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Soft-x-ray magnetic circular dichroism on a paramagnetic two-iron system
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The sign of the x-ray magnetic circular dichroism signal has in general been used to determine the magnetic
coupling between ions with different oxidation states or different elements. We have investigated the coupling
between two distorted-tetrahedral-coordinated irons with two different oxidation states in a dinuclear cluster.
The two iron atoms are antiferromagnetically coupled and because of a strong chemical shift between the two
oxidation states one would expect to see an up-down effect in the magnetic circular dichroism signal at the iron
L; edge. We observe an only positive effect, which is inconsistent with a strong antiferromagnetic coupling. We
can explain the results by taking the individual zero-field splittings of both iron atoms into account. This study
uses magnetic circular dichroism in the soft-x-ray range to study the magnetic coupling between transition-
metal sites in paramagnetic clusters, and although still limited by low count rates it shows the potential and
subtleties of this technique.

INTRODUCTION magnetic systems but can also be found in metal-containing
clusters in inorganic compounds and metalloproteins. We
Magnetic x-ray dichroism measures differences in absorphave investigated and obtained results on an antiferromag-
tion between polarized x rays at inner-shell absorption edgesietically coupled paramagnetic system with two iron atoms
Strong magnetic dichroism effects in the soft-x-ray regionin the cluster. In the reduced form this paramagn8tid/2
were predicted by Thole, van der Laan, and Sawdtay  cluster contains anuferromagnethally co_upled localizeti Fe
the rare-eartiM, ; edges about a decade ago, after which &nd F€" ions, with a clear chemical shift between the two
linear magnetic dichroism effect was experimentally ob-Oxidation states. Magnetic susceptibility measure_n’r%ﬁ{s
served at the terbiurvi edgez. In the hard-x-ray region a ©n clusters with similar c_oordlnatlon s_howed that in tr_\e re-
small magnetic circular dichroism effect was observed at thgluced form they are antlferromagnetuialllly coupled with an
iron K edge® Since the initial experiments, attention has &xchange parametérof about—100 cm . Because of the
partly been focused on using x-ray magnetic circular dichro@ntiferromagnetic coupling one expects to see a negative and
ism (XMCD) to study magnetic ordering. The sign of the & posm\_/e effect f':\t the irohg edge'upon or_lentatlon of the_
magnetic coupling between magnetic sublattices or betwee‘i‘?ta:I spin, even if we take the spin coupling of an atomic
an impurity and a host can be studied because a ferromaé;:—e'2 [F€'" coupled system to ag=1/2 total spin into ac-
netic coupling is visible as two positive XMCD signals for count. However, we observed only a positive XMCD effect,
the different oxidation states, or absorption edges, and ajpcalized at the F¥ L; edge position. A possible explanation
antiferromagnetic coupling as a positive and a negativéS Suggested based on a modeling of the local ligand fields
XMCD signal. In gadolinium iron garntthe element- and takes into account _the individual zero-field-splitting
specific Fe and Gd XMCD showed that the local magnetidZFS patterns of the two iron atoms.
moments are reversed upon crossing the compensation point.
The interaction of metal impurities with their metal hosts has
also been studied using the sign and magnitude of impurity
L, 3 edges XMCD>® The study of magnetic moments by  The experiments were performed using the AT&T bend-
XMCD received a strong impetus through the recently deing magnet beamline U4BRef. 12 at the National Syn-
rived magneto-optical sum rulé$, which link measured chrotron Light Source, Brookhaven National Laboratory. We
XMCD intensities to the local spin and orbital moments in obtained a degree of circular polarization of around 80% by
the ground state. moving the vertical focusing mirror above or below the plane
Recently, we reported soft XMCD results on a dilute para-of the electron orbit. The energy resolution used was 225
magnetic systemA strong effect was observed at the Ee;  meV in the absorption experimentinear polarized light
edges of a high-spin iron site in a metalloprotein. For paraand 650 meV for the circular polarized experiments. To ori-
magnetic systems, orientation of the paramagnetic momernt the magnetic moment of the paramagnetic system we
requires strong magnetic fields and low temperatures. Ferrassed a split-coil, cold-bore, and ultrahigh-vacuum-
magnetic or antiferromagnetic coupling is not limited to bulk compatible superconducting magnet with a separate cryostat
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for the samplé. A magnetic field of 6T was used and the
sample cryostat was cooled down to 1.5 K. A thin aluminum
window attached to the cryostat in front of the sample was
used to shield the sample from infrared radiation, ensuring
that the sample reached temperatures close to 1.5 K. Because
of the dilute nature of the cluster of two iron ions the absorp-
tion spectra are detected using a 13-element germanium fluo-
rescence detectdt, positioned at the node of the magnetic
field, in between the coils of the superconducting magnet. In
the L, 3 edge absorption experiments the fluorescence detec-
tor was positioned as close as possible to the sample to op-
timize the count rate. The resolution of the detector is about
150 eV, which makes it possible to discriminate between
oxygen signals at 525 eV and iron fluorescence signals at
710 eV.

The two-iron cluster inC. pasteurianunferredoxin is a
clear example of a dinuclear paramagnetic system with anti-
ferromagnetic couplind? It has a molecular weight of 23
kDa, and was purified at the University of Georgia, Athens
by following published procedureés Samples of the reduced
and oxidized forms were prepared in an anaerobic glovebox
as partially dehydrated thin films on a gold-coated copper
sample holder, and were anaerobically transferred to the su-
perconducting magnet dr edge experimental chamber.

Both the direction of the magnetic field and the circular
polarization were interchanged in the XMCD measurements. (c)
Although the circular polarized absorption spectra shown are
averages of different polarizations and magnetic-field direc-
tions, we will, for simplicity, refer to them as left and right
circular polarized light. In each data set zero-magnetic-field

Absorption intensity

scans were taken to calibrate the energy of the circular po- Ldm )

larized photons. For the zero-field calibration scans the de- | L Lo
tector is positioned as close as possible to the sample, and 710 720 730
spectra with good statistics are obtained. The relative energy Absorption Energy (eV)

calibration is done with great accuracy. We corrected for
small energy offseté~ 50 me\) in the data sets caused by
slightly different light paths for left and right circular polar-
ized light. The XMCD spectrum was obtained as the differ-) _ _ : !
ence between the left and right circular polarized spectra®"d t?gether W'thfahtheo(;et'cﬂ fcalcma::'g'fono(?' (b)FExperl-
The left and right sum spectra are normalized to equal inten.r-Phe:tﬁ és;pigt:;;noer:t %fm:hgc;ee du?:(:(;]efor mosntoggteher v?fitg:)a
:c’rlﬁlilr;iffrfce)?ér?(f;éhgk t?’hz(_jg: dggdszi)te]é?rz\gsbi%?giiéﬁgsg%?.e atheoretical calculatioribottom). The vertical lines below the theo-

. : retical calculations show the strengths and positions of the indi-
background is subtracted in theedge spectra. The XMCD vidual transitions before line broadening. The insetincompares

spectrum is sensitive to a correct energy calibration of thgne |, edges of the reduce@olid line) and oxidized(dashed ling

left and right circular light spectra, but not very sensitive t0orms, when normalized to equal intensity at theedge.

the intensity normalization. To enhance thp-®-3d spec-

tral weight of thel, ; absorption edges we show the s  open up a larger number of decay channels. We also detect

edge spectra after a background is subtracted using a fit tog] |_ edge photons because of the large window of the de-

polynomial function in front of theL; edge and 10 eV be- tector, which means that we do detect processes in which,

yond thel, edge. The absolute energy scale was calibrate@ecause of relaxation of the core hole, the polarization is lost

using K,Fe(CN)g, assumingL; edge absorption peaks at and no emission dichroism can be observed. In the high-

710.35 and 712.05 eV. resolution x-ray-emission results on iron, cobalt, and nickel
Because of the fluorescence photon detection technique tfis is clearly visible when the absorbing photon has the

possible error may be introduced in the XMCD spectrumenergy of thel, edge, but most of the emission photons are
because besides the XMCD effect in the absorption processhserved at thé; edge.

we also have an unwanted XMCD effect in the fluorescence
emission. Based on a recent high-resolution x-ray-emission
MCD study on iron, cobalt, and nick&l,we estimate that
these emission effects will change the XMCD intensity by The changes at the iroh,; edges for both oxidation
10% at most. The reason for this is twofold. ExcitEtstates  states are shown in Fig. 1. The oxidized form consists of two
are possible as final states in the emission process, whidfistorted-tetrahedral-symmetry ¥esites, bridged by two la-

FIG. 1. IronL, 3 edge absorption spectra of the two-iron cluster.
(a) Experimental spectrunitop) of the oxidized form(two Fe**

RESULTS AND DISCUSSION



53 SOFT-X-RAY MAGNETIC CIRCULAR DICHROISM ON A ... 2525

bile sulfurs. Also, each iron has two additional sulfur ligands ——— —— —
from cysteine side chains. The reduced form has & Bad
an FE€" site with similar coordination. The inset in Fig. 1
shows the strong difference at thg edge between the re-
duced and oxidized forms, when both spectra are normalized
to the maximum of theilL; edge intensity. It is very clear
that the reduction of one iron site introduces a shift of spec-
tral weight to lower absorption energy. Figurellshows the
spectrum of the Fé component of the reduced form, which
we obtained after subtracting the spectrum of the oxidized
form with 55% of the total intensity. We assume in this sub-
traction that the total absorption intensity relates directly to
the number of 8 holes for both oxidation states, assuming
(because of covaleng¥.3d electrons for a divalent iron and
5.5d electrons for a trivalent iron. Upon reduction we find a
600 meV shift for bothL edges. A slightly larger shift800
meV) has been observed in a similarly coordinated single-
iron system-’

The calculations shown for the oxidized forie’") and
for the Fé" component of the reduced form are atomic mul-
tiplet calculations with the inclusion of an adjustable ligand ... ..., Lo Lo v L
field® They have been widely used fod3ransition-metal
compound®?° and, recently, also for isolated metal
centers’?! The parameters obtain®d show the near-

tetrahedral symmetry at both iron sites withDif values of FIG. 2. () The right (dashed lingand the left(solid line) cir-
—0.5 eV for the oxidized form and-0.6 eV for the F&"  jar polarized absorption spectra from the two-iron clugtThe
component of the reduced form. The Slater integrals wergoft-x-ray magnetic circular dichroism spectrunight minus left
reduced to 50% and 65% as compared to #ieinitio  circular polarized light with the intensity multiplied by 2.
values'® consistent with a greater covalency for the*Fe
site. Reducing the symmetry ©,4, Which splits up thee
andt, 3d orbitals, does not improve the edge absorption
calculation.

In Fig. 2 we show the left and right circular polarized
spectra for the reduced forrtthe oxidized form has, of

(a)

Absorption Intensity

Absorption Difference

Absorption Energy (eV)

paramagnetic resonand&PR or magnetic susceptibility
measurements.

The strength of the XMCD effect for each oxidation state
is directly related to the occupation of the, levels or mag-
netization of the individual oxidation states. For a single di-

course, no XMCD effegt We observe a strong, but only 5jent jron jon withS=2, the XMCD effect is strongest for
positive, 12% XMCD effecfas defined byl —1)/(l, +1,)] mg=—2, weaker formg=—1, with about half of the XMCD

at thel; edge and a negative, but weak, XMCD effect at the’ntensity, and zero for the nondegenerateg=0 level. In this

L, edge. At each edge the XMCD signal has only one sign. lj;q c45e the same final states are reached with left and right

we plc(;t the _dichlroism sighnal or:jthe same scal_e SS the absoryc polarized light. A similar situation with respect to the
tion edge signals as we have done in Fig. 3, it bECOMES Velyrangth of the XMCD signal exists for the trivalent iron.
clear that the XMCD effect is limited to the Fecomponent Clebsch-Gordan or vector addition coefficients for cou-

of the reduced spectrum, and that thé"Feomponent has pling of anS=2 spin are tabulated in Ref. 23, and we obtain

within noise no XMCD effect. o for the mg=—1/2 level as written as a sum @f(m,,m,),
Before we try to explain our results we will discuss the

magnetic coupling between the two iron sites and the zero-
field-splitting patterns of single-iron systems. Magnetic sus-
ceptibility measurement$* show that in both forms we
have an antiferromagnetic coupling with an exchange param-
eterJ of about—200 cm ! for the oxidized form and-100
cm ! for the reduced form. The magnetic coupling in the
two-iron cluster is different from the coupling between dif-
ferent sublattices in a solid. We will couple both iron spins
antiferromagnetically to a8=1/2 total spin, using spin vec- AV AR AV A
tor addition. To obtain information about the XMCD effect Y W W W
in this coupled system, we have to know what the character N S R S I
of the my=—1/2 part of the total spirs=1/2 antiferromag- 705 _ 710 705 ) 710
netic coupled level is, in terms ahg values for the indi- Absorption Energy (eV)  Absorption Energy (eV)
vidual Fé" and Fé" sites. Remember that in this experiment,

because of the chemical shift between the two oxidation FIG. 3. Comparison of the observed XMCD sigrigblid line)
states, we probe the individual magnetization or occupatiofwith the L; edges of(a) the Fé* component of the reduced form,
of thesem, levels as compared to, for instance, electronand (b) the oxidized(Fe**) form of the two-iron cluster.

(b)

" Intensity
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negative value of about10 cm ! is reported in an optical
. a MCD study of the inorganic systetEt,N),[Fe(SR),].2° We
Fe” 5 3 Fe™ 0 5 also found because of a large XMCD effect mg=*+2 as
Fe' s D, Fe p lowest level andD<O0 for a divalent iron in a distorted-
- 120, tetrahedral symmetry in a metalloprotéin.
! 4D +3/2 So for the single distorted-tetrahedral iron we find for
: 32 3D, 4 Fe** a positive ZFS paramet& and for Fé* a negativeD.
£ 2p ¢ Using aD,4 distortion, a positiveD for F€** is obtained
D, 1172 —_ #5/2 when the &8 orbital splitting hasd,> as the lowest unoccu-
— 0 — T2 pied orbital. For F&" we have a negativ® which means
that the lowest unoccupied orbital @2 (the d,2_2 is the
FIG. 4. Schematic diagram of the zero-field splittings for both only minority-spin-filled orbita). The sign ofD (Refs. 25,26
iron sites withD>0 andD<0. The size of the splittingéD; andD,)  is determined for both valencies by the sign of the splitting

D>0 D<0

is not to scale. between thel,>_,> andd2, so for both a positivénegative
D hasd,2 (d,2_y2) as the lowest orbital.
with m; (my,) the m value of theS;=2 (S,=5/2) spin We can formulate now two spin-coupled modédse Fig.

4) based on a modeling of the local ligand fields. The system
can be described as two individual irons with two individual

V(S=3,me=—73)= \/%(;5(—2,%) - \/%d)(— 1.3) zero-field splittings, but the system is antiferromagnetically
. L " . . . coupled. First, we have for both sitd3<0, so a mixed
+ \/;qﬁ(o,— 3)— \/;975(1,— 2)+ \/;45(2,— 2). m¢=*+5/2 for the trivalentS=5/2 and the mixean=+2 for

the divalentS=2, coupled antiferromagnetically together to a

Because of the large Clebsch-Gordan coefficient in front ofotal mg==1/2. In this situation we expect to see large
the ¢(2,—5,2) component, we find upon full orientation of XMCD effects for both oxidation states and an up-down ef-
the S=1/2 spin a main alignment of the moment of the fect at thel ; edge upon full magnetization of the to@#1/2
S=5/2 spin with theS=2 spin coupled antiparallel. It is im- spin, because both iron sites will be fully magnetized, occu-
portant to realize that neither of the two individual spins ispying mg=—5/2 andmg=+2. As a second model we can
fully oriented because we have an occupation of differenhave for both sitedD>0. In this case we have a mixed
individual mg levels in the wave function, instead of the ms==*1/2 level for theS=5/2 and the nondegeneratg=0
me=—5/2 (+2) for the S=5/2 (2) spin. The predicted level for the S=2; coupled together antiparallel we have
XMCD effect at thel; edge would be negative for the¥e againms==1/2. Now we expect to observe no XMCD ef-
component and positive for the Fecomponent, but smaller fect at the F&" site because we have a nondegenerate state
than would be observed for two fully oriented individual iron and a small XMCD effect at the Bé site because of the
sites. In using spin vector addition we have assumed that thes=*1/2 level.
exchange coupling is the dominant interaction in the Hamil-  Clearly our result can be explained by assuming thag
tonian describing the low-energy physics. positive for both sites, and that the exchange interaction is

For single-iron systems the strength of the XMCD effectweak as compared to the individual ZFS pattern. At first
is determined by the interplay between the magnetizatiosight the values for the different parameters do not indicate
and the zero-field splittingsZFS’s). In the distorted- this. For similar two-iron clusters a value for the exchange
tetrahedral F& symmetry the ZFS is caused by spin-orbit interaction of about-100 cm * is reported>*! For Fé* in
coupling of the ground level with the low-lying excited a distorted-tetrahedral symmetry an experimental value of
states, which split up th8A; (T4, symmetry ground level D=-8.7 cm * was obtainetf for the inorganic model com-
into three sublevel¢ésee Fig. 4 The ZFS parametdd de-  pound(EtN),[F&SR),]. Using ligand-field atomic multiplet
scribes the size of the splitting and is positive for thecalculations for F& in a D,q symmetry with a reasonable
fourfold-sulfur-coordinated Fé site in low-molecular- value for the distortion oD,=100 meV(10Dg=—0.6 eV),
weight protein& as well as in the inorganic compound we find a value oD around 10 cm’. The zero-field splitting
(Et,N)[F&SR),] (Et indicates an ethyl and R an alkyl group for Fe" is found to be smal(=~2 cm}) in the earlier-
which has a very similar tetrahedral coordinatfdrin the ~ mentioned optical MCD experimefitand also in theD ,q
absence of a magnetic field, we find a strongly mixedcalculation, using again a splittinD=100 meV. So both
my==+1/2 level as the lowest sublevel with an,=+3/2 ZFS parameters observed on and deduced for single-iron
level at D and anm==5/2 level at ®, ignoring axial and sites are about an order of magnitude smaller than the value
rhombic terms. Because the ZFS paramé&es small(~2  of the exchange coupling. However, the absence of an
cm 1) a strong magnetic field will mix these levels, adding XMCD effect at the F&" position strongly suggests that the
to the lowest level a large amount af,=—5/2. This ex- ZFS patterns are important, and our experimental result can
plains the strong dichroism observed in our soft-x-ray MCDbe explained by a modeling of the local ligand fields for both
experiments on a trivalent single-iron site in airon sites.
metalloproteir?. For positiveD we find thed,2 orbital as the only occupied

For an Fé&' in distorted-tetrahedral symmetry the ZFS minority-spin orbital at the FFé site. This was also observed
splits the ground state in first approximation into sublevelsn Mossbauer studié$?®on these reduced two-iron clusters.
with mixedmg==*2 character at@ andm,=+1 character at A large quadrupole splitting was found, and from this large
D as compared to the nondegenerate=0 level. A  splitting it was deduced thad,2 is the occupied minority-
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spin orbital, and that the site is highly covalent. A positive ceptibility measurements in which the total spin is investi-
for both sites means that thig. orbital at the F&" sites is  gated. A full analysis of such systems in which one would
the orbital which accepts at one of these sites the electrolike to obtain quantitative information about the ZFS pattern
upon reduction. parametersD and the exchange interaction will require a
detailed measurement of XMCD magnetization curves at dif-
CONCLUDING REMARKS ferent fields and temperatures. Such an analysis is outside the
scope of the present work. It is clear, however, that we have

In conclusion, both iron sites are well distinguishable be-gpserved an interesting effect, which is not expected assum-

We observed only a positiie; edge XMCD effect localized
at the F&" site, in an antiferromagnetically coupled para-
magnetic two-iron system. Although one might expect the
low-energy physics for this system to be determined by the
value of the exchange coupling parameigthe results can We have appreciated discussions with and help received
be explained using a simple model of two individual ironsfrom J. Christiansen, C. Ralston, S. J. George, S. P. Cramer,
with their individual ZFS's. We find the sign of the zero-field S. Mitra-Kirtley, P. Kuiper, E. Pellegrin, H.-J. Lin, and C. T.
splittings for both sites to be positive and the lowest orbitalChen. This research was supported by the National Science
of d,2 character, as also has been observed in"asMauer Foundation through Grant No. DMB-88-05-255%to
study. M.W.W.A.), and by Lawrence Berkeley Laboratory LDRD
Although our study is still limited by low count rates it Exploratory Research Funds. The Center for Metalloenzyme
shows the potential and subtleties of soft-x-ray magnetic cirStudies at the University of Georgia is funded by a grant
cular dichroism for studying the individual magnetization of from the National Science FoundatidBIR-901428), and
different oxidation states or different elements in paramagthe National Synchrotron Light Source is supported by the
netic clusters. This technique is different from EPR or susDepartment of Energy, Office of Basic Energy Sciences.
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