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Temperature-dependent extended x-ray-absorption fine-structure (EXAFS) measurements at the oxy-
gen and fluorine K edges of CuO, Cu,0, ZnO, CaF,, and LiF have been performed. We present an
EXAFS analysis of bulk samples in the soft-x-ray region of Av <1500 eV determining the moments of
the radial pair distribution function (RDF) of the oxygen and fluorine nearest-neighbor bonds by use of
the conventional cumulant expansion method, i.e., coordination numbers, bond lengths, atomic mean-
square, and mean-cubic relative displacements of the RDF. It is shown that high-quality Ka-
fluorescence-yield measurements, analyzed in combination with theoretical standards, allow a deter-
mination of nearest-neighbor distances within 0.015 A and of coordination numbers with 10-20 % accu-
racy. Using quantum-mechanical models for the description of the atomic motions, the EXAFS Debye
and Einstein temperatures, as well as the local thermal expansion of the bond under consideration, are
obtained. In particular, these quantities for CaF, are found to be in good agreement with those mea-
sured by other techniques. In contrast to the fluorides, no thermal expansion could be observed up to
room temperature for the transition-metal oxides, which confirms a recent finding of enhanced anhar-
monicity in the low-Z adsorbate-surface interaction. A detailed compilation is given of the majority of
EXAFS studies from the literature where moments of the RDF higher than the second one are reported.
For these compounds the local thermal expansion is quantum mechanically calculated in contrast to pre-
vious calculations that were performed in the classical limit. Debye temperatures and the local thermal
expansion measured by EXAFS and other techniques agree well for fcc metals. For binary compounds
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like alkali halides or superionic conductors a deviation up to 100% can be found.

I. INTRODUCTION

Light elements like oxygen, nitrogen, and fluorine are
major constituents of many inorganic materials. They
also play an important role in catalytic reactions. Because
of their small scattering cross sections, however, it is
sometimes hard to probe them accurately by means of
diffraction techniques. Extended x-ray-absorption fine-
structure (EXAFS) spectroscopy is a tool to directly
probe the local geometric and electronic environment of
a particular atomic species of a sample on a short-range
order scale.! The experimental setup of an EXAFS ex-
periment in the soft x-ray region is, due to the high ab-
sorption cross section of the radiation, more sophisticat-
ed than for higher x-ray energies (heavier atoms): the ex-
periment has to be performed in an ultrahigh vacuum
(UHV) chamber and in almost all cases it is necessary to
detect the absorption through secondary processes fol-
lowing the primary photoabsorption event.? The elec-
tron yield (EY) or photocurrent from the sample has been
found to be proportional to the absorption coefficient of
the sample®~® and is the easiest way to measure EXAFS
spectra in the soft x-ray region.” This method has been
widely used for the investigation of the local adsorption
geometries and dynamics of low-Z adsorbates on metallic
surfaces (surface EXAFS = SEXAFS).2 However, fol-
lowing the early observation of the oscillatory structure
above the oxygen K edge,? the quality of EXAFS spectra
of light elements in bulk materials was limited by experi-
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mental problems arising from the highly structured
transmission functions of the soft x-ray monochroma-
tors.® Consequently, soft x-ray data of bulk samples were
mainly taken to serve as distance standards for SEXAFS
studies?; no detailed quantitative EXAFS analysis or
temperature-dependent study on bulk samples in this en-
ergy region (hv = 1.5 keV) meeting the high standards of
the hard x-ray EXAFS analyses has been published so
far. The detection of EXAFS through the secondary
channel of the characteristic K a x-ray-fluorescence of the
element of interest’ together with the development of
high-performance fluorescence detectors'®~ !> had a con-
siderable impact on the field of bulk EXAFS in the soft
x-ray region within the past years: The much higher
signal-to-background ratio of fluorescence yield (FY)
detection in comparison to EY detection'® facilitates the
normalization of the experimental raw data and allows to
overcome the problems arising from the structured
transmission functions of soft x-ray monochromators
mentioned above. Furthermore, the much larger informa-
tion depth of FY detection in a non-grazing-incidence
setup makes this technique a suitable tool to investigate
the bulk properties of a sample.'*!> Indeed, significant
differences between FY and EY arising from the limited
probing depth in EY were reported'* questioning the
quality of early oxygen EXAFS data taken in EY detec-
tion.!® Following FY EXAFS studies at the oxygen and
fluorine K edges of oxides, fluorides and high-T, super-
conductors, !’ 1° it was shown very recently that the
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self-absorption effect which affects the experimentally
measured FY EXAFS amplitude can be fully corrected
and therefore a quantitative amplitude analysis of FY
data is possible.!>?° Furthermore, the transferability of
the oxygen-metal EXAFS phase shift could be demon-
strated, a long-standing problem, which allows an im-
proved distance determination using soft x-ray EXAFS.?!
Single- and multiple-scattering ab initio XAFS calcula-
tions by means of the FEFF code?>”2* have been found to
yield highly accurate theoretical standards also for EX-
AFS of light elements and allow to evaluate the impor-
tance of multiple-scattering contributions. 2!

Here we report a detailed analysis and comparison of
temperature-dependent FY EXAFS measurements at the
oxygen and fluorine K edges of metal oxides and
fluorides. Based on the recent progress in soft FY EX-
AFS outlined above, we perform a state-of-the-art EX-
AFS analysis of bulk samples in the soft x-ray region of
hv=<1.5 keV meeting the standards of EXAFS analyses
in the harder x-ray region. Using theoretical standards
obtained from the FEFF code we show that soft x-ray FY
EXAFS measurements allow the determination of
nearest-neighbor distances and coordination numbers
within 0.015 A and 10-20 %, respectively. From the
measured temperature variation of the Debye-Waller fac-
tors the Debye and Einstein temperatures of the nearest-
neighbor bonds are obtained. It was shown that the local
thermal expansion of a bond under consideration can be
more accurately determined from the temperature depen-
dence of the second and third moments of the RDF than
through the linear term in the EXAFS phase.?*~?’ Based
on this finding we calculate the local thermal expansion
in CaF, by use of a quantum-mechanical anharmonic os-
cillator model,?® ~*® in good agreement with the one mea-
sured by other techniques. For the transition-metal ox-
ides CuQ, Cu,0, and ZnO no thermal expansion could be
observed between 30 and 300 K. This observation is dis-
cussed in combination to the large anharmonicity in the
interaction of low-Z adsorbates on surfaces.?® In order
to compare our data to bulk EXAFS studies performed in
the harder x-ray region, we recalculate the local thermal
expansion for the majority of materials for which anhar-
monicity effects are quantitatively reported in the EX-
AFS literature?® 2731740 a5 2]l previous local thermal ex-
pansion calculations from EXAFS data were performed
in the classical limit to the exception of Ref. 30.

The structure of the paper is as follows. Section II de-
scribes the experimental details, Secs. III and IV the
theory of temperature-dependent EXAFS and the link to
the determination of the local thermal expansion and the
characteristic temperatures, respectively. In Secs. V and
VI, the structural and dynamical analysis of the fluoride
and oxide data is presented. A detailed comparison of
the dynamical quantities to other bulk and surface sys-
tems is given in Sec. VII.

II. EXPERIMENT

The oxygen and fluorine FY EXAFS spectra were
recorded at the storage ring BESSY using the plane-
grating grazing-incidence monochromator SX-700II of
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the Freie Universitat Berlin. An energy resolution of 1-3
eV was obtained at the O (532 eV) and F (690 eV) K
edges, at a typical photon flux of =5X 10'° photons/s.
The measurements were carried out in an UHV chamber
with a base pressure of <5X 107! mbar. No bake-out to
a temperature higher than 50°C was performed. Up to
12 oxide and fluoride samples, including single crystals of
Cu,0, ZnO, CaF,, LiF, and a pellet of CuO, were mount-
ed on a copper sample holder attached to a commercial
UHYV manipulator. The copper oxide samples were previ-
ously characterized using photoemission measurements
and were found to be of high purity.*! A commercial
liquid-nitrogen system was modified for operation with
liquid helium. Temperatures down to 30 K were achieved
at the sample. Temperature was monitored by two
NiCr-Ni thermocouples attached to the sample holder.
The samples were pressed mechanically against the hold-
er, establishing a good thermal contact by means of a thin
intermediate indium layer. The angle of x-ray incidence
with respect to the sample surface could be varied. The
characteristic x-ray fluorescence radiation was detected
by means of a windowless Si(Li) detector'"'*!* positioned
along the electric field vector and operating with a peak-
ing time of 3-8 us. Also, total electron yield (TEY) spec-
tra were measured with a channeltron. The energy reso-
lution of the FY detector, about 140 eV, allowed to elec-
tronically isolate the oxygen or fluorine K a fluorescence
peak!* and to minimize the background due to other
fluorescence or scattered x-ray contributions. To achieve
a good signal-to-noise ratio, up to 50 FY spectra were ac-
cumulated, each recorded with a typical count rate of
3000-10000 counts/s over energy ranges of 500-1100
eV for O and 600-1200 eV for F EXAFS scans. High-
quality EXAFS data can only be obtained if the FY raw
data are accurately normalized to the primary photon
flux. In the soft x-ray region the photon flux is a strongly
varying function of the photon energy because of absorp-
tion processes occurring at the optical elements of the
monochromator. We found that TEY spectra of freshly
argon-sputtered silicon wafers yielded an excellent mea-
sure of the monochromator transmission function over
the energy range of 400-1600 eV as silicon has no ab-
sorption edges in this energy range. These spectra were
used to normalize the raw data for the photon flux. The
normalization with clean silicon yields the same results as
the one based on condensed krypton multilayers used ear-
lier'* and is easier to perform. Figures 1 and 2 show the
normalized FY spectra of CuO and CaF,, respectively, at
low temperatures and at 300 K. The edge-jump ratios at
the oxygen and the fluorine K edge are =6 and ~25, re-
spectively. The oxygen EXAFS edge-jump ratio was lim-
ited by the transmission of second-order light through
the monochromator. Due to the smaller atomic number
of Ca with respect to Cu, the EXAFS amplitude de-
creases in Fig. 2 much more rapidly with increasing pho-
ton energy than in Fig. 1. Also, the damping of the EX-
AFS amplitude with increasing temperature can be seen
by eye inspection for CaF, in contrast to the case of CuO.
The experimentally measured FY EXAFS spectra still in-
clude self-absorption effects and were corrected in k
space using a standard correction procedure to obtain the
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FIG. 1. Normalized fluorescence yield spectra at the oxygen
K edge of CuO at 30 and 300 K. Warm and cold spectra are
vertically shifted against each other.

correct EXAFS."® For the LiF and CaF, samples, the

self-absorption effect was reduced to =25% and =5% of

the EXAFS amplitude, respectively, by collecting the Ka
fluorescence at a 6° grazing angle with respect to the sam-
ple surface plane. This reduced the FY information depth
to ~3300 A for LiF and 450 A for CaF,. The heavier
transition-metal atoms weaken the effect of the self-
absorption in the transition metal oxides compared to the
LiF and CaF, data so that the K a fluorescence of the ox-
ides was measured at a 30° grazing angle, yielding a self-
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FIG. 2. Normalized fluorescence yield spectra at the fluorine
K edge of CaF, at 75 and 300 K. Warm and cold spectra are
vertically shifted against each other. The thermal damping of
the CaF, EXAFS at room temperature is seen.

absorption of ~30% and a FY information depth of
~800 A.

III. THE TEMPERATURE DEPENDENCE
OF THE MOMENTS OF THE RADIAL PAIR
DISTRIBUTION FUNCTION

In a solid exhibiting local static or dynamic disorder
the positions of a single shell of atoms around a central
atom have to be described in terms of the radial pair dis-
tribution function (RDF) p(r). p(r)dr is proportional to
the probability of finding an atom of the shell under con-
sideration in the distance range r to r +dr around the
central atom. We define f p(r)dr =N, where N is the
number of atoms of the shell. Since we are studying the
temperature dependence of the local atomic environment
in systems which exhibit anharmonic behavior, we for-
mulate the EXAFS equation in terms of p(T,r). The K
shell EXAFS ky(T,k) of a single-scattering contribution
of a single shell of atoms in a cubic system can be written

B.S1

kx(T,k)=S}(k)F ff’——exp(—zr/m

Xsin[2kr +@(k)]dr , (1)

where k is the photoelectron wave number, S %(k) is an
amplitude reduction factor due to many-body effects,
F (k) the backscattering amplitude, and ¢(k) the total
EXAFS phase-shift of the atomic species of the shell. Al-
though the mean free path A of the photoelectron de-
pends on the wave number k, in the following derivation
it is chosen to be constant keeping in mind that this as-
sumption may limit the accuracy in the analysis of some
of the EXAFS parameters. Equation (1) states that
EXAFS directly measures the Fourier transform of the
effective RDF

Pl T,r)=p

However, we want to express the temperature-dependent
EXAFS kyx(T,k) in terms of the moments of the true
RDF p(T,r) at the temperature T; in particular, the coor-
dination number N = f p(T,r)dr, the average distance be-
tween central and backscattering atom

T)&(?‘)T

(T,r)exp(—2r/A)/r?

(1/N) [ rp(T,r)dr ,
the mean-square relative displacement (MSRD)
=((r—=R(M) ¢,
and the mean-cubic relative displacement (MCRD)
ey (N=((r—R(D)*)y

at the temperature 7. Neglecting higher moments and
using the cumulant expansion,3**>** Eq. (1) can be writ-
ten as

x(T,k)= A(T,k)sing(T,k) , (2)

with
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A(Tk)—S%(k)F(k)N —2R(T)/A]
’ RAT) exp[
Xexp[ —20X(Tk?] (2a)
and
S(T,k)=2k [R(T)—o(T) | -2+ 2
’ R(T) A
4 3
—303(T)k +@(k) . (2b)

In noncubic systems, N has to be replaced by the effective
coordination number N* of the shell which depends on
the orientation of the crystal with respect to the electric-
field vector.! All our investigated samples except ZnO
and CuO have cubic symmetry. Equation (2) can also be
formulated in terms of the cumulants or moments of the
effective RDF.*? The term in square brackets in Eq. (2b)
is the first moment of the effective RDF. The correction
term

o T)[2/R(T)+2/A]

arises from the fact that the EXAFS measurement over-
weights lower distances through the damping factor
R “2exp(—2R /L) of the photoelectron. Higher mo-
ments of the true and effective RDF only differ by negli-
gible terms of the order of o?/R?% The EXAFS deter-
mined from the experiment is a sum of single-scattering
contributions of the form (2) and multiple-scattering con-
tributions of a more complicated form, including three-
and many-body correlation functions. The EXAFS con-
tribution of the first shell of atoms around the central ab-
sorbing atom of the form (2) is obtained from the mea-
sured total EXAFS ky(T,k) by conventional Fourier-
transform techniques, i.e., by transforming into r space,
isolating the first shell by means of a window function,
and inverse Fourier transforming into k space again.'

Absolute values of the parameters of interest N*, R (T),
X T), and c¢;(T) can be obtained by k fitting the experi-
mentally measured first shell contribution using as input
parameters for the fit the ones of experimental or theoret-
ical standards.**~* We use here theoretical standards
obtained by means of the FEFF code??~2* (version 5.04)
for our k-fitting analysis.

However, the relative variation of R, o2, and MCRD
c; between two temperatures 7', and T, can be deter-
mined with higher accuracy in a straightforward manner
from the experimental data sets kx(7T,k) and kx(T,,k)
by applying the ratio method***>*’: Assuming the quan-
tities F(k), @(k), S3(k), and A to be the same at T'; and
T,, one obtains from Eq. (2) for the logarithmic EXAFS
amplitude ratio and the linear phase difference between
the temperatures T, and T, the expressions*?

A(T,,k)

- | = — 2 2
AT 2A0XT,, T )k (3a)

In

and

Ty k)= 4(T )]

2

2
T 2T T 4+ =
=2 AR(Jz, 1) AU( 2s 1) R(Tl) A

——
[E——

~%Ac3(T2,T, 2, (3b)

where  AoXT,,T,)=0*T,)—0*T,), Acy(T,,T,)
:C3(T2)—C3(T1 ), and AR(Tz,T1)=R(T2)—R(Tl ).
Equations (3a) and (3b) yield Ac? and Ac;, the change in
width and asymmetry of the true RDF, respectively, with
respect to the reference temperature T;. The intercept of
the phase difference is discussed in the next section. In
Sec. VI, we determine the temperature-dependent varia-
tion of 02 and c; in our experimental data sets using the
ratio method outlined above. It was checked, however,
that a k-fitting analysis of the experimental data mea-
sured at a temperature T, using the experimental data at
the temperature T, as a standard yields identical results.
Typically, there are only three free parameters in such a
fit, i.e., the kinetic-energy reference of the photoelectron
E, and N* being fixed to the values at the temperature
T,. This number is much smaller than the number of in-
dependent parameters even for k ranges of Ak =9 AL
Under these circumstances anharmonicity effects (Acj)

are quantitatively measurable, as was also shown recent-
ly 26,36,49

IV. LOCAL THERMAL EXPANSION,
MEAN-SQUARE RELATIVE DISPLACEMENT
AND CHARACTERISTIC TEMPERATURES

The linear  thermal expansion AR(T,,T,)
=R (T,)—R(T;) from the local view of EXAFS can be
determined from the intercept of the 1/k-weighted phase
difference plot versus k% see Eq. (3b). However, this
determination through the linear term in the EXAFS
phase suffers from two basic limitations. First, a typical
value of linear thermal expansion for a temperature
difference of T, — T, =300 K is AR(T,,T;)=5X10"3 A.
Thus a relative distance determination of better than
1073 would be required which is in the limits of the accu-
racy of EXAFS. Second, the term

AoX(T,,T)[2/R(T,)+2/A]

has to be taken into account since it is of the same order
as AR(T,,T,).* The k dependence of the mean free
path A of the photoelectron! and the experimental error
of AdX(T,,T,) limits the precision with which it can be
determined. However, in some cases, when very high-
quality data can be measured or the experimental temper-
ature interval is large, the local thermal expansion can be
monitored through the linear term in the EXAFS
phase. 374

In the following an alternative, more precise method of
determining the local thermal expansion from an EXAFS
measurement is discussed, relying only on the temperature
dependence of 0% and c; and first used in Refs. 25-27. It
had been noticed that an asymmetric correction to a per-
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fect Gaussian RDF induces a shift of the mean distance
which is proportional to the asymmetry parameter.°!
This is also known in other spectroscopic techniques.>?
Linking this to the cumulant and moment expansion it
was shown that for a moderately distorted Gaussian-type
RDF with the moments 0*(T) and c4(T) the mean dis-
tance R (T) can be written to first order as>®
3
R(D)=ry(T)+ -0 @)
204T)

where ry(T) is the maximum of the RDF at the tempera-
ture T. In the classical limit, ro(7) is temperature in-
dependent and takes the minimum r; of the effective pair
potential mediating the absorber-backscatterer interac-

tion.  Therefore, the local thermal expansion
R(Tz)_R(Tl)ls

_oAT,)  oT))
204T,) 20X4T,)

AR(T,,T,) (5)

Under additional assumptions this expression was used
by Wenzel and co-workers® 2% to relate the local
thermal expansion AR(T,,T) to the measured values
Ac*(T,,T,) and Acy(T,,T,), and the local thermal ex-
pansion was calculated for several bulk and surface sys-
tems. Yokoyama, Satsukawa, and Ohta?’ used model
pair potentials of a Morse and a Madelung type to fit the
experimentally observed temperature dependence of Ao
and Ac; in several metals and metal bromides and ob-
tained the RDF p(T,r) in the classical limit from these
potentials. From p(T,r) the net local thermal expansion
and the coefficient of the linear local thermal expansion
were evaluated. It is interesting to note that Wenzel’s
and Yokoyama’s approach is of advantage with respect
to the measurement of the local thermal expansion
through the linear term in the EXAFS phase because
only the measured Ac%(T,,T,) and Ac4(T,,T;) do enter
the calculations. The relative error of the local thermal
expansion is therefore of the order of the relative errors
of AoXT,,T,) and Acs(T,,T,), typically around
10-20 % even for systems where the thermal expansion
cannot be measured through the linear term in the EX-
AFS phase.

The MSRD of the central absorbing and backscatter-
ing atom differs from the sum of mean-square displace-
ments of these two atoms by the displacement correlation
function.®® In the harmonic approximation calculations
of oXT) based on lattice-dynamical models have been
performed for fcc metals® and adsorbates on metal sur-
faces,> but no exact calculations of c;(7) are known.
Simplifying assumptions are (i) models of the Einstein-
type, assuming uncorrelated atomic motions and replac-
ing the phonon density of states (DOS) by a 6 function at
the Einstein frequency wg, and (ii) the harmonic Debye-
model, assuming only acoustic phonons which yields a
parabolic phonon DOS with a cutoff (=Debye) frequen-
cy, wD.53 In a harmonic Einstein model, introducing the
Einstein temperature O ; =#wy /kg, oX(T) is given by>*

2

2T=
oi{(T) 2k, 0,

th
co 5T

) (6)

where p is the reduced mass of the atom pair. It should
be noted that correlation effects can empirically be taken
into account through a different wy (or ©f) for each
bond. For fcc metals, the Einstein frequency wg for the
nearest-neighbor bond was shown to be equal to the
square root of the second moment of the phonon DOS.
Recently, o T), ¢4(T), and the thermal expansion have
been calculated in a quantum-mechanical Einstein model
based on an anharmonic effective pair potential of the
form

Vr—ro)=v/2r—rgP—=B(r—rgl’+ -, (7)
yielding Eq. (6) for 0%(T) and furthermore?®~
6 o
ex(y=—1B 13 come |ZE |1 |, ®)
wkp0% | 2 2T
3 #B
R(T)—ry==—"P— coth |—= | , 9
D=~ Lngey | ar ©

where 7, is the minimum of the effective pair potential®’
and

Yy =uoy=uh *kp0% . (10)
This yields the coefficient

a(T)=R (0 K)"'dR(T)/dT
of the local linear thermal expansion
O
2T

Ok
2T

358

T sinh ™2
R (0 K)u’k36%

a(T)=

] . (11

The coupled set of equations (6)—(11) contains only three
temperature-independent parameters, y or O, 3, and r.
The Einstein temperature O in this model is identical to
the one in the harmonic approximation. o*(T) only de-
pends on y or O, ¢;(T) only on 3, and ©g. The abso-
lute bond distance R (0 K) enters only in the coefficient
a(T) of the local linear thermal expansion of Eq. (11).
Consequently, from a single pair of the quantities
AcXT,,T,) and Acs(T,,T;) in addition to the nearest-
neighbor distance at low temperature R(T,), the full
temperature dependence of all the previous parameters
for the particular bond under consideration is obtained.
In the high-temperature limit Egs. (6)-(11) fulfill Eq. (4).
In Sec. VI, we will determine the linear thermal expan-
sion by use of Eq. (11). The approximation of the true
crystal potential by the simple anharmonic Einstein mod-
el may be a possible source of errors; however, this
method is more accurate than the measurement through
the linear term in the EXAFS phase.

It is clear that the harmonic Debye model®® cannot be
used to estimate thermal expansion. But since anhar-
monicity is introduced as a weak anharmonic perturba-
tion the temperature dependence of o2 in such systems
can still be described by the Debye model which in the
past has been applied successfully to fcc metals,>*® gold
clusters® and also biatomic crystals.® "% It is derived
for monoatomic, cubic systems, which may induce errors
in applying it to biatomic samples. As the chief advan-



49 DETERMINATION OF BOND LENGTHS, ATOMIC MEAN-. .. 893

tage of the Debye model the temperature dependence of
the MSRD’s of a whole set of different bonds in a Debye-
like system can be described with only one single parame-
ter, @p, since the Debye model accounts for the displace-
ment correlation function. For a system with a Debye
phonon DOS the Einstein and Debye model fits of the
MSRD of the nearest-neighbor bond are related through
wg ~0.8wp. 5566

V. STRUCTURAL ANALYSIS

In this section we demonstrate that the local geometri-
cal environment of the oxygen and fluorine atoms in
several simple oxides and fluorides obtained from soft
x-ray photoabsorption experiments is the one predicted
from long-range order diffraction techniques. Based on
this finding the accuracy with which nearest-neighbor
bond lengths and coordination numbers can be deter-
mined from soft x-ray photoabsorption will be assessed.
The improvement in distance determination established
in this section with respect to earlier EXAFS analyses in
the soft x-ray region has also consequences for structural
determinations of low-Z adsorbates on surfaces by means
of SEXAFS which will be discussed.

Figure 3 shows the Ka fluorescence yield EXAFS
spectra of CuO, Cu,0, ZnO, CaF,, and LiF at low tem-
peratures. For comparison, the room-temperature data
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FIG. 3. Oxygen Ka fluorescence yield EXAFS spectra of
CuO, Cu,0, and ZnO at T =30 K and fluorine K a fluorescence
yield EXAFS spectra of CaF, and LiF at T=75 K. Note the
different k weighting. For comparison, the CuO and CaF,
EXAFS at 300 K is also plotted.

of CuO and CaF, are also plotted. Note that due to the
stronger decay of the backscattering amplitude of the
lighter elements which the fluorides consist of, the
fluoride EXAFS spectra y(7T,k) are weighted with a
higher power in k than the oxide ones. While little or no
temperature dependence is seen in the CuO raw data, the
EXAFS of CaF, at 300 K is strongly damped at high k
values with respect to 75 K, indicating the existence of
increasing MSRD’s. Figure 4 shows the magnitudes of
the Fourier transforms of the EXAFS spectra at low tem-
peratures (solid lines) and at 300 K (dotted lines). It is
clearly seen that the fluorides, having a larger nearest-
neighbor distance than the oxides, reveal a more pro-
nounced temperature effect whereas the first shell in the
oxides is only very slightly damped. The dominant
Fourier peaks of the low-temperature data in Fig. 4
(around r =2 A) were isolated by a window function and
fitted in k space with theoretical standards obtained from
the FEFF code?* using an effective coordination number
N*, R, 0% and AE, (shift of kinetic energy zero) as fitting
parameters. In the FEFF calculations, the absorbing atom
was assumed to be in a fully relaxed state. The theoretical
scattering amplitudes and phase shifts were found to be
virtually identical for a local environment of the absorb-
ing atom reasonably similar to the unknown one.

Care has to be taken in the k-fitting analysis of the

llllllllVfrTv
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FIG. 4. Magnitudes of the Fourier transform of the EXAFS
spectra of Fig. 3 at low temperatures (solid lines) and 300 K
(dotted lines). A clear temperature effect is seen in the fluoride
spectra, whereas the first peak of the oxide spectra almost
remains unchanged.
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dominant peak of the Fourier transforms in order to in-
clude all shells with considerable interference into it. In
both hexagonal ZnO (Ref. 64) and cubic Cu,O (“cu-
1‘),ritc:”)65 the closest oxygen-metal bond is more than 1.2
A shorter than any other single- or multiple-scattering
contribution to the EXAFS and, thus, a single shell fit is
justified. Each central absorbing oxygen atom in both ma-
terials is tetrahedrally surrounded by four metal atoms.
In CuZO the O-Cu dlstance measured by x-ray diffraction
R,(30 K)=1.847(3) A.% 1In the case of ZnO, the
tetrahedron is slightly distorted. Nevertheless, to probe
one well-defined distance, we positioned the electric field
vector in single crystalline ZnO perpendicular to the ¢
axis, eliminating the EXAFS contribution of the longer
bond R,(30 K)=1.982(2) A and examining only the three
O-Zn bonds with a distance of R,(30 K)=1.970(2) A In
this experimental geometry, the eﬁ'ective EXAFS coordi-
nation number remains N*=4. In monoclinic CuO (Ref.
65) four Cu atoms form an angular distorted tetrahedron
around each oxygen atom, but with O-Cu distances lying
within 0.01 A at R,(30 K)=1.954 A.%7 These atoms are
treated here as one shell.® Further shells lie at R,(30
K)=2.623(4) A (0-0, N =2) and R4(30 K)=2.774(4) A
(O-Cu, N =2), visible in the Fourler transform of Fig. 4
as the second peak around 2.4 A. This peak seems to be
well separated from the first one by the zero-intensity
minimum. However, it has been pointed out that in-
terference effects may be present even in such a situa-
tion.® By varying the Fourier k range and performing
multiple shell fits we checked that these are weak and do
not change the distance within the experimental error for
CuO. Therefore, a single shell analysis appears to be ap-
propriate. A similar argument holds for CaF,. Only the
first two shells, namely, F-Ca with R (75 K)=2.358(1) 1}
(N= and F-F with R2(75) K)=2.722(1) A
(N= 6) 65,70 contribute to the EXAFS signal below r =3
A. Figure 5(a) shows the Fourier backtransform of the
first Fourier peak of CaF, (solid line) together with the
k-fit result of a single shell of Ca atoms (circles). The
agreement is very good and no evidence of a possible in-
terference of a F-F contribution into the highly dominant
F-Ca contribution is seen. Consequently, the F-Ca k-
fitting results did not change significantly upon inclusion
of a possible F-F contribution. This also holds for the
higher moments o and c¢; of the RDF of the
F-Ca bond, being most sensitive to the high-k region,
since the fluorine backscattering amplitude is strongly de-
creasing with increasing values of k and, furthermore, the
MSRD of the F-F bond is larger than that of the F-Ca
bond. On the contrary, the situation appears to be more
complicated for cubic LiF (sodium chloride structure).
To the dominant peak of the Fourier transform of Fig. 4
the weak first F-Li shell with R,(75 K)=2.000(1) A
(N=6) and the strong second F-F shell with R,(75
K)=2.827(1) A (N =12)%"° do contribute, as suggcsted
by the shoulder on the low-r side. Thus a two-shell fit has
to be performed. This is illustrated in Fig. 5(b). The am-
plitude of the Fourier backtransform of the first Fourier
eak of LiF (solid line) strongly decreases at around k =6
A ™! which cannot be accounted for by a single shell of

fluorine atoms only. Instead, a two-shell fit [circles in
Fig. 5(b)], the sum of a F-Li (short-dashed line) and a
F-F contribution (long-dashed line), gives very good
agreement with the experimental data (solid line). Be-
cause of the contributions of two different shells the ratio
method is not applicable for the analysis of the dominant
Fourier peak of LiF. It was not possible to obtain anhar-
monic information from the LiF spectra with a high de-
gree of confidence due to the increase in the number of
fitting parameters. Peaks in the Fourier transforms at
higher distances, clearly seen in the spectra of Fig. 4, are
found to be consistent with the known crystal structures
of the compounds but are not analyzed here in detail.

Table I summarizes the structural EXAFS analysis of
the first peaks of the Fourier transforms of the low-
temperature spectra in Fig. 4. The nearest-neighbor dis-
tances R, ,,, and the distances R and R obtained from
the EXAFS analysis are given. As the linear term in k in
the EXAFS phase, the first moment

R =R (T)—aXT)[2/R(T)+2/A]

of the effective RDF is directly obtained as a k-fitting re-
sult. R =R (T) is the true average bond length measured
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FIG. 5. Contribution of the dominant Fourier peak to the ex-
perimental CaF, (a) and LiF (b) EXAFS spectra at 75 K (solid
lines). For CaF, (a), the k-fitting result of a single shell of Ca
atoms gives good agreement (circles), whereas for LiF (b) a two
shell fit has to performed (circles), the sum of a F-Li (short-
dashed line) and a F-F contribution (long-dashed line). For the
fits, theoretical standards from the FEFF code were used.
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TABLE I. Nearest-neighbor distances for various oxides and fluorides as determined by EXAFS (R)
and x-ray diffraction (R, ;) at low temperatures. The EXAFS results are obtained from fits of the ex-
perimental data using theoretical standards from the FEFF code. R is the uncorrected distance direct-
ly obtained from the k-fit EXAFS analysis. The amplitude reduction factor S3( « ) was obtained from
the EXAFS data assuming the local coordination number measured in EXAFS to take the value ex-
pected from the long-range order crystal structure. In the right column the shift of the zero kinetic en-
ergy of the photoelectron between theory and experiment is given.

T Rx ray R Roelf AEO

Sample (K) (A) (A) (A) Ny oy S2(w) €V)
CuO, Ist shell 30 1.954(5) 1.944(10) 1.941(10) 4 0.70(5) —-5.8
Cu,0, Ist shell 30 1.847(3) 1.833(10) 1.830(10) 4 0.63(4) —6.5
ZnO, Ist shell 30 1.970(2) 1.960(10) 1.958(10) 4 0.90(8) —6.0
CaF,, Ist shell 75 2.358(1) 2.372(15) 2.366(15) 4 1.00(8) —6.1
LiF, Ist shell 75 2.000(1) 2.025(25) 2.015(25) 6 0.92(8) —8.2
LiF, 2nd shell 75 2.827(1) 2.834(25) 2.828(25) 12 0.92(8) 3.3

by EXAFS. To yield R, the correction term
oXT)[2/R(T)+2/1]

was calculated within the Einstein model following the
dynamical analysis of Sec. VI.”! From Table I it is seen
that nearest-neighbor distances obtained from x-ray
diffraction and EXAFS measurements coincide within
0.015 A. With the additional consistency of the coordi-
nation numbers (see below) we find that the local geome-
trical environment of the oxygen and fluorine atoms in
these compounds is the one expected from long-range or-
der diffraction techniques. The smallness of the remain-
ing discrepancies reflects the accuracy of distance deter-
mination by means of soft x-ray photoabsorption: High-
quality fluorescence yield EXAFS data combined to
theoretical standards as obtained from the FEFF code allow
for a distance determination within 0.015 4.2

Assuming a k-independent EXAFS amplitude reduc-
tion factor S3( ) in Eq. (2a), the k-fitting analysis of the
EXAFS amplitude yields S3( o )N*, N* being the local
effective coordination number of the absorbing atom
measured by EXAFS.”? In Table I, the coordination
number as determined from a x-ray experiment Ny rays
and the amplitude reduction factor S3( ) obtained by
assuming this long-range symmetry to hold also locally,
are listed. Since values of S3=0.8-0.9 are typical,’
Table I demonstrates that the coordination numbers mea-
sured by EXAFS agree with the crystal structure. The
error bars of the EXAFS coordination numbers are limit-
ed by the actual k dependence of S3 and the inclusion of
absolute o2 values in the k-fit analysis, but not by the ac-
curacy of the experiment. The amplitude reduction is
significantly larger in the case of the Cu oxides, a fact
that indicates stronger multielectron processes in these
compounds. It can be concluded that at this stage of the
analysis soft x-ray photoabsorption allows for a deter-
mination of coordination numbers around low-Z atoms
not better than +10-20 %. In the last column of Table I,
the shift AE, of the energy scale of the theoretical stan-
dard is shown which is needed to match with the experi-
mental spectrum where the reference energy E, of the
photoelectron kinetic energy scale is defined as the

inflection point of the K edge. Values of AEy=~—6 eV
are consistent with the findings for heavier atoms.?? The
negative charge at the fluorine site may cause the E, shift
for the second shell in LiF with respect to positively
charged backscatterers.

We also performed ab initio calculations of the full
EXAFS of CuO, Cu,0, ZnO, CaF,, and LiF using clus-
ters of the order of 100 atoms according to the x-ray
diffraction structure modeling the photoelectron scatter-
ing within the first =10 shells around the absorbing
atoms. In all cases we find very good agreement of the
multiple-scattering calculations closely following the ex-
periment (Figs. 3 and 4). These results are discussed else-
where.”

The above findings have important consequences for
the structural investigations of low-Z adsorbates on sur-
faces by means of SEXAFS. In the past, experimental
standards measured by means of EY detection were used
for the analysis of a number of low-Z SEXAFS
data.>7*~8 Different experimental oxygen-metal phase
shifts from EY measurements were reported for Cu,0,
CuO, and NiO in the pioneering work by Stohr,? which
would contradict the principle of phase transferablllty
and caused an uncertainty of about 0.05 A in distance
determinations by means of SEXAFS in the stage of
1988. In this context, a systematic deviation of distances
determined by SEXAFS and LEED of this order of mag-
nitude has been reported for some surface systems (e.g.,
O/Ni).#! The experimental O-Cu phase shift determined
from our present FY data is not only identical for both
copper oxides (close to the one obtained in EY detection
for Cu,0) but, furthermore, agrees within 0.01 A with
the FEFF phase, see Table 1.82 As a consequence, we find
the distance determinations in the systems O/Cu of Refs.
74-77 to be correct or larger than the true distance by
0.01 A. NiO, being isostructural to LiF, was used as the
experimental standard in the SEXAFS analyses of Refs.
78-80. The necessity of a two shell fit of the first Fourier
peak in LiF (see above) suggests that an experimental
O-Ni phase shift cannot be easily obtained from the NiO
EXAFS data. However, the first Fourier peak was ana-
lyzed by conventional Fourier backtransform techniques
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to give an experimental O-Ni phase shift in these studies.
The O-Ni bond lengths determined from SEXAFS by this
method turned out to be about 0.06 A larger than the
ones measured by other techniques.®’ A reanalysis of the
SEXAFS data of the systems O/Ni (110) (Ref. 79) and
c(2X2)O/Ni(100) (Ref. 80) with theoretical O-Ni FEFF
phase shifts removes this discrepancy completely?': For
O/Ni(100) we get a nearest-neighbor distance of
Roni=1.93(2) A in comparison to the low-energy elec-
tron diffraction (LEED) results that yield R \; =1.92(2)
A (Ref. 83) and Ry =1.91(2) A.%! In the case of
O/Ni(110) we determine Rqy;=1.77(3) A which is ex-
actly the value found by LEED. 3

These examples show that the availability of accurate
theoretical standards checked against high-quality
fluorescence measurements clearly improves the accuracy
of distance determinations by means of low-Z (S)EXAFS.
The sources of error in the pioneering days of oxygen
EXAFS measurements at bulk materials were (i) the lim-
ited accuracy of the EY data (normalization problems,
surface nonstoichiometry due to the surface sensitivity of
the method, e.g., for CuO), (ii) analysis of EXAFS spectra
in terms of the single-shell single-scattering approxima-
tion despite the occurrence of shell interference and
multiple-scattering effects (e.g., NiO). !

VI. DYNAMICAL ANALYSIS

In this section, the temperature dependence of the
EXAFS spectra is investigated. Characteristic tempera-
tures and the local thermal expansion will be determined
for a variety of materials by analyzing the temperature
dependence of the MSRD o and the MCRD c; of the
nearest-neighbor shell measured by EXAFS. Except for
LiF, the ratio method, see Sec. III, could be applied. Fig-
ures 6(a) and 6(b) show the logarithmic amplitude ratio
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FIG. 6. Logarithmic amplitude ratio (a) and 1/k-weighted

linear phase difference (b) for CuO and CaF, between low tem-
perature T, (30 and 75 K, respectively) and room temperature.

and 1/k-weighted linear phase difference plots for CuO
and CaF, between low temperature 7'; (30 K and 75 K,
respectively) and room temperature. The CaF, data ex-
hibit a much stronger temperature dependence than the
CuO ones, as was already seen qualitatively in Figs. 1-4.
According to Eq. (3), from the slopes of the straight lines
in Figs. 6(a) and 6(b) the relative changes of % and c, are
determined to be

Ac*(300 K, 30 K)=0.4(3)X107% A2

and

Ac3(300 K, 30 K)=0.0(4)X10"* A’
in CuO and

Ao%(300 K, 75 K)=3.9(3)X 10> A?
and

Acy(300 K, 75 K)=2.1(4)x10"* A?

in CaF,. As discussed in Sec. IV, each of these pairs of
dynamic quantities allows us to determine the harmonic
force constant ¥ and the cubic anharmonicity constant B
of the effective pair potential assumed to describe the pair
interaction of the absorbing and backscattering atom [Eq.
(7)]. Instead of y, the Einstein temperature ©, being
proportional to the square root of 7, can be used as a pa-
rameter [Eq. (10)]. Together with the low-temperature
nearest-neighbor distance R(T;) the full temperature
dependence of all dynamic quantities, including the
thermal expansion, can be obtained [Egs. (6)—(11)].
Tables II and III give a full compilation of the results
of the first shell dynamic EXAFS analysis of our fluorides
and oxides and, in comparison, of various surface sys-
tems, fcc metals, superionic conductors, and alkali
halides, analyzed in exactly the same manner. These
tables include all temperature-dependent EXAFS studies
in the literature we were aware of where anharmonicity is
quantitatively reported in terms of Ac;. It is emphasized
that all parameters in the Tables II and III are derived
only from EXAFS data at two distinct temperatures, a
low temperature T'; =100 K and T,~300 K. Table II
lists the bond measured by EXAFS, the reduced mass u
of the atom pair forming this bond, the experimentally
measured changes in the dynamic parameters
Ao*(T,,T,) and Ac,(T,,T,) between the temperatures
T, and T, and the potential parameters r(, ¥, and 3 ob-
tained from a fit of AdX(T,,T,), Ac;(T,,T;) and R(T,)
to the anharmonic oscillator model using Egs. (6)-(10).
Table III contains the characteristic Einstein and Debye
temperatures, O and OF, determined by EXAFS, com-
pared to the calorimetrically measured values ©%(0 K),
O5(T,), and ©%(T,), the ratio ©5/60%(0 K) and the
coefficient of the linear local thermal expansion a.,(T,)
determined by EXAFS at the temperature T, (see Table
II) in comparison to the value a(T,) measured by other
techniques, like x-ray diffraction. To our knowledge this
is the most extended compilation to date of the dynami-
cal parameters obtained by means of EXAFS. Such a
systematic comparison for a variety of different materials
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is necessary in order to estimate the accuracy of local
thermal expansion measurements by use of EXAFS.

We now discuss the entries of the Tables II and III for
CaF, and CuO, two representative examples. The other
compounds are analyzed similarly. We first focus on the
discussion of the characteristic temperatures. The Ein-
stein temperature O (and also the harmonic force con-
stant y) is entirely determined through the value of
Ao¥(T,,T,). For CaF,, we obtain ©;=377(10) K. As-
suming the anharmonicity to be a weak perturbation
only, we performed also Debye fits to the measured
Ao’ T,,T,) according to Ref. 53. The Debye model was
derived from monoatomic, cubic species and therefore
the transfer to biatomic compounds may introduce er-
rors. In all our Debye fits of biatomic crystals we set the
atomic mass to the mean value of the atoms within a unit
cell of the crystal, as was also done in Ref. 60. For CaF,,

Debye fit of Ac? yields ©5=490(20) K, compared to a
calorimetrically measured 6% (0 K)=506(6) K.*~% The
Debye approximation can therefore be used to describe
the CaF, phonon DOS in the EXAFS experiment, al-
though the true phonon DOS considerably differs from
the Debye behavior at higher phonon frequencies.’’ A
ratio of ©5/0%(0 K)=0.75(3) is obtained, close to the
value of a Debye system.>**¢ This ratio can be con-
sidered as a measure of the “Debye character” of the
phonon DOS as probed by EXAFS. The change in the
MSRD of the first shell in CuO is an order of magnitude
smaller than in CaF, yielding a higher Einstein tempera-
ture of © =2 660 K. The change in the MSRD’s in all the
oxides under investigation is below 5X10* A? between
low and room temperature, of the same order as the ex-
perimental error. Therefore, only lower limits of the
characteristic temperatures in our oxides could be deter-

for example, one gets M =26.03 amu and the harmonic

TABLE II. Differences in the mean-square and mean-cubic relative displacements, Ao and Ac;, between the temperatures T, and
T, as measured by EXAFS. The measured bond (first atom is the absorber) and the reduced mass p of the atom pair forming this
bond are listed. The three columns on the right show the parameters of the effective pair potential of the bond [Eq. (7)], namely, r,
(potential minimum), ¢ (harmonic force constant), and B (anharmonic constant), obtained from an anharmonic Einstein model fit to
the values Ac?, Ac; and the low-temperature EXAFS distance R (T;). The physical constants of Table III are calculated with these
Einstein model parameters. They are very insensitive to the absolute values of 7. The entry “mean” in the “bond” column denotes
the average of the EXAFS results obtained from the absorption edges of the two different atomic species forming the nearest-
neighbor bond, as in a binary compound the physical parameters of Table III do not depend on the specific site. O/Cu* and O/Cu*
are the two different adsorption states of oxygen on Cu(100) (Ref. 100). The entries in square brackets are calculated from the
coefficient of thermal expansion a(300 K) measured by other techniques (see Table III). The few lattice-dynamical calculatlons of Ag?
existing in the literature are in fair agreement with the experimental values of this table: Ao? (295 K 80 K)=4.4%10"* A” for Cu
(Ref. 54), Ac%(300 K, 110 K)=2.9X 1073 A” for Pt (Ref. 54), and Ao2(300 K, 100 K)=1.63X 1073 A” for O/Ni (Ref. 109).

AU (TZ)TI) AC3(T2,T]) 14 Y

14 T, T,

Sample Reference Bond (amu) (K) (K) (1073 &% (107 &%) (A) v A7 eV A7)

CaF, This F-Ca 12.89 75 300 3.93) 2.14) 2.365 3.3(2) 2.1(7)
LiF This F-Li 5.08 75 300 3.3(4) [3.9] 2.027 2.7(2) [2.6]
LiF This F-F 9.50 75 300 4.6(4) [5.5] 2.836 2.7(2) [3.0]

ZnO This O-Zn 12.85 30 300 0.1(4) 0[<0.1] 1.960 212 [=7]

CuO This 0-Cu 1278 30 300 0.4(3) 0[<0.3] 1945  >10 [>11]

Cu,0 This 0-Cu 1278 30 300 0.33) 0[<0.05] 1.83¢  >11 [>2.5]

o/Cu” 25,26 O-Cu 12.78 50 300 4.6(5) 2.6(2) 1.858 2.9(2) 1.8(6)

O/Cu* 100 O-Cyy 12.78 50 300 0.9(3) 0.5(2) 1.833 9(2)

O/Cu* 100 0-Cu, 12.78 50 300 10.2(3) 7.6(3) 2.049 1.6(1) 0.8(1)
O/Ni 26 O-Ni 12.57 50 300 2.5(3) 1.7(3) 1.913 4.5(4) 5(2)
N/Ni 100,26 N-Nj; 11.31 50 300 1.3(4) 0.7(3) 1.874 7(1) 7(5)
N/Ni 100,26 N-Ni, 11.31 50 300 0.8(4) 0.3(3) 1.846 9(3)

N/Cu 102 N-Cu 11.48 30 300 3.5(4) 1.8(3) 1.848 3.5(3) 2.2(9)
Cu 27 Cu-Cu 31.77 80 295 5.12) 3(2) 2.548 3.1(1) 1.0(3)
Ag 27 Ag-Ag 53.93 30 360 9.1(2) 4 6(2) 2.875 2.67(5) 1.6(2)
Au 27 Au-Au 98.48 80 295 6.3(2) 1.9(2) 2.876 2.8(1) 1.1(2)
Pt This Pt-Pt 97.50 110 300 3.2(2) 0.6(2) 2.774 4.8(2) 2(1)
Pd 27,37 Pd-Pd 53.2 100 295 3.7(2) 0.9(2) 2.745 4.0(2) 1.8(6)
Pb 40 Pb-Pb 103.6 10 300 24(3) 12(3) 3.490 1.0(1) 0.3(1)

NaBr 35 Br-Na 17.85 71 295 18(2) 17(2) 2.975 0.97(8) 0.4(1)

RbBr 30 Rb-Rb 42.74 30 125 9(1) 5.93) 4.806 0.73(7) 0.4(1)

RbCl1 35 Rb-Cl1 25.06 71 295 18(1) 9(2) 3.283 1.00(7) 0.25(9)

CuBr 34 Mean 35.40 72 295 8.0(7) 3.7(5) 2.456 2.1(2) 1.0(4)

27 Mean 35.40 50 295 8.8(9) 5(1) 2.456 2.0(2) 1.1(6)
38 Br-Cu 35.40 20 300 6(1) 4(1) 2.456 3.14) 3(2)

AgBr 27 Mean 45.90 50 295 17(1) 12(2) 2.865 1.16(6) 0.5(1)

Agl 39 Ag-1 58.21 73 373 15(2) 3(1) 2.813 1.6(2) 0.2(1)
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mined. In order to determine the characteristic tempera-
tures accurately, measurements at temperatures of
several hundred degrees Celsius would have to be per-
formed. The temperature dependence of the MSRD of
the O-Cu bond has also been measured by means of Cu K
edge EXAFS.5% In these studies, an Einstein tempera-
ture of ©=680(50) K and ©;=620(20) K was deter-
mined, respectively, consistent with the lower limit we es-
timated from our measurements. Our CuO data also
yield a lower limit of the Debye temperature of ©% =750
K, considerably different from the calorimetric value of

¢ =400-570(20) K.%~% The origin of this discrepan-
cy is discussed in Sec. VII in context to the CuO phonon
DOS and also the other compounds of Table III. It
should be noted already that CuO is paramagnetic at 300
K. At 230 and 212 K CuO undergoes two antiferromag-
netic phase transitions into an incommensurate and com-
mensurate spin state, respectively.go_94 However, only
little coupling between magnetic and structural behavior
was found; peaks occurring in the specific heat®™~** and
in the coefficient of the bulk thermal expansion®® have
only =~5% relative intensity. Therefore, although
measuring the EXAFS in CuO in two different phases,
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the ratio method can be applied to gain temperature
dependent structural information far away from the
phase transition.

The parameter 8 of the anharmonic contribution to the
effective pair potential as well as the thermal expansion
can be obtained from the value of Ac;(T,,T,) since O is
known [Egs. (8) and (11)]. A coefficient of the linear
thermal expansion at room temperature of a, (300
K)=1.9(5)X 1073 K ! is obtained for CaF,, in very good
agreement with other techniques like x-ray diffraction
yielding 1.9(2)X 1073 K17 For CuO, and also the
other oxides under investigation, the change in Ac; be-
tween low temperature and 300 K is below 4X 107> A3
and, within the experimental accuracy, not detectable.
Other techniques show that the thermal expansion in the
oxides is smaller not only at 300 K but in the high-
temperature limit as well than in all the other systems un-
der investigation (see Table III).%¢7%% The entries in
square brackets given in Table II for Ac;(T,,T,) have
been calculated from these thermal expansion values and
are indeed found to be smaller than the experimental sen-
sitivity.

As discussed in Sec. IV, in principle, it is possible to

TABLE III. Characteristic Debye (©p) and Einstein (O ) temperatures and coefficients of the linear thermal expansion (a) mea-
sured by EXAFS in comparison with other techniques. The superscript ¢ denotes values from calorimetric measurements and the su-
perscript ex denotes EXAFS measurements. The last column gives the high-temperature saturation value of the coefficient of the
linear thermal expansion obtained from EXAFS. References for the calorimetric Debye temperatures, the thermal expansion and the
phonon DOS for the materials in the table are (in this order) as follows: Refs. 85-87, 70, 87 (CaF,); 103-105, 70, 103-105 (LiF);
-,70,- (ZnO); 90-93, 95, 91 (CuO); -, 66, — (Cu,0); 96, 70, 96 (Cu, Ag, Au); 106, 70, 96 (Pt, Pd); 106, 40, 96 (Pb); 103, 70, — (NaBr,

RbBr, RbCl); 107, 70, 107 (CuBr); and -, 70, — (AgBr, Agl).

O o3 5 0K) O5(T) ©5(T,) O/ au(T) al(T,) adl
Sample  Bond (K) (K) (K) (K) (K) 50 K) (10°K™) (10°K™) (105K
CaF, F-Ca  377(10)  490(20)  506(6)  480(4) 504(10)  0.75(3)  1.9(5) 1.92) 2.15)
LiIF  FLi  550(20)  675(30)  730(40)  610(20) 630(20)  0.75(8) 3.403)
LiF  FF 397(10)  679(20)  730(40)  610(20) 630(20)  0.54(5) 3409
Zn0  0-Zn 2730 > 800 0.45(5)
Cu0  O-Cu 2660 >750 395(20)  400(20) 575(20) >1.1 0.75(9)
Cu,0 O-Cu 2690 > 690 0.2(1)
O/Cu*  O-Cu  360(20) 2.6(4) 2.9(5)
O/Cu* O-Cu;  620(60) 1.4(9) 2(1)
O/Cu* O-Cu,  263(5) 3.803) 4.003)
O/Ni  O-Ni  450(20) 2.6(6) 3.1
N/Ni  N-Nij  570(50) 1.7(9) 21)
N/Ni  N-Ni,  660(90) 1(1) 22)
N/Cu N-Cu  410(20) 2.2(5) 2.5(6)
Cu  Cu-Cu 2325  317(5)  346(2)  317(2) 320(5)  0.672)  11Q2) 1.6(1) 1.12)
Ag  Ag-Ag  167(2)  2282)  227(2)  210(2)  220(10)  0.74Q2)  1.9(D) 1.85(5) 2.0()
Au  Au-Au  126(2) 1723)  162(5)  183(2)  190(20)  0.783)  1.3(2) 1.40(5) 13)
Pt Pt-Pt  166(5)  226(7) 240 0.69 0.8(3) 0.90(5) 0.8(3)
Pd  Pd-Pd 2075  28A7)  274(4) 0.76(3)  1.003) 1.2(1) 1.03)
Pb  Pb-Pb 72(4) 98(6) 105 0.69 2.18) 3.00) 2.18)
NaBr Br-Na  175(8) 190(8)  225(1) 0.784)  3.9(8) 4.003) 4.0(8)
RbBr Rb-Rb  98(5) 147(7)  136(3) 0.725)  3.4(5) 3.703) 3.6(5)
RbCl  Rb-Cl  150(5)  176(6)  167(2) 157 0.904)  1.9(5) 3.603) 2.0(5)
CuBr  Mean  184(7)  214(9)  160(10)  200(10) 210(20)  1.2(1) 2.2(5) 1.42) 2.35)
Mean  180(8)  211(10)  160(10)  195(10) 210(20)  1.1(1) 2.69) 1.42) 2.709)
Br-Cu  220(20)  265(20)  160(10)  136(10) 210(20)  1.4(2) 3(1) 1.4(2) 3(1)
AgBr  Mean  1193)  151(4) 3.36) 3.403) 3.4(6)
Agl  Agl  [126(8)]  [150(10)] [0.8(3)] [0.8(3)]
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determine the net local thermal expansion through the
linear term in the EXAFS phase or, equivalent, by the in-
tercept of the 1/k-weighted phase difference plot of Fig.
6(b). Using this method we obtain with the values of
Table II for CaF, AR(300 K, 75 K) = 0.006(4) A,"" in
comparison to 0.0075(7) A measured by x-ray
diffraction.’® The calculation of AR(300 K, 75 K) by use
of the anharmonic Einstein model of Table II gives the
more precise value of 0.008(2) A. For CuO, the net
thermal expansion is determined from the linear term in
the EXAFS phase as AR(300 K, 30 K)=0.0034) A in
comparison to 0.0022 A measured with a capacitance di-
latometer.®> Our results for CaF, confirm that the rela-
tive error of =50% of the local thermal expansion deter-
mined through the linear term of the EXAFS phase is
considerably larger than the error obtained by evaluating
Ao? and Ac; within the anharmonic Einstein model.

VII. COMPARATIVE DISCUSSION
OF THE DYNAMICAL QUANTITIES

We start the discussion with the fcc metals, rows “Cu”
to “Pb” in Table III. It is observed that the Debye tem-
peratures of the nearest-neighbor bonds determined from
EXAFS agree with the calorimetric measurements. This
finding is not surprising as the Debye model approxi-
mates the true phonon DOS of fcc metals quite well®® and
the Debye temperature of an ideal Debye system would
coincide with the one measured in EXAFS and
calorimetry. For the same reason, the ratio of the Ein-
stein temperature O and the 0 K calorimetric Debye
temperature ©%(0 K) approaches the value 0.8 quite
well. 5436 However, as an EXAFS measurement is sensi-
tive only to relative atomic motions (i.e., the projected
density of states!), EXAFS and calorimetric Debye tem-
peratures are different, in general. This is the case when
the correlated atomic motion cannot be adequately de-
scribed using the Debye approximation.** Below this is
illustrated by the binary compounds like CuO, where the
difference can be linked to the deviation of the phonon
DOS from the Debye model. The discrepancy between
EXAFS and calorimetric Debye temperatures in the case
of copper is not discussed in Ref. 27. The Einstein tem-
peratures of the nearest-neighbor bonds in the fcc metals
determined in Table III from the EXAFS measurements
at two temperatures are found to agree with the more ex-
tended Einstein fits of Ref. 56.

a,(T,) and a(T,) of Table III show that the
coefficients of the thermal expansion obtained from
EXAFS and other techniques agree within the error for
fcc metals (except for the copper data). In sufficiently
complex systems, the local thermal expansion of a partic-
ular bond measured by EXAFS is, of course, different
from the average macroscopic thermal expansion deter-
mined by x-ray diffraction and other techniques. A spec-
tacular example is the local premelting around mercury
impurities in bulk lead reported recently.?® For the sim-
ple cubic metals and binary compounds of Table III,
however, the macroscopic thermal expansion is indepen-

dent of the crystal orientation. Since in all cases chains
of the particular bond measured by EXAFS progress
through the whole crystal, the local thermal expansion
probed by EXAFS can be assumed to be identical to the
macroscopically measured one for the compounds listed in
Table III. 1t is again pointed out that the effect of corre-
lated motion of the absorbing and backscattering atom in
the EXAFS experiment (i.e., the displacement correla-
tion function) is not taken into account in the derivation
of the Einstein model but is implemented later through
the fit of the Einstein temperature O to the measured
MSRD. The anharmonic Einstein model with its param-
eters O or v, B, and r, reproduces the experimentally
measured functional behavior of 0%(T) and c4(T) correct-
ly in the case of weak anharmonicity and therefore yields
within the accuracy of the model also the true local
thermal expansion, i.e., the elongation R (T)—R(0 K) of
the bond length, and the coefficient a(T) of the linear lo-
cal thermal expansion. As obtained from the anharmonic
Einstein model, the latter one follows a specific-heat-like
curve, saturating to the classical value o at high temper-
atures T >>Oy. From Eq. (11) one obtains

o= 3%'B __ 3ksB
R(OK)u%k30% ROK)}? '

(12)

O being of the order of room temperature, the thermal
expansion measured at 300 K for the systems of Table III
is lower than the high-temperature limit to a different de-
gree for each of the systems, since T =300 K corresponds
to different reduced temperatures T/Oy. Therefore, a
fair comparison of absolute values of thermal expansion
or anharmonicity is given by its high-temperature limit
which is shown in the right-most column of Table III.
The fcc metals and the binary compounds given below
behave to within 5% classically at 300 K whereas for the
samples with higher characteristic temperatures like sur-
face systems and oxides the difference is about 30%.

The discrepancy between EXAFS and calorimetric De-
bye temperatures for the binary compounds is consider-
ably larger than for the metals which is caused by a
stronger deviation of their phonon DOS from the Debye
behavior. This is also reflected by the larger temperature
variation of the calorimetric Debye temperature. As an
extreme example, the difference between EXAFS and
calorimetric Debye temperature for CuO can be related
to its phonon DOS by the following simple picture. The
CuO phonon DOS is highly dominated by a series of
sharp peaks,”’ leaving only a very small but steep para-
bolic onset at low phonon frequencies. This steep para-
bolic onset results in a 0 K Debye frequency for CuO of
wp(0 K)=51.6 THz, far below the cutoff frequency of the
phonon spectrum of 122 THz. For silver, in comparison,
the value of wp(0 K)=29.7 THz almost agrees with the
phonon cutoff frequency of =32 THz.°® Also in other
binary compounds like LiF and CaF,, the parabolic onset
is broader and Debye and cutoff frequencies differ only by
~30%. The EXAFS measurement is monitoring the rel-
ative atomic motions and therefore is most sensitive to
high frequency optical-type phonons. Consequently, the
MSRD of EXAFS freezes out for CuO at higher temper-
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atures than the Debye temperature and a higher EXAFS
Debye temperature is obtained.

The coefficients of the local linear thermal expansion
measured by EXAFS and other techniques agree well for
the binary compounds CaF,, NaBr, RbBr, and AgBr, the
later ones being known as quite strong anharmonic sys-
tems. On the contrary, the values for RbCl and CuBr
clearly differ. The reason for this discrepancy is not clear
presently; it neither seems to be correlated to the atomic
mass difference in the compounds nor to the absolute
magnitude of the thermal expansion. Further investiga-
tions are needed to clarify this point. Agl exhibits a nega-
tive thermal expansion below room temperature’’ and the
assumption of a weak perturbation of the harmonic po-
tential appears to be problematic. The parameters ob-
tained from the anharmonic Einstein model are therefore
given in brackets in Table III.

Taking advantage of the very local and specific view of
EXAFS, the dynamics, anharmonicity, and local thermal
expansion of adsorbates on surfaces can be determined
from surface EXAFS measurements. Evidence for anhar-
monic interactions on surfaces has been found for several
surface systems”’ ~%° and in Ref. 26 the local thermal ex-
pansion of various surface and bulk systems has been
classically calculated starting from Eq. (5). In Table III,
the quantum-mechanical reanalysis of these and addition-
al surface systems based on the anharmonic Einstein
model is included. O/Cu* and O/Cu* denote the two
different atomic chemisorption states found for oxygen
on Cu(100),'% the precursor state and the missing-row
reconstructed state, respectively. Through angular depen-
dent surface EXAFS experiments bonds lying within the
substrate surface plane and perpendicular can be sepa-
rately sampled, as denoted by the subscripts in Table III.
It is seen that these adsorbates on surfaces are character-
ized by (i) high Einstein temperatures typically lying far
above room temperature and (ii) large coefficients of
thermal expansion, comparable to the ones of quite
strong anharmonic bulk systems like alkali and metal
halides. The corresponding bulk oxides Cu,0, CuO, and
NiO (the latter one not presented here) show significantly
smaller thermal expansion,%¢°> among the weakest
known for bulk materials and not detectable in our EX-
AFS measurements up to 300 K. This clearly confirms
the recent finding of enhanced anharmonicity in the
adsorbate-surface interaction which was suggested to be
an intrinsically surface-related phenomenon. *°

Figure 7 shows a double logarithmic correlation dia-
gram of the parameters y and S of the effective pair in-
teraction potential between the absorbing and back-
scattering atom obtained by an anharmonic Einstein
model fit to the EXAFS data (see Table II and Sec. IV).
From Eq. (12) it is seen that all compounds with the same
high-temperature saturation value of the coefficient of lo-
cal linear thermal expansion lie on a straight line with a
slope of 2 in this diagram. This saturation value is ob-
tained as the y=1 eV A~ 2 intercept of the lines (see
dashed line in Fig. 7) and is also listed in the right-most
column of Table III. The error bars of the potential pa-
rameter 3 in Fig. 7 are relatively large and have not been
included. They can be obtained from Table II. We
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FIG. 7. Double logarithmic correlation diagram of ¥ versus
3kgB/ro. y and B are the harmonic force constant and the
anharmonicity constant of the anharmonic pair interaction po-
tential [Eq. (7)] between absorbing and backscattering atom.
The upper (textured) and lower (grey) regions mark different
high-temperature saturation values of the coefficient of linear
thermal expansion of above and below 2X107° K~! which can
be read from the y=1 eV A  intercept (dashed line). Within
the dotted area bulk oxides are located. See text for further dis-
cussion.

marked two different regions in Fig. 7, corresponding to
high-temperature saturation values of the coefficient of
the linear local thermal expansion above (upper, textured
area) and below 2X 1075 K~! (lower, grey area). In the
lower area at y values of around 3-4 eV A~ ? typical fcc
metals are located. The upper area contains the stronger
anharmonic compounds such as metal and alkali halides,
the light fluorine compounds and the surface systems. It
should be noted that the adsorbate-substrate bonds of the
surface systems have typically much larger harmonic
force constants v, i.e., are stronger, than the fluoride and
especially the metal- and alkali-halide ones. Because of
the low mass of the adsorbates this is through Eq. (10)
correlated to much higher Einstein temperatures of the
surface systems. The bulk oxides (dotted region on the
right-hand side of Fig. 7) have even stronger harmonic
force constants, but anharmonicity constants 8 compara-
ble to the surface systems. This illustrates again the
different pair interaction in the bulk and at surfaces.

VIII. CONCLUSION

We have presented the structural and dynamical
analysis of temperature-dependent fluorescence EXAFS
measurements at the oxygen and fluorine K edges of vari-
ous oxides and fluorides. A state-of-the-art EXAFS
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analysis of bulk compounds in the soft x-ray region of
hv=<1.5 keV, meeting the quality of EXAFS analyses in
the harder x-ray region, demonstrates in detail that the
character of the information obtainable is identical in
both regions, but usually with a somewhat larger error in
the soft x-ray regime. This is due to the typically smaller
k range of the soft x-ray data. In particular, we showed
that soft x-ray photoabsorption yields accurate structural
information around light elements in bulk compounds
and for adsoorbates on surfaces, e.g., bond distances
within 0.015 A. A by-product of the present investiga-
tion is the confirmation of the transferability of the
EXAFS phase shift in copper oxides. In S-Ni systems,
this question was also addressed recently.'®! The temper-
ature dependence of the spectra provides detailed dynam-
ical information such as atomic mean-square relative dis-
placements and asymmetry of the radial pair distribution
function of the bond under consideration. Anharmonicity
effects in soft x-ray EXAFS of bulk compounds were
quantitatively reported and analyzed. Within the frame-
work of quantum-mechanical models characteristic tem-
peratures and the local thermal expansion of the bonds
were obtained. A detailed systematic comparative
analysis with respect to these quantities was given for
CaF,, LiF, transition-metal oxides, and, furthermore, the
majority of materials for which anharmonicity effects
have been quantitatively examined in the EXAFS litera-
ture. We argued that local and macroscopic thermal ex-
pansion are expected to be identical for the simple cubic
compounds investigated here which is confirmed for fcc
metals. Agreement is also obtained for the binary com-
pounds CaF,, NaBr, RbBr, and AgBr, whereas for RbCl
and CuBr a discrepancy is observed the origin of which is
not yet understood. Therefore, further experiments are

desirable in order to explore in more detail also the accu-
racy of the determination of the thermal expansion by
means of EXAFS, in our analysis of the order of 20%.

This study helps to establish soft x-ray photoabsorp-
tion as a tool for the investigation of structural and
dynamical properties of light elements in bulk materials
in two ways: (i) for well-known model systems, as studied
here, the local properties on an atomic scale can be stud-
ied more clearly, (ii) once the method is established ma-
terials with unknown local structure and interaction, as
ceramics, can be investigated. We mention that in certain
cases limitations of this technique do exist. In the energy
range of hv=1500 eV many L-, M-, and N-absorption
edges of heavier atoms are located. Depending on the
stoichiometry of the sample this can limit the energy
range over which the x-ray absorption fine structure of
the light element of interest can be recorded. The favor-
able fluorescence detection method may be able to over-
come these limitations, since in some cases it can be em-
ployed to extend the measurement of the EXAFS even
above higher energy absorption edges by means of a com-
pensation technique. !
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FIG. 7. Double logarithmic correlation diagram of y versus
3kgB/ry. vy and B are the harmonic force constant and the
anharmonicity constant of the anharmonic pair interaction po-
tential [Eq. (7)] between absorbing and backscattering atom.
The upper (textured) and lower (grey) regions mark different
high-temperature saturation values of the coefficient of linear
thermal expansion of above and below 2X 1073 K ™! which can
be read from the y=1 eV A ~ intercept (dashed line). Within
the dotted area bulk oxides are located. See text for further dis-
cussion.



