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Extended x-ray-absorption fine-structure spectroscopy provides information on the
radial distribution function (RDF) around the x-ray absorbing atom in molecules
and solids. The cumulants of RDF in gaseous Bry are evaluated using the second-
order perturbation and path integral effective classical potential (ECP) methods,
and the results are compared to the experimental data. As an application of the
ECP method to solid surfaces, anisotropic and anharmonic vibration of thin Cu
films is examined. The calculated results suggest that the out-of-planar vibration
is more enhanced and more anharmonic than the lateral one, this being consistent
with the experiments.

1 Introduction

Recently great attention has been paid to the temperature dependence of
extended x-ray-absorption fine-structure (EXAFS), which provides informa-
tion on thermal vibrations including anharmonicity. Experimentally, the EX-
AFS Debye-Waller factors or the cumulants of the radial distribution func-
tion (RDF) around the x-ray absorbing atom can be obtained. The theory
concerning the relationship between the EXAFS cumulants and vibrational
potentials has been developed based on the theories of quantum statistical
first-order perturbation (P1) [1-5] and the path integral effective classical
potential (ECP) [6-8]. The perturbation theory includes several intrinsic dif-
ficulties for practical use: complicated formulation and computation of many-
atom systems and less reliability in large anharmonic systems. For instance,
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the fourth-order cumulant from P1 is negative in the case of a positive fourth-
order force constant and needs the second-order perturbation (P2) to yield
meaningful results. On the other hand, the path integral ECP method [9]
can appropriately overcome such difficulties in the P1 theory, although on
the other hand the ECP method cannot describe quantum statistical anhar-
monicity at very low temperature.

Here, I will present the formulas of the EXAFS cumulants for diatomic
systems using the P2 theory. This work was kindly motivated by Prof. Klein-
ert. When I visited Berlin in 1998, I showed him the ECP and P1 results.
He was not satisfied with the results because he knew that the fourth-order
cumulant requires the P2 theory and that the disagreement of the P1 result
with the ECP theory and the experiment is trivial. He immediately suggested
that I should derive the P2 formula. The P2 results given here are compared
to those by the ECP theory and the experiment of the Bry molecule. T will
also show my recent results concerning anisotropic and anharmonic vibration
of surface atoms for thin Cu films calculated with the ECP method. The
results are compared to our experimental data.

2 Diatomic Brsy

2.1 Second-Order Perturbation Formulas of the EXAFS Cumulants

Let us first derive the P2 formulas of the EXAFS cumulants for the diatomic
system up to the fourth order. The thermal average of some physical quantity
(A) is expressed using a trace as

(A) = %TrAe—WHH’), (1)

where Z = Tre #MotM) is the partition function, Hy and H' are the
non-perturbed and perturbed Hamiltonian operators, respectively, and =
(kgT)~! (kp the Boltzmann constant and T the temperature). In the P2
perturbation, the trace is given as

’ 7 7
Tr Ae—B(Ho+H') o TrAeBHU(l —/ H'(t1)dty
0

i /Oﬁ/otl ﬁ'(tl)ﬁ'(tg)dtzdt1>, (2)
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where H'((3)=eMoH e~ Mo, The partition function is obtained in a similar
equation [A=1 in Eq. (2)]. When the non-perturbed Hamiltonian is exactly
solved, the second-order thermal average can be analytically evaluated.

The interatomic potential V' (r) in diatomic Bra is appropriately described
by the fourth-order polynomial as

V(r)= %"“0(7“ —70)” = Kg(r —10)> + ka(r — o)t + - (3)

Here, kg, k3, and k4 are the harmonic, third-order and fourth-order force
constants, respectively. The second-order perturbation is important for even-
order cumulants since the P1 and P2 terms provide the same order of mag-
nitude. On the other hand, odd-order cumulants may be described within
P1. The third- and fourth-order terms in Eq. (3) are regarded as a perturbed
Hamiltonian, while the harmonic term can be used as a non-perturbed one.
Using the eigenvalues and eigenfunctions of the non-perturbed harmonic os-
cillator, the integral of Eq. (2) is analytically evaluated. The second-order
partition function is consequently obtained as

Z =720 4704 73 ... (4)
1
7(0) _
12’
Z(l) o K'/40'61 3(1 + 2)2
~ kgT (1—2)3"

k30§ 1122 4382+ 11

(2) —
2 G heT) T (=2

where w = \/ko/p (p is the reduced mass), o = h/(2uw) (h is the Planck
constant divided by 27), and z=e %", The consequent formulas up to the
fourth-order cumulant (P1 for C; and C3, and P2 for Cy and Cj) are given
as follows:

-~ 6K308 1+ 2
Cr=(r—ro) = O = =78, (5)
Cr= ((r=ro—C1)?) = 7 + 3V + 03, (6)
0  ol+z
G2 =g 1—2z’
o _ k408 12(1 4+ 2)?  kao§ 242(1+ 2)
=

hw (1—2)2  kgT (1—2)3 °
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_ A3y~ () K30g 4(z° +102+1)
Ca= (r=ro= ) = G50 =70 1—22 (7)
Ci= ((r—ro—C") —3C3 = + O, (8)
o _ _ kao§ 12(22 4+ 922 + 92+ 1) B keo§ 14422
o hw (1-2)3 kT (1 —z)*’
0@ _ F300° 12(52% 4+ 10922 + 109z + 5) k3080 72027
t (hw)? (1—2)3 (ha)(kpT) (1 — 23"

Note that the first-order perturbation terms of the even-order cumulants, C’él)
and Cf) are negative, while C§2) and C’f) are positive.

2.2 Results

The EXAFS cumulants C3, C3, and C4 for the intramolecular Br—Br shell
were calculated numerically. The ECP formulation is omitted since it is fully
established and found in the famous textbook of Prof. Kleinert [9]. The vibra-
tional data [10] of k¢=2.459 (mdyn/A), k3=1.756 (mdyn/A?) and k4=1.058
(mdyn/A3) for Bry were employed. Figure 1 shows the ECP results, together
with the P1 and P2 ones (the harmonic results are also given as HA for Cs).
The classical and experimental EXAFS data are also plotted.

In the Cs plot, the P1 result is slightly underestimated, especially at high
temperature compared to the ECP one, because of a negative P1 value, while
P2 agrees very well with ECP. Although Cj is negative in P1, the P2 result
approaches ECP. However, there seems to be still some underestimation for
Cy in P2 compared to ECP and this indicates that a higher-order perturbation
calculation would be required.

In the case of (3, similar trends are observed. The P1 method estimates a
little smaller value than ECP, again indicating a requirement of higher-order
perturbation theory. The classical method shows essentially the same results
as the ECP one at T'> 200 K. As the temperature goes down from ~200 K,
the classical value converges to zero monotonically as a function of T2 and it
gradually deviates from the two quantum statistical methods. This is caused
by the zero-point anharmonicity. At T'<100 K, ECP begins to deviate from
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Figure 1. Temperature dependence of C, C3, and C4 of Bra evaluated by the ECP (solid
lines), the classical (classic; long-dashed lines), and the P1 (dotted lines for Ca, C3 and
C4) and P2 (short-dashed lines for Cy and C4) methods, together with the experimental
data (squares with error bars). For Ca, the results of the harmonic approximation are also
given (HA; dot-dashed line).

P1 and converges to zero at T'= 0 K. In the present pair potential, there
should be some finite (positive) C3 at T'=0 K, implying that the P1 method
predicts more appropriate Cs at very low temperatures.

3 Anisotropic Vibration of a Thin Cu(111) Film

3.1 Computational Details

In the ECP calculations of bulk Cu, the formalism [12] is available within
the low coupling approximation. The embedded-atom method (EAM) poten-
tial used here was taken from Ref. [11]. The normal vibrational analysis was
initially performed to obtain the pure quantum mechanical fluctuations [12]
using a cubic Brillouine zone [—27/ag, 27/ag] (with the fec lattice constant
ap) by sampling about 10° phonons. The classical-like NPT (constant pres-
sure and temperature in a closed system) Monte Carlo (MC) calculations
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were subsequently performed using the effective classical potential instead of
the bare potential for 256 Cu atoms (4% fec unit cells). Three-dimensional
periodicity was imposed. 20000 MC steps were calculated to reach the equi-
librium and further 10000 MC steps were performed to obtain the EXAFS
cumulants, where each MC step contained 256-time movements of atoms and
one-time variation of the lattice constant.

In the calculations of a thin Cu film, there exists no three-dimensional peri-
odicity which leads to difficulties in applying the usual formula [12]. However,
in order to obtain an estimation for the EXAFS cumulants to be compared
with the experimental data, the quantum mechanical correction in ECP can
be replaced by the bulk values, although this is rather crude from a pure the-
oretical point of view. This would give some overestimation of the vibrational
amplitude of surface phonons at low temperature since the eigenfrequencies
should be smaller than the bulk ones. Within this approximation, the ECP
calculations can be similarly performed. A six-layer Cu(111) film was as-
sumed, where each layer contained 48 atoms in a rectangular lattice and the
lowest layer was assumed to be vibrationally fixed. Similar NPT MC simula-
tions were performed to obtain the EXAFS cumulants of intra- and interlayer
atom pairs.

3.2 Results

The calculated EXAFS cumulants for the first-nearest neighbor (NN) Cu-Cu
shell of bulk Cu and the thin Cu(111) film are shown in Fig. 2. Therein,
the obtained quantities for each layer are separately given for the thin film.
Note that the first-and-second layer (12) distance as well as all the intra-layer
distances, i.e. 11, 22, 33, and 44, are contracted compared to the bulk one,
while the second-and-third (23) and third-and-fourth (34) layer distances are
elongated. The thermal expansion, Cy and Cj3 are found to be significantly
enhanced for the first-and-second layer.

When comparing the present theoretical results with the experimental
data [14], polarization dependent Cu (and also Ni) K-edge EXAFS spec-
tra were taken for ultrathin Cu(111) [or Ni(111)] films grown epitaxially on
HOPG (highly oriented pyrolitic graphite) by varying the thickness. By us-
ing the results of thickness dependence of anisotropic Cz and Cj3, the surface
out-of-planar and in-planar components can be extracted. Moreover, by as-
suming (roughly) that all other contributions than the in-planar first-and-first
(11) and the out-of-planar first-and-second (12) ones are equal to the bulk
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Table 1. Effective Debye temperature ©p and difference of the third-order EXAFS cu-
mulants AC3 (difference between 100 and 300 K) for the surface out-of-planar, surface
in-planar and bulk vibrations. Both experimental and theoretical results are given.

out-of-plane in-plane bulk

©p ACs ©p ACS3 Op AC3
Calc. 272 3.65 290 2.47 313 1.48
Exptl. 262(25)  3.8(8) 322(30) 3.1(6) 338  1.62

one, three components of 11, 12 and bulk were successfully determined. For
detailed procedures of the data analysis see Ref. [14]. The results are sum-
marized in Table 1. In the experimental work, the obtained quantities are
the difference between 100 and 300 K. For C5, the AC5 values are replaced
by the effective Debye temperature © p, which is similarly evaluated by using
the correlated Debye model [13]. Although the difference between the out-
of-planar and in-planar vibrations is underestimated in the calculations, both
results agree well with each other semi-quantitatively. It is concluded both
experimentally and theoretically that the surface out-of-planar vibration is
significantly softer and more anharmonic than the inner, lateral or bulk ones.
As a reason for the underestimation in the calculations, one can suppose that
the present theoretical calculations treat perfect films, while the actual films
should contain many defects and some roughening might occur already at
room temperature. This is indicated by the experimental findings [14] of
smaller coordination number and larger C5. Since the surface area becomes
wider in the presence of defects, the surface Debye temperature would effec-
tively be lowered. One should also note that the surface Debye temperature
of Cu(100) determined by LEED (low energy electron diffraction) [15] is 235
K, which is still lower than the EXAFS result of 262 K.

It is essentially important to recall intrinsic differences between EXAFS
and diffraction. The diffraction techniques such as LEED provide information
on absolute displacements with respect to the lattice, while EXAFS gives rel-
ative ones between x-ray absorbing and neighboring atoms. Although within
the correlated Debye model the Debye temperature should be equal to the
one given by the diffraction, C5 and C3 are the parameters obtained uniquely
by EXAFS. It is natural that the out-of-planar vibration is enhanced at the
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Figure 2. Temperature dependence of the interatomic distance R and the second- and
third-order cumulants, C2 and C3, for several first-NN Cu-Cu shells in a 6 ML Cu(111)
film, together with the bulk values. For instance, 11 implies the first-and-first intra-layer
distance, while 12 indicates the first-and-second interlayer distance (11: open square; 22:
open circle; 33: upward triangle; 44: downward triangle; 12: filled square; 23: filled circle;
34: filled upward triangle; intra-layer: dashed line; interlayer: solid line; bulk: cross and
dot-dashed line).

surface as long as the absolute displacement is discussed. This is simply as-
cribed to a lack of atoms upwards at the surface. On the contrary, from a
local point of view, the out-of-planar motion is not always enhanced as can
be seen in Refs. [16,17]. In the p4g(2x2)N/Ni(001) surface, the out-of-planar
N-Ni bond was found to be much stiffer and less anharmonic than the lateral
ones [16], and similarly the out-of-planar S-Ni bond in ¢(2x2)S/Ni(110) is
stiffer and less anharmonic than the lateral ones [17]. In the present case, the
surface out-of-planar bond is found to be weaker and more anharmonic than
the in-planar one. The aim of this work is to obtain a hint of surface melting,
which is an initial stage of bulk melting. The enhancement of the vibrational
amplitude and anharmonicity along the surface normal is an important con-
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clusion since a roughening transition should occur through the hopping of
surface atoms for which not only the amplitude but also the anharmonicity
is essential.

4 Discussion and Conclusions

In the present calculations for a one-dimensional system of Brs, some disad-
vantage of the ECP method was seen in the estimation of C3 at low tempera-
ture. In Fig. 1(b), a strange decrease in C3(ECP) was found at a temperature
less than ~100 K. This is because in the ECP method the vibrational prop-
erties tend to be harmonic at the 0 K limit. It should also be true for Cy,
although Cj is essentially zero and less important at low temperature. The
perturbation theory can predict C'35 more accurate at low temperature. The
ECP method is not reliable for strong quantum systems. In order to ob-
tain such information, one has to perform quantum statistical perturbation
calculations or more sophisticated path-integral Monte Carlo simulations. At
higher temperatures, however, the P1 and P2 theory is insufficient to describe
appropriate anharmonicity. Higher-order expansion would be required, and
in the EXAFS analysis of usual systems common low-temperature anhar-
monicity is not very important. It can be concluded that the ECP method is
more practical and reliable for most systems with one degree of vibrational
freedom as well as many degrees of freedoms.

In summary, the ECP theory can treat the quantum effect, anharmonicity,
many degrees of vibrational freedom, three-dimensional periodicity, higher-
NN interaction and many-body interaction. It is essentially difficult or impos-
sible to include all the contributions to other theories, at least in a practical
sense of numerical calculations. It is also noted again that the EAM matches
the ECP theory excellently, this allowing to investigate vibrational properties
of metals quantum statistically.

In the simulations of thin Cu(111) film, thermal vibration and local ther-
mal expansion are larger than those for their corresponding bulk metals. The
relative motions focused on the surface local bonds are enhanced in the surface
normal direction. These findings are consistent with the EXAFS experiments.
The enhanced vibrational amplitude and anharmonicity in the surface normal
direction could be a trigger of a roughening transition, surface melting, and
consequent bulk melting.
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