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A new x-ray structural technique, diffraction anomalous fine structure (DAFS), which combines the
long-range order sensitivity of diffraction techniques with the short-range order sensitivity of absorption
techniques, is described. We demonstrate that synchrotron DAFS measurements for the Cu(111) and
Cu(222) Bragg reflections provide the same local atomic structural information as x-ray absorption fine
structure and describe how DAFS can be used to provide enhanced site and spatial sensitivities for poly-

atomic and/or spatially modulated structures.

PACS numbers: 61.10.—i, 07.85.+n, 78.70.Ck, 78.70.Dm

In 1927, Dirac derived the nonrelativistic, quantum
electrodynamic photon-atom scattering cross section and
the corresponding forward dispersion relation between the
real, /1, and imaginary, f>, components of the anomalous
scattering amplitude, Af [1]. The generalization to
nonzero momentum transfer implies that, in principle, ab-
sorptionlike information can be obtained from scattering
measurements [2]. In this Letter, we demonstrate that
this is true in practice: The short-range local atomic or-
der information traditionally obtained from x-ray absorp-
tion measurements can also be obtained easily and accu-
rately from energy-dependent x-ray diffraction intensity
measurements at fixed momentum transfer. The reason
that diffraction can be used to provide absorptionlike in-
formation is because f| and f, are related by causality
and Af is almost independent of the momentum transfer.

The two principal x-ray techniques currently used to
obtain atomic structural information are x-ray diffraction
and x-ray absorption. Traditional x-ray diffraction mea-
surements provide information about the ordered, long-
range atomic structure: the spatial persistence and fluc-
tuations of the unit cells via high-resolution diffraction,
and the average, long-range, unit cell internal structure
via crystallography. X-ray absorption fine-structure
(XAFS) measurements provide local structural informa-
tion: the near-neighbor bond lengths, types, and disorders
around the specifically excited absorbing atoms. Here,
we demonstrate that precise energy-dependent x-ray
diffraction anomalous fine-structure (DAFS) measure-
ments for the (111) and (222) Bragg reflections of Cu
metal contain the same local atomic structural informa-
tion as XAFS measurements.

Although there were numerous early observations of
DAFS [3], it is surprising that there were not any at-
tempts to use the DAFS oscillations to provide the analog
of XAFS short-range information until quite recently [4],
and that there have apparently been no attempts to use
the enhanced simultaneous diffractionlike and absorption-
like sensitivities available from DAFS measurements.
Since DAFS combines all of the capabilities of diffraction
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and XAFS into a single technique, it provides advantages
that neither technique possesses separately: (1) DAFS
provides short-range order information about the set or
subset of long-range ordered atoms selected by the
diffraction condition. (2) DAFS is chemically and va-
lence specific, and is sensitive to the positions of neighbor-
ing atoms even when the neighbors have low atomic num-
bers. (3) The relative contributions of chemically identi-
cal, but site inequivalent, atoms can be separated by
measuring the DAFS intensities of Bragg peaks with
different diffraction structure factor contributions.

In nonrelativistic quantum mechanics, neglecting the
magnetic scattering terms, the atomic scattering ampli-
tude, f=/fo+Af, is the sum of the nonresonant Thomson
scattering amplitude, fo(Q), and the resonant anomalous
scattering amplitude, Af(k;,kz,E), which is proportional
to [5,6]
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The Thomson amplitude depends only on the momentum
transfer AQ=h(k,—k;), and is proportional to the
Fourier transform of the atomic charge distribution. In
contrast, Af(kj, ks, E) depends separately on the incident
and scattered photon wave vectors k; and k; and on the
photon energy E. In general, Af is a tensor, and is not
proportional to the Fourier transform of the total or sub-
shell charge density [7]. However, it has been established
experimentally that the k; and k, dependencies are often
very small, and consequently the full photon energy- and
momenta-dependent Af(ki,kz,E) is conventionally [6]
approximated by its forward scattering limit, denoted
Af(E)=f(E)+if,(E). The experimental results in this
paper confirm the validity of this approximation to the
level of our measurements (2-5)% for both the Cu(111)
and Cu(222) Bragg reflections.

The atomic scattering amplitude for condensed phase
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atoms can be further subdivided into smooth and oscillat-
ing contributions. The smooth, bare atom contribution,
foQ)+fP(E)+if(E), is the same as that for isolated
single atom x-ray scattering. The oscillating DAFS con-
tribution, f9(E)x(E) with y =y, + iy, is produced by the
neighboring atoms and provides local structural informa-
tion for condensed phase atoms. This separation of
F=lfo(@)+fYE)+if(EN+fI(E)x(E)] into atomic
and fine-structure components is analogous to the usual
XAFS separation.

When the k; and k; dependence of Af can be neglect-
ed, the DAFS x(E), in the single-scattering dipole ap-
proximation, is proportional to [8]
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Here the photoelectron wave number k is related to the
incident photon energy E and the binding energy Eo by
k=02m(E —Eo)/h*1"% the sum is over neighboring
atomic shells, labeled by j; and the parameters are the
coordination numbers /N;, the photoelectron backscatter-
ing amplitudes 7;(k), the bond-length disorders o;, the
mean free path and lifetime factors A;, the neighbor sep-
arations R;, and the photoelectron phase shifts &;(k).
The DAFS y is the complex generalization of the stan-
dard XAFS yx,, which has been extensively studied ex-
perimentally and theoretically [9]. They are related
by x.(E)=Imy(k,=ky,E). Consequently the DAFS
x oscillations have the form —cos[2kR;+6;(k)]
+isin[2kR;+5;(k)], while the XAFS yx, oscillations
have the form sin[2kR;+8;(k)1.

For kinematically scattering monatomic systems, the
measured DAFS intensity, 1(Q,E) ~|f(Q,E)|?4(Q,E),
is proportional to the square of the atomic scattering am-
plitude, f(Q,E), times an x-ray absorption correction,
A(Q,E). The absorption correction, A(Q,E)=I[1
—exp(—2ut/sin@)1/2u, also produces y,(E) fine struc-
ture in the DAFS intensity due to the XAFS modulation
of the x-ray absorption coefficient, u(E) =puoll1+x,(E)].
For a thin sample, the absorption correction can be ap-
proximated by A(Q,E)~d(l—ud), with d=t/sin6.
The diffraction contributions to the DAFS oscillations
come from the (x;+iy;) contributions to the square of
the atomic scattering amplitude, |f]2=(fo+ 0+ /3x1)?
+(f9+f9%2)% Expanding |f|?> and discarding small
higher-order terms yields |f]|2~[(fo+/7)2+ ()2l
+ 2o+ D)+ 12(f9)%y,. Consequently, x; and
x2 appear linearly in the DAFS intensities.

The data were collected at beam line X23A2, at the
National Synchrotron Light Source. The incident energy
was selected with a Si(220) double-crystal monochroma-
tor which provided an energy spread of about 2 eV
FWHM and a flux of 5x10° photons per second in a 1-
mm-high by 5-mm-wide beam. A vertical scattering
plane was chosen so that no scattering polarization cor-

rection was required. No DAFS polarization correction
was required because of the high symmetry of the Cu lat-
tice. The diffracted beam was analyzed with a 3-mm-
high by 5-mm-wide slit located 27 cm from the sample;
this provided adequate suppression of the fluorescence
from the sample while accepting essentially all of the
diffracted beam. At each energy, the diffractometer was
adjusted to keep the momentum transfer fixed; to obtain
reliable intensity measurements it was essential to accu-
rately track the Bragg peak versus energy. The sample
was a 25-mm-diam 2000-A-thick Cu(111) film grown ep-
itaxially on mica. The c-axis mosaic spread of the film
was ~0.25° FWHM. A thin sample was chosen to mini-
mize the absorption correction. The diffracted intensities
were 3% 107 photons/sec for the Cu(111) Bragg reflection
and 1x107 photons/sec for the Cu(222) reflection. Since
the statistical noise limit for DAFS measurements is set
by Poisson statistics, we used integral, current mode tech-
niques to maximize the number of detected photons; both
the incident and diffracted intensities were measured with
nitrogen-filled ionization chambers. To reduce the effects
of synchrotron and monochromator noise, the diffraction
intensity at each energy was corrected for incident inten-
sity variations. The fluorescence XAFS from the Cu film
was measured simultaneously with the DAFS signals.
The measured Cu(111) and Cu(222) diffraction inten-
sities and the fluorescence XAFS intensity are shown in
Fig. 1. The cusp in the Bragg intensity is produced by
the interference between the real part of the anomalous
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FIG. 1. Comparison of the raw DAFS and XAFS signals.
The normalized oscillations are about 12% peak to peak.
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FIG. 2. The background-subtracted and normalized DAFS

and XAFS signals. Two DAFS data sets have been overplotted
to show the reproducibility of the measurements.

amplitude, f, and the Thompson amplitude, fo; it drops
at the edge energy, E¢=8979 eV, to about 50% of the
preedge intensity at 8500 eV for the Cu(111) reflection
and to about 25% for the Cu(222) reflection. This
difference in the relative cusp drop between the two
reflections is caused by the decrease in fo with Q. The
fine-structure oscillations above the absorption edge are
present in both the DAFS and XAFS signals and have
similar sizes, 12% peak to peak, when normalized to their
corresponding cusp drop or edge step sizes.

Figure 2 shows the corresponding fine-structure signals
calculated by subtracting a smooth fitted spline from the
data in Fig. 1 and then normalizing. The strong similari-
ty between the Cu(111) and the Cu(222) DAFS signals
is evident, as is an apparent difference between the two
DAFS signals and the XAFS signal. Figure 3 shows the
Fourier-transform magnitudes of the three signals in Fig.
2. The agreement between the two DAFS and the XAFS
Fourier transforms is very good. Consequently, although
the multishell DAFS and XAFS signals in Fig. 2 appear
to be different, they actually have identical Fourier mag-
nitudes and therefore can only differ in their phases. Fig-
ure 4 shows that the DAFS signals for each shell have the
same phase shift for a fixed Bragg reflection, but the
(111) and (222) reflections have different phase shifts.
The different appearances of the signals in Fig. 2 are pro-
duced by these phase shifts.

The DAFS-to-XAFS phase shifts determined using
multiple back-filtered data sets, assuming that the XAFS
and DAFS bond lengths are identical, are Cu(111) first
shell 90° +6° and second shell 83° % 12°; and Cu(222)
first shell 70° = 6° and second shell 64° = 12°. For the
(111) reflection, the y, DAFS contribution and the x»
absorption correction contribution accidentally canceled,
leaving only the 2(fo+ ) f9x, oscillating DAFS cosine
contribution. Consequently, the Cu(111) first and second
shells are shifted by —~90° with respect to the Cu XAFS
signal. For the (222) reflection, the DAFS y, component
is larger than the absorption y» contribution and the
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FIG. 3. The Fourier transform magnitudes of the DAFS and
XAFS signals. The symbols are as follows: circles, Cu(111)
DAFS; triangles, Cu(222) DAFS; and lines, Cu XAFS. The
transforms are nearly identical, demonstrating that DAFS and
XAFS contain the same local atomic structural information.

Cu(222) DAFS signals are shifted by ~67°. These
measured phase shifts agree very well with the values cal-
culated from the sample thickness ¢, and tabulated values

of fo, f1, f2, and p [8].
Without constraining the distances to be equal, and us-
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FIG. 4. The Fourier back-filtered first- and second-shell
DAFS and XAFS signals for a single data set. The symbols are
as follows: circles, Cu(111) DAFS; triangles, Cu(222) DAFS;
and lines, Cu XAFS. The Cu(111) first- and second-shell
DAFS signals have been shifted by 90° and the Cu(222) first-
and second-shell DAFS signals have been shifted by 67°.
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ing the XAFS ratio method to calculate the relative dis-
tance shift between each DAFS signal treated as an “un-
known” and the Cu XAFS signal treated as a “known”
standard, yields Cu(111) first shell +0.005 A and
second shell +0.015 A; Cu(222) first shell +0.015 A
and second shell +0.015 A. This demonstrates that
DAFS measurements can be used to provide neighbor
distances with accuracies comparable to XAFS measure-
ments and that experimental, or theoretical, XAFS stan-
dards can be used to analyze DAFS measurements by
shifting the phases.

The data and analysis presented above demonstrate
that for kinematically scattering monatomic systems the
measured DAFS intensities contain the same local atomic
structural information that is usually obtained by XAFS
measurements, and that this local information can be
determined easily and precisely from high precision
diffraction intensity measurements. However, the poten-
tial utility of DAFS as an adjunct and extension of
XAFS becomes much clearer when more complex poly-
atomic and/or spatially structured systems are con-
sidered. For these systems, DAFS provides: (1) Spatial
selectivity whenever different spatial regions or com-
ponents of the sample produce diffraction peaks at
separate locations in reciprocal space. Then the local
atomic structure of each region or component can be
measured using one of its characteristic diffraction peaks.
Examples include mixed phase powders, strained or com-
positionally modulated single layers or multilayers, and
surface and buried monolayers or reconstructed layers.
(2) Site selectivity whenever the inequivalent sites have
different diffraction structure factor contributions. Then
the DAFS signals for different Bragg peaks can be com-
bined to determine the individual inequivalent site DAFS
contributions and the associated local atomic structure.

In favorable cases, some reflections will be dominated by
a single site and the separation is easy; in general, the
separation is analogous to x-ray crystallography except
the linear contributions now contain both the usual x-ray
structure factors and the DAFS y factors. Preliminary
demonstrations of both sensitivities have been obtained:
spatial selectivity by separating inequivalent InGaAs lay-
ers on a GaAs substrate and site selectivity by separating
the inequivalent copper sites in 123 superconductor films
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