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Our method, in contrast to the ordinary Hanle
effect, is based on an effect linear with the mag-
netic field and so allows the direct measurement
of very short lifetimes. This is of interest in
studying the scattering processes in the polariton
bottleneck.
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Phase shifts in extended x-ray-absorption fine-structure (EXAFS) measurements have
been empirically determined for atom pairs. For photoelectron energies & 100 eV it is
shown that these phase shifts, because they are essentially independent of chemical en-
vironment, can be used with EXAFS spectra to determine interatomic distances typically

0
to accuracies of 0.02 A.

Except for the case of an isolated atom, the x-
ray absorption coefficient above threshold will be
modulated as a result of interference between
photoexcited outgoing electron waves and those
same waves that have been backscattered from
nearby neighboring atoms. ' In a single-distance
system this modulation, called the extended x-
ray-absorption fine structure (EXAFS), is de-
termined by two quantities .he interatomic dis-
tance and the phase shift describing the scatter-
ing effects from the absorbing and neighboring
atoms. The accuracy of interatomic distance de-
terminations using the EX@IS technique is there-
fore inherently limited by the accuracy to which
the phase shift is known. Ab initio calculations
of this quantity, ' ~ while encouraging, have been
only qualitatively successful. In this Letter we
report the empirical determination of phase

shifts for atom pairs. The results are used to
test the concept of chemical transferability:
Phase shifts are sufficiently insensitive to chem-
ical environment so as to be transferable from
one system to the next. ' The rationale for trans-
ferability is that for electron energies above 100
eV the scattering process is dominated by the
core electrons, which are essentially unaffected
by changes in the chemical environment. For the
first time we shall show that transferability en-
ables phase shifts from one system to be used
for very accurate distance determinations in an-
other system. Such a general procedure' is es-
sential if the EXAFS technique is to make a sig-
nificant contribution to structure studies; without
it, accuracies better than 0.1 A would be difficult,
if not impossible, to achieve.

The EXAFS y is defined as the normalized dif-
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5"'(W) = 25,"(a)+ 5„'(C),
by showing, in order of increasing stringency,
that

(2)

t)""(V)= 5 (V),

5 '(W) =5 "(II)+5"(X)-5' (W),

5"&(Z) = '5(W)+os)'(R) V"(X—),

(V) + 5'T(R) —5'"(W),

= 5'(w) + 5»(s) 5&'(r)—

(3)

(4)

(5a)

(5b)

(5c)

These equations are expected to hold for all pho-
toelectron kinetic energies much greater than
valence-electron binding energies.

The absorption experiments were performed
using synchrotron radiation from SPEAR and in-
strumentation that has been described elsewhere. 4

Since some of the compounds were highly reac-
tive or nonvolatile at room temperature, a vac-
uum pumped and trapped 30-cm glass cell with
thin Teflon windows was constructed to allow for
vacuum transfer of materials and heating of the
cell. The windows were differentially heated to
prevent possible condensation. Partial pressures
were vacuum and temperature adjusted to ap-

ference between x-ray absorption coefficients for
a free atom and that atom in a polyatomic sys-
tem, i.e. , y=(p, —p )/p . In a system of single
distance R the EXAFS arising from an initially
bound s electron photoexcited into the continuum
with wave vector k»p"' is given by' '"'

y(k) =A(k) sin[2kR + 5(k)].

~(k) is an amplitude function which takes into ac-
count the probability for electron backscattering,
the mean electron escape depth from the absorb-
ing atom, and the vibrational fluctuations of the
surrounding atoms. The argument of the EXAFS
sinusoid contains the distance information. 5(k)
is the total phase shift which equals the 8&~ of
twice the phase shift for the outgoing photoelec-
tron from the ionized absorbing atom a, 25,~(k),
P/us the phase shift for the backscattered photo-
electron from the neutral neighboring atom(s) P,
5«(k). Since an EXAFS experiment always mea-
sures the total phase shift 5, it is not possible to
show explicitly that the individual phase shifts 5,
and 5„are themselves chemically transferable.
It is possible, however, to demonstrate transfer-
ability inductively by performing the following
tests on atom pairs. Denoting different chemical
environments of atoms a, P, and y by capital let-
ters, we shall prove that indeed
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FIG. 1. Left, absorption versus photon energy for Br2
and CBr4, raw data. A=a indicated by arrows in insert.
Bight, z(k) versus photoelectron energy, background
removed, and data multiplied by & . Also shown is Br2
data without &3 multiplier.

proach optimum signal-to-noise ratios of 2-3
absorption lengths. Data collection methodology
has already been described. 4

As illustrative examples of data analysis pro-
cedures we show in Fig. 1 the raw data, p,x
=In(I,/I) (it is the absorption coefficient, x is the
absorption length, and I,/I is the incident/trans-
mitted photon intensity) plotted against photon en-
ergy for samples of Br, and CBr4.' The absorp-
tion edge defined as k =0 is consistently chosen
at the average energy between the first allowed
excitation and the continuum limit according to
atomic calculations, +' indicated by arrows for
the Br edges in the insert in Fig. 1. This pro-
cedure for choosing k =0 minimizes random (but
not systematic) errors and is justified because
energy level differences between (final-state)
ionized absorbing atoms in different (initial-state)
chemical environments are expected to be small.
Equation (1) is only valid for kR» 1 so the data
are truncated at k = 4 A"'. A polynomial back-
ground is subtracted from the truncated data to
isolate the oscillatory EXAFS from the structure-
less atomic absorption background. The result-
ing y(k), multiplied by k' to compensate for am-
plitude reduction, is shown in Fig. 1 for CBr4
and Br,.

Given the known interatomic distance, R, and
a variable amplitude function, A(k), a nonlinear
least-squares fitting routine is then used to de-
termine the total-phase-shift function 5(k) from
the k')t(k) data. The functional form for 5(k) is
unknown, containing both the k-dependent phase
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shifts of the outgoing p wave and the contribution
of large numbers' 4 of backscattered l waves (l) 0). In our fitting program we have assumed an
arbitrary form of 5(k) =a+bk+ck'. It is note-
worthy that the simpler form of 5(k) =a+ bk,
which has been assumed in previous EXAFS stud-
ies, ' gives less satisfactory fits to the data.

The most direct test of transferability is to de-
termine the phase shift for an atom pair in one
molecule of known distance and then use it to de-
termine the interatomic distance in another mol-
ecule containing the same atoms but in a signifi
cantly different chemical environment [see Eg.
(3)j. The molecules chosen for this test were Br,
and CBr4." In diatomic bromine the atoms are
covalently bonded and are separated by 2.283
+ 0.005 A,"whereas in tetrahedral CBr, the Br
atoms are not directly bonded, have a net charge,
and are separated by 3.171+0.005 A." By study-
ing CH, Br and CH, Br, we have observed that
above k - 6 A ' the C-Br scattering in CBr4 is
negligible compared to Br-Br scattering, thus
making CBr4 an essentially single-distance sys-
tem.

Phase shifts obtained from our computer fits
for the Br-Br atom pairs in Br, and CBr4 are
plotted in Fig. 2 as dashed and solid lines, re-
spectively. Although the curves are separated
by only -0.3 rad, the real test of transferability
is to take 5s's'(Br, ) as a fixed input parameter
and, using the same fitting routine but with vari-
able R, solve for the Br-Br distance from the
EXAFS data of CBr,. Doing this a Br-Br dis-
tance of 3.18+ 0.015 A is obtained, in excellent
agreement with the known value of 3.171 A" (er-
rors are discussed below). Note that ~e have
used the absolute magnitude of 5(k) in our dis-
tance determination and not simply the linear or
quadratic teems in k. In view of the different
distances and chemical environments of the Br
atoms in the two molecules, the concept of phase-
shift transferability appears to be a valid one.

A somewhat more stringent test of transferabil-
ity is described by Eg. (4) where the phase shifts
for three different atom pairs and chemical en-
vironments are permuted to give a fourth atom-
pair phase shift. This "predicted" phase shift
can then be used to determine a distance for that
pair, which in turn can be compared with the
known value. The molecules used for this test
were Br„Ge,H„and BrGeH, . The latter two
molecules are essentially diatomic because back-
scattering from H atoms is negligible. In Fig. 2
we have plotted the total phase shift for the Br-
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FIG. 2. Total EXAFS phase shifts &(4) for various at-
om pairs Q.'-p (&, absorbing atom, p, scattermg atom)
assuming quadratic & dependence. Solid curves with
horizontal-topped error bars are empirical assumirg
known O';P distance, dashed curves with arrow-topped
errors bars are "predicted" assuming phase-shift
transferability. Note that the size of the error bars for
a given 4 are variable (see text) and & depends on both
the absorbing and scattering atoms.

Ge atom pair as well as the predicted phase shift
for that pair (shown as a dashed line) determined
by g Br Ge g R Br + g GeGe g GeBr Applying the predic
ed phase shift to the data of BrGeH, and solving
for the Br-Ge distance gives 2.32+0.025 A, which
should be compared with the known value of 2.298
+ 0.005 A." Considering that our result involves
the arithmetic manipulation of three different
phase shifts, one of which contributes an error
of + 0.02 A,"the agreement is entirely gratifying.

The last test of transferability, Etl. (5), is ac-
tually a more general case of Eg. (4) in that it in-
volves the determination of a fourth phase shift
from atom pairs in four different chemical envi-
ronments. Thus, one obtains a predicted phase
shift for an atom pair without even using a com-
pound containing those atoms. In testing this
scheme we have used C as the scattering atom,
one which is quite different from the intermedi-
ate Z atoms Br and Ge. The Ge-C distance in
H3GeCH, is predicted using the phase shifts for
BrCH„Br„and H, GeBr according to ~ '
+5 ' —5 ' ', Eq. (5a). The empirical andpre-
dicted phase shifts for Ge-C are included in Fig.
2. Following the procedures above vie predict a
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Ge-C distance of 1.95+0.015 A, again in excel-
lent agreement with the known value of 1.945
+ 0.005 A." This result is particularly signifi-
cant because it tests transferability for the im-
portant class of low-& atoms which are the domi-
nant scatterers in biological compounds.

Inspection of Fig. 2 shows that while the vari-
ous phase shifts for atom pairs are similar, they
are indeed different in slope and, significantly,
in magnitude. To illustrate the importance of
correctly including the scattering-atom phase-
shift contribution to &, we have solved for the Br-
Br distance in Br, using &

' (BrCH,) (also shown
in Fig. 2). The resulting distance was in error by
0.09 A. Allowing a to vary as in previous EXAFS
studies, ' the distance was in error by 0.04 A.
Similar errors result in using 5 ' '(H, GeBr), il-
1ustrating the importance of the absorbing-atom
phase-shift contribution to &. It is clear, there-
fore, that since the absolute magnitude and k de-
pendence of & depend on both the absorbing- and
scattering-atom phase shifts, procedures ignor-
ing one or the other are inherently limited in
structural accuracy.

All the phase shifts in this study have been de-
termined for a limited and consistently chosen

0

energy region, k ~4 A ', where we expect trans-
ferability to be valid. The choice of k =0 for the
Br and Ge compounds was also consistently made
above the appropriate Rydberg states~; different
values are of course required for different ab-
sorbing atoms. Our procedures for determining
& involved the assumption of a quadratic function-
al form. This, along with the finite range of data
used in the fits, the systematic uncertainties in
interatomic distances, "' ' and the uncertainties
in the choice of k =09 and other estimated errors
in the fitting process, results in the variable-
sized error bars shown in Fig. 2. We found that
the above uncertainties in the fitting procedures
gave a typical fitting precision of &+ 0.5 rad for
a given &, amounting to a fitting precision of no
worse than + 0.01 A in distance. If the systema-
tic uncertainties in interatomic distance are in-
cluded the total distance errors are found to be
between 0.015 and 0.025 A; it is this total uncer-
tainty that we quote in all our "predicted" deter-
minations.

From this and previous 4' ' work it is obvious
that an improved theoretical understanding of the
k dependence of EXAFS phase shifts is needed.
By purely empirical means, however, we have

shown that phase-shift transferability is a viable
procedure, applicable to a rather wide range of
atom pairs in significantly different chemical en-
vironments. We expect that this result will en-
able EXAFS spectroscopy to become an important
structural technique for determining interatomic
distances to + 0.02 A in systems whose distances
are either currently unknown or indeterminable
by conventional methods.
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