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Lattice dynamics and correlated atomic motion from the atomic pair distribution function
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The mean-square relative displaceméMSRD) of atomic pair motions in crystals are studied as a function
of pair distance and temperature using the atomic pair distribution fun®bi). The effects of the lattice
vibrations on the PDF peak widths are modelled using both a multi-parameter Born—von K&vkarforce
model and a single-parameter Debye model. These results are compared to experimentally determined PDFs.
We find that the near-neighbor atomic motions are strongly correlated, and that the extent of this correlation
depends both on the interatomic interactions and crystal structure. These results suggest that proper account of
the lattice vibrational effects on the PDF peak width is important in extracting information on static disorder in
a disordered system such as an alloy. Good agreement is obtained between the BvK model calculations of PDF
peak widths and the experimentally determined peak widths. The Debye model successfully explains the
average, though not detailed, natures of the MSRDs of atomic pair motion with just one parameter. Also the
temperature dependence of the Debye model largely agrees with the BvK model predictions. Therefore, the
Debye model provides a simple description of the effects of lattice vibrations on the PDF peak widths.

DOI: 10.1103/PhysRevB.67.104301 PACS nunifer63.20—-e, 61.12--q, 61.10-i
[. INTRODUCTION powders’ though the extent of which this information can be
extracted remains controversiaf-’
The pair distribution functionPDP obtained from the Measuring powders has the benefit that the experiments

powder x-ray and neutron diffraction experiments has bee@re straightforward and do not require single crystals. It is
shown to be of great value in determining the local atomicthus of great interest to characterize the degree to which
structure of material5The PDF results from a Fourier trans- lattice vibrations are reflected in the PDF using simple mod-
form of the powder diffraction spectrurtBragg peaks+ €IS, such as the Debye model, in situations where detailed
diffuse scatteringinto real-spacd.For well ordered crystals, interatomic potential information is not available. In this pa-
apart from technical details, this is similar to fitting the Per we explore these issues by comparing both measured
Bragg peaks+ thermal diffuse scattering in the powder pat- PDFs and those calculated from realistic potential models
tern in a manner first discussed by WarfenPDF spectrum  With PDFs obtained through a single-parameter Debye
consists of a series of peaks, the positions of which give th&'0del. This comparison is carried out as a function of atomic
distances of atom pairs in real space. The ideal width of thesgail Separation, temperature and direction in the lattice. We
peaks(aside from problems of experimental resolufiga ~ find that a single parameter Debye model explains much of
due both to relative thermal atomic motion and to static disthe observed lattice vibrational effects on PDF peak widths,
order. Thus an investigation of the effects of lattice vibra-including the temperature dependence, in crystals like Ni,
tions on PDF peak widths is important for at least two rea-C€, and GaAs. However, small but non-negligible deviations
sons: first, to establish the degree to which information orffom the Debye model calculation are evident in crystal
phonongand the interatomic potentjiatan be obtained from Which needs a long-range interaction to explain anomalies in
powder diffraction data, and, second, to account for correlathe dispersion curves.
tion effects in order to properly extract information on static
disorder in a disordered system such as an alloy. Il. CORRELATED ATOMIC MOTION IN REAL SPACE

In general, powder diffraction is not considered a favor-
able approach for extracting information about phonons The existence of interatomic forces in crystals results in
since, not only is energy information lost in the measurethe motion of atoms being correlated. This is usually treated
ment, but also the diffuse scattering is isotropically averagedheoretically by transforming the problem to normal coordi-
The lattice vibrations are best described from the phonomates, resulting in normal modéphonon$ that are non-
dispersion curves determined using inelastic neutron scatteimteracting, thus making the problem mathematically tract-
ing and high-energy-resolution inelastic x-ray scattering orible. Projecting the phonons back into real-space coordinates
single crystal$:®> Nevertheless, with the advent of high- yields a picture of the dynamic correlations. This situation
energy synchrotron x-ray and pulsed-neutron sources anthn be understood intuitively in the following way. Figure 1
fast computers, it is possible to measure data with unprecshows a schematic diagram of atomic motion in three differ-
edented statistics and accuracy. The PDF approach has beent interatomic force systems, each with its corresponding
shown to yield limited information about lattice vibrations in ideal PDF spectrum. In a rigid-body systdfig. 1(a)], the
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Rigid-Body Thermal Motion perature. Powdered GaAs was placed between thin foils of

- ~ ~ - GO kapton tapes for the x-ray measurements, measured at 10 K
T

using 60 KeV @ =0.206 A) x rays. Due to the higher x-ray
energy at CHESS and relatively low absorption coefficient of
GaAs, symmetric transmission geometry was used.

Both the neutron and x-ray data were correttéd for
experimental effects and normalized to obtain the total scat-
Uncorrelated Atomic Motion tering functionS(Q), using programeprgenN (Ref. 16§ and
- 60 pDrRyetx,!’ respectively. The experimental PDE(r), was
(b) . ‘ ’ ’ ‘ gbtalneg by taking the.Fourler transform @(Q). G(r)_

. J =2/7f;™Q[S(Q) — 1]sinQrdQ, whereQp,,is the maxi-

U mum momentum transfer. The experimental PDF peak
widths as a function of pair distance are extracted using the
“real-space” Rietveld prograneDFFIT.X® For detailed proce-
dures about modelling PDF spectrum and extracting PDF
G peak widths refer to Ref. 6

— - .

Correlated Atomic Motion

(c) N \
— - - - IV. MEAN-SQUARE RELATIVE DISPLACEMENTS
- IN CRYSTALS

T

FIG. 1. (Color online Schematic diagram showing an instanta-  IN the harmonic approximation the PDF peak of simple
neous snapshot of atomic positions(@ a rigid-body modelb) an ~ Materials can be well approximated by a Gaussian function
Einstein model, ancc) a Debye model. Iita) and(b) all PDF peaks ~ With a width o; .**?°The mean-square relative displacement
have the same width independent of atom separatiof) the PDF ~ of atom pairs, projected onto the vector joining the atom
peak width increases up to the root-mean-square displacement g&irs, is given by

the atomic separation increasesis a spring constant.

2 _ Y
. . . . ofj =([(u=uy)-ri;19), (1)
interatomic force is extremely strong and all atoms move in

phase. In this case, the peaks in the PDF are delta-function&nereti andu; are thermal displacements of atomand]

At the Opposite extreme the atoms are non-interacﬁhg from their average positiorf'g:ZOThe VeCtOITiJ' is a unit vec-
Einstein model and move independently as shown in Fig. tor parallel to the vector connecting atom$, and the an-
1(b). This type of atomic motion results in broad PDF peaksgular brackets indicate an ensemble average. This equation
whose widths are given by the root mean-square displacesan be rearranged as

ment amplitude ({u?)). In real materials, the interatomic 5 . R R R

forces depend on atomic pair distances, i. e., they are strong o = ([UiT]? +([ury 1% —2((upry) (upery)).  (2)

for nearest-neighbor interactions and get weaker as thElere the first two terms correspond to mean-square thermal

atomic pair distances increase. In fact, these interactions arcﬁsplacement of atomisandj. The third term is a displace-

often quite well described with just nearest-neighbor or ﬂrSt'ment correlation function, which carries information about

and second-nearest-neighbor coupling. The case of neareﬁ%-e motional correlations. For a monatomic crvstal &ﬁeis
neighbor interactions is shown in Fig(cL In this (Deby@ ) ystal, &

model a single parameter corresponding to the spring Conqxpressed in terms of the phonons as follgs:

stant of the nearest-neighbor interaction is used. Here, near-

A £ 2
neighk_)or atoms tend to move in phase with each other, while i2]_: ﬁ (8sTij) N(wg(K))+ } [1-cogkery)],
far-neighbors move more independently. As a result, the NM s wq(k) 2
near-neighbor PDF peaks are sharper than those of far- 3

neighbor pairs. This behavior was first analyzed by Kaplow . . ,
and co-workers in a series of papgrs® for a number of where w(k) is a phonon frequency with wave vecterin

elemental metals. branchs, n(ws(k)) is a phonon occupation numbey is a
polarization vector of th&,s phonon modeN is the number
of atoms andM is the mass of an atom. As an example, we

Ill. EXPERIMENTS AND ANALYSIS calculate therrizj of Ce (Fig. 2 using Eq.(3). Ce (y-phase

The experimental PDFs discussed here were measured @ystallizes in a simple fcc structutspace group Fm3jrat

ing pulsed neutrons and synchrotron x-ray radiation. Thd00m temperature and atmospheric presstita.this calcu-
neutron measurements were carried out at the NPD diffradation, the phonon frequencywg(k)) and the polarization
tometer at the Manual Lujan, jr., Neutron Scattering Centevector (g ;) were obtained by solving the dynamical matrix
(LANSCE) at Los Alamos and the x-ray experiments atusing up to the eighth nearest-neighb®N) interatomic
beam line A2 at CHESS$Cornel). Powder samples of Ni force parameters. The force parameters of Ce were deter-
and a polycrystalline Ce rod were loaded into a vanadiummined by Stassist al?? by fitting phonon dispersion curves
can for the neutron measurements, carried out at room tenusing the Born-von KarmafBvK) model® In Fig. 2 the
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FIG. 3. (Color onling Correlation parametetp of Ce atoms
along various crystallographic directions obtained using the BvK
model calculations at 300 Kh=0 corresponds to the uncorrelated
atomic motion, andp>0 indicates that atoms move in phase.

r(A)

FIG. 2. (Color online Theoretical mean-square relative dis-
placementaﬁ- of y-Ce as a function of pair distance calculated
using Eqg.(3) and the BvK model at 300 K. The inset showﬁ
belowr;;=<20 A. The solid line corresponds tq#), where(u?)

Is the mean-square thermal displacementdte. The oscillations inrr? shown in Fig. 2 for Ce are gener-

ally driven by both the interatomic interactions and the crys-
tal structure. This is illustrated in Figs. 4 and 5, which show
the correlation parametef for a variety of fcc and bcc ma-
‘terials. Theaizj in Figs. 4 and 5 are generated in the same
way as for Ce, that is, using the BvK force model, with
arameters derived from fits to the phonon dispersion curves
ound in the literaturé® One sees that a common oscillatory
behavior in the correlation parameter is found for all of the
fce crystals studied. And similar but distinct oscillatory fea-
tures are observed for the bcc crystals, except Nb. This dif-
zero. A . . ._ference in the general behavior of fcc and bcc crystals sug-
As shown in Fig. 2, the motional correlation of atom pairs

. ianifi | f . f pair di Therefore | ests that atomic geometry plays a role in the motional
varies significantly as a function of pair distance. Therefore | orrelations as well as the interatomic interaction. However,

IS usleful to qulan_tlfy the degree %f Cﬁrrelagondu?'ngdagg'pen'signiﬁcant differences in the correlation are evident among
sionless correlation parametgrwhich can be defined & jiterent elements with the same crystal structure as well.

220 02 20 o 4 For example, in fcc crystalg varies from 0.37 to 0.45 for
izoitoj- 2009, @ the 1NN pair and from 0.05 to 0.2 for the 2NN pair. In bce

horizontal solid line corresponds tq@), where(u?) is the
mean-square thermal displacement of Ce. Deviations fro
this line are due to motional correlations in the pair motion
The inset show3rﬁ below ri;<20 A, where the motional
correlation is more apparent. Evidently, motion of near-
neighbor atoms is highly correlated, and this is reflected i
narrower PDF peak widths. At larger separations; (
=20 A) theaﬁ values asymptotically approach the uncorre-

J - .
lated values because the cosine term in j.averages to

[ox

where oi2=((ui-Fij)2). It can be seen from Eq4) that ¢

=0 corresponds to completely uncorrelated motion. Positive ~ 0-3 ' ' 7 ' T T
values of ¢ describe a situation where the atoms move in i '_'_"_:'_'_"_ ﬁfﬁm
phase, and thus the resulting valueogf is smaller than for e 04 —A—Ce8NN |
the uncorrelated case. Using Ed) the correlation param- § - Al 8NN
eter ¢ can be calculated from the PDF peak width measure-@ A
ments as % 0.3
[ o=
©
(0'i2+ O'jz) - a'izj e
RER T ® 5 oz
20'i 0']' = '
o)
Figure 3 shows the motional correlations along various crys—g
tallographic directions in Ce. It is clear that the correlation 8 0.1
parameter varies significantly with crystallographic direc-
tion. Along the (110 direction, Ce atomic motion shows
strong correlation. On the other hand, Ce atoms aldr) 04 1 2 3 4 5 6 7
show almost no motional correlation. This behavior comes r(A)a

principally from the characteristic elastic anisotropy of cubic

crystals® Despite the extensive orientational averaging of FIG. 4. (Color onling Correlation parametes of fcc crystals
the powder measurement, this directional information surca, Ni, Ce, Al, and Au at 300 K, obtained using the BvK model
vives in the data. calculationsa is the lattice parameter of each crystal.
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FIG. 5. (Color onling Correlation parameteg of bcc crystals
Fe, Ta, Na, and Nb at 300 K, obtained using the BvK model calcu
lations.a is the lattice parameter of each crystal.

crystals¢ varies from 0.38 to 0.47 for the 1NN pair. Thus,
and ai"} do reflect interatomic interactions.

In addition to a dependence on the atom pair distagce
2
ij
wi(s). Therefore, it is instructive to consider how phonon

modes of different frequencies contribute to the broadenin
of the peak widths. Figure 6 shows the frequency spectru
of oﬁ in Ce for the 1NN, 2NN, and 10NN peaks, in addition
to that of the uncorrelated far-neighbor atom pairs. Referrin
to Fig. 6, for the 1NN, the low frequencyw(27<1 THz)

thermal motion contributes little to the 1NN PDF peak width

the of; shows an explicit dependence on phonon frequencies 2 < 2h

PHYSICAL REVIEW B7, 104301 (2003

tribute almost equally to the broadening. This suggests that
INN pair moves more or less in-phase at low frequencies,
and that the pair motion de-phases somewhat as the fre-
guency increases. For the 2NN and higher-neighbors peaks,
however, where the motion of atom pairs gets more and more
de-phased as the pair distance increases, the medium-range
frequency modes predominantly contribute to peak width
broadening. Finally, for the far-neighbor atom pairs, where
the motion is completely uncorrelated, the frequency spec-
trum is spread more evenly across all of the frequencies.

V. CORRELATED THERMAL MOTION:
DEBYE APPROXIMATION

Using the BvK model we have shown that near-neighbor
atomic motions in crystalline materials are strongly corre-
lated. In the BvK model calculation, however, the force con-
stants must be known in advance. In this section, we simplify
the result in Eq(3) using some approximations to describe
the effects of the lattice vibrations on the PDF peak widths
without knowing the force constants. Following Debyand
Beni and Platzmanff we make no distinction between lon-
gitudinal and transverse phonon modes and take a spherical

average. Then Ed3) reduces to

1
Mo n(w)—i-i

G'ij

[1_005(k'rij)]>, (6)

rC}J/]vhere<~ -+ is the average over theNBmodes andN is the

number of atoms. This result is a general expression for all
aterials and is independent of the number of atoms per unit
ell?® Using the Debye approximatiom=ck, we can write

Eq. (6) as®

broadening. Most of the peak broadening comes from mid- 2% (w (@) 1 sin(wr;; /c)
to-high frequency modes /27w<2.8 THz), which con- 2 — "0 2 | kSl R
9 q y Rol2m ) 7ij 3N|V|Jo do 1) n(w) 2 1 wrjjlc |
)
0.006 (a) 1NN 2, 3\ .
—~ o004} wherep(w)=3N(3w“/wp) is the phonon density of states,
N@/ 0_002_——_—/_/\/\/L n(w) is the phonon occupation numberjs the sound ve-
6= o0000] locity and wp=ckp is the Debye cutoff frequency. The De-
& 0006 (©)2NN bye wavevector is given b= (672N/V)¥® whereN/V is
o - . )
g oo the number density of the crystal. After integrating over
g oonf we obtain
©  oo0of
Qoo () 10NN ,_ 6h [1 (l 2 ~ 6f [1—codkprj)
; 0.004} Uij_MwD 4 \0p Y Map 2(kD"ij)2
g 0.002
g 0.000} . (kDrijTX)/ (kDrijT)
006 . sin
g zzz (d) Uncorrelated pair . T )2J~ OuT ®D ®D dx
P 0.002} Op) Jo ° e*—1 ,
0.000 \ , . . .
00 05 10 15 20 25 30 8)
/2 (THz) where® = S)D’Tx(ex—l)*ldx, x is a dimensionless inte-

FIG. 6. (Color onling Frequency spectrum ofizj for Ce at 300
K obtained using the BvK model calculations) 1NN, (b) 2NN,

gration variable an® (=% wp /kg) is the Debye tempera-
ture. This result is known as the “correlated Debi@D)

(c) 10NN, and(d) uncorrelated far-neighbor atom pair. The areamodel”.?33%2Here, the first term corresponds to the usual

underneath the solid line in each figure corresponds twﬁmf
each pair.

uncorrelated mean-square thermal displacementsi?§?
and the second term is a displacement correlation function
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FIG. 7. (Color online Displacement correlation functididCF) ol2x (THz)
of Ni. (a) The first term of the DCF of E(q8). (b) The second term
of the DCF of Eq.(8) at 300, 100, and 10 K. The solid line is a fit  FIG. 8. (Color onlin (a) Comparison of neutron PDF and BvK
to a 1f dependence. model peak widths with those of the CD model calculation of Ni at
300 K. Filled squares: experimental PDF peak widibisly a few

DCF). The CD m | was first used to explain x-rav absor _se!ected peak vyidths are showkilled c.:ircles.: BvK model calcu-
(DCh ec odel was first u P y P lations. Dotted line: CD model calculation using Debye temperature

tion fine structurgdXAFS) peak widths as a function of tem- "~ - ) S
perature, and provided reasonable fits to the 1NN and 2N o=385 K, and Debye wave vectap = 1.756 A, (b) Solid line:

o . i phonon density of states calculated using BvK model. Dotted
peak widths. However, this model ha_S ngver been teSted, bﬁﬁe: Debye density of states with the same area as the BvK calcu-
yond the 2NN peak. Here we test this simple model againstjon. Debye cutoff frequencyp/2m=8 THz.
full experimental PDF spectra and the BvK model calcula-

tions. shifted downward by roughly 5% overall. The origin of this
In the CD model the DCF shows explicit dependence onyifference between our thermal displacement and that of the

the atomic pair distance; . The first term of the DCF comes ByK calculation is not clear but the Debye temperature, de-

from the quantum zero-point motion and the second term isermined from our thermal displacement using the Debye

temperature dependent. Figure 7 showsrtheependence of  approximation, fp =385 K, compares well to the specific
the first and second terms of the DCF of Ni. The first term ofheat measurement, whetg =375 K.3? For the CD model

the DCF decreases asrﬁlrlwith a cosine modulation. The calculation the Debye wave vectop 1.756 A~ was ob-
second term is temperature dependent and shows;jad&*  tained from the atomic geometry. The only parameter in the
pendence. At low temperature$< 6p), the temperature de- CD model, the Debye temperature, was determined from the
pendent DCF term is much smaller than the zero-point moexperimental thermal displacement.
tion term. However, as the temperature increases the second As shown in Fig. 8), the Debye model reasonably ap-
term becomes dominant. These results show that the m@roximates the “real” density of states in this simple ele-
tional correlation follows a lfj dependence whem< 6y ment. However, because the Debye temperature and corre-
and a I/;; whenT=6p. sponding Debye frequency were obtained from the thermal
We tested the CD model calculation against the experidisplacement, and not from the sound velocity, the low-
mental and BvK PDF peak widths of Ni at 300 K. Figure 8 frequency Debye density of states deviates from those of the
shows selected experimental PDF peak widths and the caBvK model by roughly 15%. Nevertheless, the CD model
culated peak widths as a function of pair distance, as well asalculation of the peak widths shows good agreement with
the corresponding phonon density of states of Ni. The errorthe experimental PDF peak widths; except for the overall
in the experimental PDF peak widths were estimated fromdownward shift.
fitting Gaussian functions to the PDF peaks. The error in CD We now move to the more complex case of Ce, which
model calculation was estimated from the error in the experineeds long-range forces to explain anomalies in the disper-
mental thermal displacement. For the BvK model calcula-sion curves. Up to the eighth NN interactions are required to
tion, we used up to the 4th NN force parameters determineceasonably fit the phonon dispersion curves ofteigure 9
by Birgeneatet al3! We also compared the 4NN BvK model shows selected experimental PDF peak widths and calculated
calculations with those of a simple 1NN BvK model and peak widths as a function of pair distance, as well as the
found excellent agreement between them. Our experimentghonon density of states of Ce. In this case, the BvK calcu-
thermal displacement of Ni{(¢?)=0.00535 &) is about lation of the peak widths shows a good agreement with the
10% larger than that of the BvK model calculation. As aexperimental PDF peak widths. We also found that a simple
result, as shown in Fig.(8), the BvK model peak widths are 1NN BvK model calculation shows very good overall agree-
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FIG. 9. (Color onling (a) Comparison of neutron PDF and BvK of Ce as a function of temperature. Upper panel: near_est neighbor
model peak widths with those of the CD model calculation of Ce atNN), second NN(2NN). Lower panel: third NNG3NN), fifth NN
300 K. Filled squares: experimental PDF peak widibisly a few (5NN), and DW. DW represents an uncorrelated far-ne_lghbor pair.
selected peak widths are showilled circles: BvK model calcu-  SYMbols are the Born von-KarmaBvK) model calculations and
lation. Dotted line: CD model calculation with Debye temperatureines are the corresponding CD model calculations. In BvK calcu-
9p=117 K and Debye wave vectdt,=1.1986 A L. (b) Solid lation, the Debye temperatuiy =117 K is determined at 300 K.
line: Ce phonon density of state calculated using the BvK model.

Dotted line: corresponding Debye density of states, using a Debye As a final example, we compare the CD model calculation
cutoff frequencywp/2m=2.44 THz. of PDF peak widths with those of GaAs determined experi-
mentally. This is distinct from the above examples due to the
presence both of more than one atomic species and direc-

peak width which deviates by-3%. For t;(el CD model  jional covalent bonding. We also compare the CD model
calculation, a Debye wavevectkp=1.1986 A ~and a De-  cgicylation with a lattice-dynamics calculation using the

bye temperaturélp =117 K (at 300 K were obtained from i \wood potential, which has been shown to be a good
the atomic geometry and thermal displacement of @) pasis for describing semiconductor compounds and
=0.0231 &), respectively. Even for the more complex sys- alloys331° Figure 11a) shows the atom pair dependence of
tem like Ce, the CD model calculation of the PDF peakihe pPDE peak widths of GaAs at 10 K. In the Kirkwood
widths reproduces the overalj-dependence rather well, ex- model, the potential parameters are obtained by fitting the
cept for a few detailed features. o nearest and far neighbor PDF peak width& In Fig. 11(a),

We now consider in the harmonic approximation the hy-the Kirkwood model calculation using bond stretching (
pgthetlcal (assuming no phase transitjoii-dependence of _gg N/m) and bending4= 10 N/m) force constants shows
oj; for Ce atom pairs to compare the CD model with thequite good agreement with the experimental PDF peak
BvK model. These are shown in Flg 10 for the first few NN widths. In the CD mode|, the average mass of Ga and As is
pairs, as well as the uncorrelated atom pair. All of thesq sed. The Debye wavevectd,=1.382 A1 and Debye
curves exhibit characteristic Debye-like behavior, i.e., ”near'temperatureeD:ZSO K were obtained from the atomic ge-
ity in T at high temperatures, but curving over to a commonymetry and by fitting the far-neighbor PDF peak widths. In
zero-point value aT=0. In general, the CD model calcula- the CD model calculation, the near-neighbor peaks (
tion of the temperature dependence of thfe shows good <5 A) are ~10% broader than those of the experimental
agreement with that of the BvK model calculation, except forpeaks. Referring to Fig. 1), the Debye model does a poor
the 2NN pair(Fig. 10. Referring to Fig. 9 we see that BVK job of describing the GaAs phonon density of states; for
calculations of therizj of the INN and 3NN lie very close to example, the high frequency optic modes=<é&/2w
the Debye prediction, but the 2NN is displaced significantly<8 THz, are totally missed. Instead, the Debye model over-
upwards. The deviations between the BvK and Debye modestimates phonon modes between 3.5 Fdu27<wp .
els increase as the temperature increases. Apparently, if thghis poor description of the phonon density of states, as well
o lies on the Debye prediction at one temperature, the Deas the use of the average mass of Ga and Adffor Eq. (7),
bye model will also predict its temperature dependence corleads to deviations in near-neighbor peak widths from those
rectly. Conversely, the temperature dependenagzjofvill be  of the experimental peaks and the BvK model calculations.
underestimated or overestimated depending on whether it iBherefore, the deviations in CD model calculations basically
displaced above or below the Debye curve at the lowest tenreflect the limitation of the CD model in describing motional
peratures, respectively. This is at least true for Ce. correlations in a system with optic modes. Nevertheless, the

ment with that of 8NN BvK model, except for the 2NN PDF
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< 00851 atomic motions in a qrystalline mfaterial.. Fir;t of_ aI.I,. they
& B oo jimegine show that nearest-neighbor atomic motion is significantly
g 0080- correlated. Second, the details of the motional correlations as
-E 0.055 | a function of pair distance display structures which deviate
= : from the predictions of the simple CD model. Here we can
o  0.050} = Experiment L K X . . . .
B o Kirkwood model raise some interesting questions. How is this structure in the
Q  0.045¢ Debye model motional correlation of atom pairs related to the underlying
o 4 6 8 10 12 14 15 13 =20 interatomic potentials? Can one extract the potential param-
r(A) eters using an inverse approach to model the PDF peak
1.0 widths with the potential parameters as input?
© o8| (b) —e Local Density Approximation . Reichardt and Pintschovitisargued that the calculated
g — Debye model . PDF peak widths as a function of pair distance are rather
.g 06 I insensitive to the details of the lattice dynamics models used
=~ 04l J‘ to calculateaizj . They found that PDFs calculated using ei-
% 02l j ther very simple or complex models didn’t show significant
) . J L diffleorgnces. Asi_m_ilar conclus_ion has_been rea_ch_ed by @7:raf
0.00 e e '; VS — al.,” in contradiction to previous claims by Dimitraat al.

Indeed, the magnitude of errors implicit in the measurement
and data analysis appear to be comparable to the effects that

FIG. 11. (Color onling (a) PDF peak widths of GaAs as a func- _must be_measgred tQ obtain quantitatively agcurate potgntial
tion of atom separation at 10 K. Filled squares: experimental x-ragnformation using this approachThe conclusions of Rei-
PDF peak widths. Filled circles: lattice dynamics calculation usingchardt and Pintschovius and Getfal. and Thorpeet al. are
the Kirkwood model =96 N/m, =10 N/m). Dotted line: CD largely borne out by the present work; e.g., the grossly over-
model calculation using the Debye temperatége= 250 K and De- ~ Simplified CD model, which neglects elastic anisotropy and
bye wave vectok,=1.382 A", (b) Symbols: GaAs phonon den- parameterizes the dynamics with a single numbgr, is
sity of states calculated using the local-density approximation denrather successful at explaining the smoothdependence of
sity functional theory(Ref. 41). Solid line: Debye density of states the PDF peak widths.
with the same area as the local-density-approximation calculation. Thus, when the BvK force parameters are not available,
Debye cutoff frequencysp/27=5.22 THz. we have shown that the correlated DelfD) model is a

reasonable approximation to describe both the smooth
CD model, with a single parametéf, determined from the r;;-dependence and the temperature dependenoeizj oin
thermal displacement, serves as a good first order approxsimple elements. Considering the poor correspondence be-
mation to the PDF peak widths, even in more complex systween the Debye phonon density of states and the BvK den-
tems like GaAs. sity of states, the reasonable agreement between the BvK

So far we neglected anharmonicity in our quasiharmonignodel calculations o0& and that of the CD model is rather
analysis. However, this simplification has no consequencesurprising. This confirms that the PDF peak width is rather
on our conclusions. In general, anharmonic corrections to thiysensitive to the details of the phonon density of states and
Debye-Waller factor and PDF peaks are important near théhe phonon dispersion curves, as suggested by Reichardt and
melting transition or structural phase transitidis¥’ In  pintschovius and by Gradt al. Any information about the
simple materials these corrections are small, e.gy-@e,  interatomic forces in the PDF peak widths is contained in the
following the work by Maradudin and Flintf,we estimate  small deviations of ther? from those of the CD model cal-
the correction to the harmonic Debye-Waller factor to becyations. Therefore, extracting interatomic potential infor-
order of one percent at room temperature. Such a small cofpation from the PDF peak widths is unlikely. However,
rection is well within the current experimental uncertaintieStpese deviations could possibly yield some average phonon
and difficult to extract from measurements. In fagiCe and  jnformation. For example, recent calculations by Gyl
Th-doped Ce are well described by the harmonic approximashowed that one can obtain phonon moments within a few
tion of the interatomic potentiaf:* An exception is Pb, percent accuracy for most fcc and bec crystals using the
which shows large anharmonic corrections in the Debyenearest-neighbor force parameters extracted from a theoreti-
Waller factor (~9% at room temperatureHere we expect cal ByK PDF spectrum. This result indicates that the PDF
to observe similar large corrections in measured PDF pea‘@pectrum contains some average phonon information, al-
as a function of temperature. Thus in the future it will bethough |t doesn’t provide detailed phonon dispersion infor-
possible to model and extract anharmonic contributions fromnation. The average phonon information, such as phonon

of2n (THZ)

the atomic pair-distribution function. moments from the PDF peak widths, will be a useful
complement to optical and acoustic techniques that yield
VI. DISCUSSION zone-center information in situations where single crystal

measurements are not possible. This complementarity also
The mean-square relative displacemeanﬁsand the cor-  extends to the extraction of Debye-Waller factors from pow-
responding correlation parameter shown in Figs. 2, 4, 5, 8ler diffraction measurements.
and 9 present two interesting pieces of information about the Finally, a comparison of the CD model calculations of the
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PDF peak widths in GaAs with those of experimental PDFaverage features of the lattice vibrational effects on the PDF
and Kirkwood model calculations shows additional limita- peak width with just one parameter, which is determined
tions of the CD model. In the CD model calculation, the from the measured thermal displacemént). Therefore,
near-neighbor PDF peaks belaws<5 A are about 5-10% this simple model can be used as an important adjunct when
broader than those of experimental PDF peaks. This is due tesing PDF to extract static and dynamic disorder information
the poor description of GaAs phonon density of states by thérom materials with local lattice distortion. In addition, tfie
Debye model. Since the sine term in Ed) over- and under- dependence of the CD model largely agrees with the BvK
weighs certain phonon modes depending on their frequermodel calculations. Good agreement between CD model and
cies, the redistribution of GaAs phonon density of states in &xperimental PDF peak widths indicates that the PDF peak
realistic model causes deviations in near-neighbor pealidths are rather insensitive to the details of phonon density
widths from those of the CD model. One way to improve theof states and the phonon dispersion curves. Any information
model calculation in materials which have optic modesabout the interatomic forces in the PDF peak widths is con-
might be a hybrid model that combines the correlated Debyéained in the small deviations{5%) of theo;; from those
and Einstein models. Such a hybrid model has worked quitef the CD model calculation. This makes the extraction of
well in the case of Agf? interatomic potential information from PDF peak widths
alone unlikely.
VIl. SUMMARY
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