 is expected to describe the energy simple preparation before the analysis can be used, so it is a

separation of the K13 main peak and the K satellite’® promising tool for the rapid determination of the spin state from

However, the large broadening and the small intensity of the the XE spectra.

satellite make the practical use of the above equation unfeasible The extent of the IAD variations over a unit change in the
at small numbers of unpaired 3d electrons. Alternatively, one spin are similar for the studied compounds. The possession of
can obtain similar information by using the energy difference such IADy /ASrelations might lead to spin-momentum deter-
between the center of mass of the spectrum and the main peakmination from XES using a single reference spectrum or to



11652 J. Phys. Chem. B, Vol. 110, No. 24, 2006

estimate the spin variation between two experimental points
without the use of any references. Moreover, there are indica-
tions that the approach can be extended to more than two spin
states. In a recent study on cobaltates, the IADs were found
varying linearly with the spif® These observations suggest that
the IAD has the potential to extend the quantitative spin
momentum determination to general cases.
3.4. Test of the Quantitative ApproachesThe suitability

of the above-discussed quantitative approaches were tested o
a set of simulated K spectra. As seen in Figure 4, the line

shapes and their variations can have stark differences in terms

of separation of the satellite from the main line as well as
satellite intensity depending on the investigated ion. Therefore,
two sets of spectréFe' with a distinct satellite an€o" with

unresolved satellite, were constructed as superpositions of the

pure LS and HS spectra to obtgins =0, 0.1, 0.2, ..., 1. Since
experimental data measured ' under favorable conditions
proved that the center of mass (COM) is constant within the
limits of experimental error, the HS and LS reference spectra
were aligned to their COM; such a procedure has also been
suggested by GlatzélBefore creating the intermediate spectra,

the reference ones were also resampled to an energy step size

of 0.02 eV (with the application of quadratic spline) to avoid
numerical problems and instabilities, and they were normalized

to the spectral area. From each set of spectra, another has also

been constructed to imitate realistic, statistically limited experi-

mental data by resampling the spectra for a 0.2 eV step size,
and generating random deviations of normal distribution so that
the results correspond to counting statistics of spectra with
50 000 counts at their peak.

As we saw above, the different quantitative approaches are
based on energy shifts or intensity variations. The energy shifts
are measured by th&Ecp (the energy difference between the
main peak and the COM), whose use here is essentially
equivalent to the use of the energy shift of the main line, an
approach also applied sometimes at experiméftsBesides,
AEcwm is calculated similarly, but for the latter the first moment
of the upper half of the K 3 line is taken for peak position as
suggested in ref 21.

The intensity changes of thefKsatellite were calculated as
the intensity difference from the LS integrated up to the isobestic
point of the spectra (around 7047 and 7640 eV Fel and
Ca', respectively). These are denoted 868 )ca (KB )cm,
I(KB')pa andI(KA')pm, the letters of the subscript stand for the
different alignments and different normalizations that were used
in the analysis of the simulated spectra. Namely, the capital
subscript stands for the spectral shift: “P” for main peak and
“C” for COM, while “a” and “m” denotes the normalization of
the spectra to the area, and to the maximum intensity,
respectively. Finally, the IAD approach was also tested with
two different alignments of the spectra.

Figure 7 summarizes how the;s calculated with a given
approach differs from the “real” one, that is, the one used at
the simulation. In general, it is apparent that practically all
approaches give values which correlate with the spin, thus
allowing qualitative monitoring of the spin momentum variation
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Figure 7. Deviations of the determinegys values obtained on
simulated spectra. For the notation of the different approaches consult
the text. Parts A and B show values obtained on the spectra constructed
from those of thé=€' (case of a distinct B') without and with statistical
errors, respectively. For parts C and D, spectraCof (case of a
shoulder-like K3') were used. For simplicity, in parts B and D only

the most successful and the most applied approaches are retained. Two
insets in the middle of the figure illustrate the simulated spectra.

The largest deviations were met when the energy shifts were
applied. Two of the approaches that concern satellite intensities
systematically over- or underestimate the extent of the transition
(I(KB"em andI(KB)py. It is interesting to examine the case of
I(KB')em, that is the integrated satellite intensity of spectra
aligned to the main peak and normalized to the peak maxima.
This commonly used approach is conceptually wrong, as the
satellite intensity is artificially scaled up by the normalization.
Interestingly, this does not cause the obtained values to be
systematically too high or too low over the full region. Thus
the error on the satellite intensity has an interplay with other
errors that stem from the simplification of the spectral changes
to the variation of the satellite intensity, which can in certain
cases compensate. Finally, the succesd(Kf3')ca can be
understood as it is obtained similarly to the 14Donly the
integration range is smaller. The above conclusions hold also
for moderate quality spectra if the satellite is distinct (e.g., in

or classifying spin states. Most of these approaches, however the case ofe'), as seen in Figure 7B. However, the situation

are not adequate to probe the transition precisely.

The IAD with aligning the spectra on the peak (1AXdid
not give very satisfying results, but aligning on the COM (IAD
excellently reproduces the high-spin fractions, as expected on
the basis of eq 2. Besides IADI(K3')ca gives also a perfect
linear variation withyys. The other approaches are all subject
to systematic errors of different extent as reported in the figure.

is completely different in the case of spectra with a small and
unresolved satellite (case €fo''). For optimal spectra, all of
these approaches provide a reasonably good description of the
extent of the transition, cf. Figure 7C. Applying similar statistical
conditions as to the first set of spectra in B, however, introduces
big instabilities and large deviations (Figure 7D). The best
performance is again obtained with the IABndI(K")ca From
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these, we expect that the |ADapproach is more robust (less

J. Phys. Chem. B, Vol. 110, No. 24, 20061653

(9) Hannay, C.; Hubin-Franskin, M.-J.; Grandjean, F.; Briois, V; ltie

sensitive to statistical limitations of the data) in general, as the 2::P.; Polian, A.; Trofimenko, S.; Long, G.ldorg. Chem1997 36,5580~
larger spectral range used results in quantities at integration that ™ 10) ryeff, J.-P.: Kao, C.-C.; Struzhkin, V. V.; Badro, J.; Shu, J.;

are an order of magnitude greater.

4. Conclusions

Hemley, R. J.; Mao, H. KPhys. Re. Lett. 1999 82, 3284-3287.

(11) VanKq G.; Neisius, T.; Renz, F.; Kpi, S.; Shukla, A.; Mirone,
A.; de Groot, F.ESRF Highlight2002 59-60.

(12) Rueff, J.-P.; Mattila, A.; Badro, J.; Vahk6.; Shukla, AJ. Phys.

We show that hard X-ray spectroscopies provide sensitivity Condens. MatteR005 17, S7T17-S726.

to the spin state combined with unique qualities: element

selectivity, bulk sensitivity, compatibility with extreme condi-
tions, and relatively straightforward experimental conditions.
This is illustrated with spin-state studies using partial fluores-

cence yield XANES and resonant X-ray emission at the preedgeC

which is directly related to the electron distribution on the 3d
orbitals. PFY XANES offers rapidity, while RXES offers more

(13) Tsutsumi, K.; Nakamori, H.; Ichikawa, Rhys. Re. B: Condens.
Matter Mater. Phys1976 13, 929-933.

(14) Peng, G.; de Groot, F.; Héléinen, K.; Moore, J.; Wang, X.; Grush,
M.; Hastings, J.; Siddons, D.; Amstrong, W.; Mullins, O.; Cramer)JS.
Am. Chem. Sod994 116,2914-2920.

(15) de Groot, F. M. F.; Pizzini, S.; Fontaine, A.;iddéinen, K.; Kao,
. C.; Hastings, J. BPhys. Re. B: Condens. Matter Mater. Phy$995
51, 1045-1052.

(16) Taguchi, M.; Uozumi, T.; Kotani, AJ. Phys. Soc. JprL997, 66,

detailed information regarding the spin state, valence state, and?47-256.

local geometry.
We also show that XES with careful line-shape analysis is

(17) Wang, X.; de Groot, F. M. F.; Cramer, S.Hhys. Re. B: Condens.
Matter Mater. Phys1997, 56, 4553.
(18) Meisel, A.; Leonhardt, G.; Szargan, Rray Spectra and Chemical

on the way to becoming an established technique to probe theBinding; Spinger Series in Chemical Physics, Vol. 37; Springer-Verlag:

spin state. Combined with the powerful beams of third genera-

Berlin, Germany, 1989.
(19) Kawai, J.; Suzuki, C.; Adachi, H.; Konishi, T.; Gohshi, Rhys.

tion synchrotron radiation sources, XES can even be applied zq, 5. ‘Condens. Matter Mater. Phy$994 50, 11347-11354.

when the concentration of the studied metal ion or the amount
of sample is very small, despite the possible presence of large

amounts of other magnetic ions. Moreover, XES offers to work

with sample environments with high absorption at the K edges
of transition metals, as the energy of the ionizing radiation can

(20) de Groot, F. M. FChem. Re. 2001, 101,1779-1808.

(21) Glatzel, P.; Bergmann, WCoord. Chem. Re 2005 249, 65—95.

(22) Matsumoto, N.; Ohta, S.; Yoshimura, C.; Ohyoshi, A.; Kohata, S.;
Okawa, H.; Maeda, YJ. Chem. Soc., Dalton Tran&985 2575-2584.

(23) Konig, E.; Madeja, K.Inorg. Chem.1967, 6, 48—55.

(24) Oshio, H.; Spiering, H.; Ksenofontov, V.; Renz, F.;ti@h, P.

be increased to minimize the absorption loss of the incident Inorg. Chem2001, 40, 1143-1150.

beam on the way to the sampleSkpectra offer an easy way
to follow qualitatively the variation of the spin through the
variation of the K5’ satellite intensity, while the higher
fluorescence yield K spectra provide larger overall line-shape

changes. In addition, the latter offer a second tool to probe the

spin state via the variation of the line width. Finally we show
how the variation of the total-spin momentum may be monitored

quantitatively and discuss the determination of the total-spin

momentum for general cases.
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