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Cu L edge X-ray magnetic circular dichroism (XMCD) spectroscopy has been used to study the electronic
structure of the blue copper site in plastocyanin. Application of the orbital angular momentum sum rule
leads to an experimental (Cu 3d specific) orbital moni&gitlof 0.07 + 0.02A/Cu atom. This compares to
0.054 A derived from the EPR measurements and 0.889u atom from a SCF-%-SW calculation.
Application of the spin angular momentum sum rule leads to an experimental spin mdéoft0.18 +
0.02A/Cu atom, compared to 0.Z1Cu atom by SCF-¥-SW. XMCD sum rule analysis should be a useful
probe of electronic structure for many other problems in inorganic and bioinorganic chemistry.

Introduction feature (at about 938 eV). On the other hand, Cu(l) has no

X-ray magnetic circular dichroism (XMCD) has recently XMCD effect. )
emerged as a powerful element and site-specific probe of "€ XMCD experiments were performed at the SSRL bend
electronic and magnetic structdré. The development of ligand ~ Magnet beamline 8-2 using the 1100 line/mm grating. Ellipti-
field multiplet calculationdand of X-ray “sum rules*-6 allows cally polarized X-rays were obtained by moving the first mirror
detailed predictions to be made about orbital and spin angularabove or below the electron orBit. On the basis of previous
momentum for particular elements and oxidation states in calibration experiments on polarized ferromagnetic samples, the
complex samples. Although XMCD applications are now Optimum XMCD signal was obtained at a beam takeoff angle
common in materials science and especially magnetic technol-corresponding to a circular polarization of #%%. The energy
ogy, its use in biological and inorganic chemistiyas been resolution is estimated to be 1 eV at the Cu L edge with these
hindered by technical problems associated with the spectroscopyelliptically polarized X-ray beams (with both slits at n@n).
of dilute and paramagnetic metal centers. In this paper we The XMCD apparatus uses a 76 cm splitt®iT supercon-
present XMCD spectra for the blue Cu site in plastocydifh,  ducting magnet surrounded by a UHV chamber maintained at
recorded with a new dilution refrigerator system and 30-element ~5 x 1072 Torr. A 30-element windowless Ge fluorescence
fluorescence detectdt:!? Plastocyanin is an ideal system for detecto:15 is inserted horizontally between the two coils,
testing fluorescence-detected XMCD sum rule analysis becauseperpendicular to the photon beam path. The coldfinger of a
its electronic structure is well understood from a variety of He¥/He* dilution refrigerator enters the magnet bore from the
experimental and theoretical approach&s The half-occupied  top of the chamber, and the sample is attached to the coldfinger
HOMO is highly covalent with only~42% Cu ¢z—2 characte?. at the center of the magnet bore. Samples were introduced into
Our XMCD results are compared with EPR data and electronic the magnet bore through a vacuum load lock and screwed into
structure calculations, and a variety of potential applications the coldfinger using a removable sample insertion device. The

are discussed. lowest operating temperature observed in our experiments was
) ) on the order of 400 mK, as measured by a carbon resistance
Experimental Section thermometer and by a magnetization curve.

The sample, plastocyanin, was isolated from spinach by Individual scans were taken over the Cu L edges using 0.2
previously published methotfsto a final concentration of 0.8 eV steps &6 s per point integration time. One set of 20 scans
mM in pH 7 potassium phosphate buffer. A drop {20 ulL) was taken with right circular polarization. Every two scans,
of the sample was placed on a gold-plated copper sample holdethe magnetic field was switched betweer2 and+2 T. A
and allowed to dry over a period 8 h atroom temperature in ~ second set of 20 scans was then taken with left circular
air. During the experiment, the time of beam-on was controlled polarization, again alternating the sign of the magnetic field.
carefully to minimize the photoreduction of Cu(ll) to Cu(l). In  The apparent XMCD effect did reverse with opposite beam
the last spectra taken, we estimate less than 10% Cu(l) presenc@olarization. For measurement of the magnetization curves, a
in plastocyanin by monitoring the changes in the minor L edge similar procedure was followed, collecting only thg &dge
region, using between 0.1 and 2.0 T. The raw data (fluorescence

:B?]i\\;‘g‘rg? %‘;@;ﬁg:‘rﬂgnce should be addressed. signal, F) were divided by an internal, monitored by the
E Lawrencg Berkeley National Laboratory. intensity of oxygen K fluorescence (proportional to the beam
8 Stanford University. flux).
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Figure 2. XMCD magnetization curve for Cu(ll) in plastocyanin. The
open circles represent the experimental data and the solid line is a

T T Brillouin function fit to the data, leading to a temperature of 0.44 K
—_——— -'/ _'IE and a magnetic saturation of 99.5% at 2 T.

\._ A dicted1® similar to the current finding. Since application of
------- the sum rules requires knowledge of the degree of sample
I magnetization, we also measured the field dependence of the
950 960 XMCD effect (Figure 2). Least-squares fitting with a Brillouin
function for aJ = %, system gives a sample temperature of
0.44 K, from which we deduce 99.5% magnetic saturation at 2
Figure 1. (Upper portion) X-ray polarization-corrected, background- T.
subtracted ks edge absorpti?n spectra of Cu(ll) in pIastoTcyanin, with  When applied to 3d transition metal L edges, the orbital and
incident photon spin parallel'{, solid line) and antiparallel, dotted spin sum rulek ¢ relate integrated XMCD intensities to element

line) to the spin of Cu; (lower portion) XMCD spectrurii' (— 1") for - . .
Cu(ll) in plastocyanin (solid line). The detdash line underneath the specific projections of the 3d orbital angular momentii)

absorption spectra is the integral curve (C) of the average absorptionthe 3d spin angular momentui[Jand a magnetic dipole term
(1" 4+ 1M/2 over the whole L edge while the lines underneath the XMCD [T,[] as summarized in eqs 1 and 2, respectively. hSand

spectrum are the integralé @ndB) of the XMCD spectrum over 4. Ko6nig” have shown that thEl,[term angular averages to zero
and L, respectively. in “powder” samples, so this term has been omitted from our
equations.

' PR —

sl PR
930 940
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The final spectrum is the sum of 20 individu&/lp) sets for
each side, with the X-ray photon angular momentum either
parallel (" or antiparallel, (*) to that of the C(Il) majority 3d
spin. Each of the averaged spectra were first normalized to
the edge jump between the pre-and post-L edge and then
corrected for the small energy offset between spectra recorded

" i
j‘L3+L2[| — 1Mdw
L= —=2ny, - 0, @
ﬁ3+L2[I + 12+ 1"dw

on opposite polarization. A cubic polynomial was then fit to f 01" = 1Mdew — zf 1" —1Mdo
the raw dataf/lo) in the pre-ls and post-L regions to simulate S0= — 3 n, - Ls L2 )
the nonresonant (background) X-ray absorption. They were then 2 j‘L ) 0410+ 1Mdw

3tle

subtracted from the overall spectrum leaving only the resonant
component of the absorption signal. Finally the spectra were
corrected for the fact that the illuminating X-rays were only
85% polarized.

Hereny, represents the number of 3d vacancies in the metal ion,

w is the X-ray frequency, ant? refers to the absorption for

X-rays linearly polarized along the magnetization direction; as

is customary, we approximate this by ¢ 1")/2. Itis common

in the XMCD literaturé-"15to refer to the first integral in the
The polarization-corrected L edge excitation spéétafor numerator of eq 2 asA”, the second integral as8*, and the

Cu in plastocyanin, taken with the X-ray photon angular denominator as ‘G”. The necessary integrals are illustrated

momentum parallel I{) and antiparallel If') to the sample  in Figure 1. One can thus re-express the sum rules in the

magnetization, are reported in Figure 1. Also shown is the following manner, in units ofi/atom:

difoergnce in the polarization-corrected fluorescence signals ” )

(I"—I™) — the XMCD spectrum. At the $ edge peak there is A+ B A—2B

a 42% decrease in fluorescence intensity between opposite o= “hT3e [B= “hToe 3)

polarizations, while at the 4edge the effect is of the opposite

sign. Although a 100% effect is predict€dt the L, edge for After normalizing the overall Cu L edge jump between

D4, molecules aligned with their 4-fold axes along the magnetic 920 and 1050 eV to unity, average numerical values fér

field, for randomly oriented molecules a 50% effect is pre- (—3.08 + 0.3), B (1.35 + 0.2), andC (7.27 + 0.3) were

Results and Discussion
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obtained, where the errors refer to the degree of experimentalproperties. These XMCD results demonstrate that sum rule
reproducibility. The integrated total absorption intensig) ( analysis could be a useful method to study electronic structure
is slightly higher than in previous work, and it leads to a value in paramagnetic inorganic systems. Using X-ray spectroscopy
of 0.44 forn,, as compared to the previous value of 0!41. to characterize local charge and momentum distributions should
This value is still in good agreement with theoretical calculations be a valuable complement to other structure determination

that predict a highly covalent si®¢® From eq 1,1, [is found methods in biological sciences.
to be 0.07+ 0.02A/Cu atom, while from eq 2 we derive 0.18 .
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