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Partial phonon density of states of Fe in an icosahedral quasicrystal Al62Cu25.5
57Fe12.5

by inelastic nuclear-resonant absorption of 14.41-keV synchrotron radiation
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We use a recently developed method based on inelastic nuclear-resonant absorption of x rays to measure the
iron-partial vibrational density of states~VDOS! in a quasicrystal. The results differ from those obtained by
inelastic neutron scattering in an astounding way: whereas the neutron results exhibit a very smooth and
featureless behavior, the iron-partial VDOS is strongly peaked at one energy value.@S0163-1829~99!50522-5#
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After the research on quasicrystals~QC’s! by Shechtman
et al.1 a natural question that almost immediately emerg
was: How will this type of long-range order in condens
matter affect the dynamical properties of these novel mat
als? Group theoretical methods predicted the existenc
two types of lattice dynamics, viz., phonons and phaso2

The latter type of dynamics turned out to correspond
atomic jumps3 rather than propagating modes as in inco
mensurably modulated crystals,4 such that the terminology
should be considered as a misnomer.

Many types of techniques have been applied to the st
of phonon dynamics in QC’s:5 inelastic neutron scatterin
~INS!, specific heat and thermal conductivity, ultrasound a
light scattering. An excellent review of this whole subje
matter is given by Quilichini and Janssen5 and where most of
the original references to the literature can be found. By
the most detailed information is obtained by INS from lar
single-grain samples. Studies of the latter type have b
performed oni –Al-Cu-Fe,6 i –Al-Cu-Li ~and itsR–Al-Cu-Li
approximant!,7 i –Al-Pd-Mn,8 andd–Al-Ni-Co.9 In all these
systems the acoustic modes are narrow and well define
the long-wavelength limit. Beyond a characteristic wave v
tor, the phonon lineshapes broaden dramatically and fin
merge into a broad band of optical modes. In Al-Pd-M
some additional flat modes have been observed at lo
frequencies.8

In a sense these results are somewhat disappointing in
the line broadening impedes one to observe richer det
Equally featureless are the ‘‘generalized’’ vibrational dens
of states~GVDOS! results obtained on powder samples
the INS time-of-flight method.10 In general these results ex
hibit two or at most three maxima in the GVDOS. Nona
proximant periodic structures of similar composition exhi
a richer fine structure in the GVDOS. This prosaic lack
details is somewhat at variance with the rather glamor
theoretical results, which propose self-similar diagrams
PRB 590163-1829/99/59~22!/14145~4!/$15.00
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dispersion curves, critical states, etc., leading to a predic
highly structured vibrational density of states.

In this paper, we adopt a method to study phonon dyna
ics to the realm of QC’s, with as a spinoff a surprising resu
This recently developed method is resonant inelastic sca
ing of synchrotron radiation by the atomic nuclei. In our ca
the nuclear resonance used was the 14.41 keV Mo¨ssbauer
level of 57Fe. The sample studied was a powder
i – Al62Cu25.5Fe12.5 fully enriched in 57Fe. The sample was
prepared by melt spinning and subsequent annealing as
been thoroughly described in Ref. 11. The quality of t
sample has been checked by x-ray diffraction. Several~thick!
batches of finely ground powder were put into plexigla
containers with a thin Mylar window and scanned separa
as a matter of checking the reproducibility.

The rigidity of the lattice leads to a finite probability fo
recoilless nuclear-resonant absorption, given by the Lam
Mössbauer factorf LM . Thus the recoil fraction 12 f LM
gives the inelastic fraction of nuclear absorption, which
accompanied by phonon creation or annihilation proces
The possibility to study the energy spectrum of this inelas
fraction using nuclear-resonant absorption of synchrot
radiation12,13 opens a new pathway to study element-spec
vibrational dynamics.

The experiments were performed at the Nuclear Re
nance Beamline14 of the European Synchrotron Radiatio
Facility. The area of inelastic nuclear-resonant scattering
recently been reviewed by Chumakov and Ru¨ffer.15 For our
study, the experimental setup was as shown in Fig. 1.
pulsed broad-band radiation of the undulator~U! is reduced
in bandwidth by the pre- and high-resolution monochroma
~PM, HRM, respectively!. The current HRM used in this
study provided a resolutionDE'1 meV, corresponding to a
relative resolutionDE/E'1027. This is, however, broad
band with respect to the nuclear level width of57Fe, which is
DEn /En'10212. The time structure of the synchrotron radi
R14 145 ©1999 The American Physical Society
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tion, as well as the very fast avalanche photodiode detec
~APD’s! allows one to easily discriminate between electro
~prompt! scattering and the nuclear-resonant~delayed! deex-
citation due to the lifetime of the nuclear level~ca. 0.14ms
for the 57Fe first excited state!.

The deexcitation of the nuclear system proceeds thro
two main channels: a coherent one~in forward and Bragg-
diffracted directions! and an incoherent~spherical wave! one.
The APD mounted close to the sample but out of the forw
direction~lower APD in Fig. 1! probes the incoherent signa
Since this channel includes high branching ratio intern
conversion processes on nuclear deexcitation, it is adva
geous to detect the 6.4 keVKa iron fluorescence that result
from the ensuing electronic cascade. The coherent forw
scattering channel proceeds only elastically; thus it provi
the possibility to measure the instrumental function of
high-resolution monochromator with detector No. 2. Inc
herent scattering of the primary 14.4 keV radiation is neg
gible and does not influence the absorption measuremen15

The energy spectrum of nuclear absorption is measure
a function of energy shift between the nuclear level and
energy of the incident radiation delivered by the HMR~Fig.
1!. This is shown for our sample in Fig. 2. The energy sp
trum consists of three components:~1! There is an elastic
component centered at zero energy shift.~2! There are two
energy-shifted components, one due to phonon crea
(DE.0), and one due to phonon annihilation (DE,0). The
instrumental function~measured with the detector No. 2! is
also shown in Fig. 2. This gives the form of the elastic co
ponent~1! ~the two curves are normalized to equal intensit
at zero energy shift!.

The methodology for extracting the partial vibration
DOS from the energy spectrum has been presented
Sturhahnet al.13 and recently generalized by Kohnet al.16

These methods rest on two basic assumptions. The fir
that the energy spectrumS(E) shown in Fig. 2 can be nor
malized using the Lipkin sum rule17 stating that the first mo-
ment of the energy spectrum is given by the recoil energy
the free nucleus:*2`

` S(E)E dE5ER (ER'1.956 meV for
57Fe). The second is thatS(E) can be expanded into singl
S1(E) and multiphonon componentsSn(E) as in a harmonic
lattice. S(E)5 f LM(nSn(E). The VDOS D(E) is then
given by the single-phonon contribution:S1(E)
5(ER/E)D(E)/@12exp(2bE)# „where 1/@12exp(2bE)# is
the Bose-Einstein occupation factor andb51/kBT…. The
multiphonon contributionSn(E) can be expressed as a co
volution of Sn21(E) and S1(E), allowing one to extract
S1(E) as described in Refs. 13,15,16 and 18.

The resulting Fe-partial VDOS D(E) for the
i – Al62Cu25.5Fe12.5 sample is shown in Fig. 3. The most stri

FIG. 1. Setup of the inelastic nuclear-resonant scattering exp
ment showing pre- and high-resolution monochromator~HRM!,
resonant sample, as well as avalanche photodiode dete
~APD’s!.
rs
c

h

d

l-
ta-

d-
s

e
-
-
.
as
e

-

n

-
s

by

is

f

ing feature of this curve is the sharp maximum at about
meV. The neutron-weighted GVDOS of Kleinet al.10 is also
shown.~Both curves have been arbitrarily normalized to u
area as the two data sets cannot be compared in a stra
forward manner. The problem is the neutron data, wh
only represent ageneralizedVDOS as discussed below.! The

ri-

ors

FIG. 2. Energy spectrum of thei – Al62Cu25.5Fe12.5 sample at
room temperature and the instrument function showing resolut
Solid lines are to guide the eye.

FIG. 3. Results for the iron-partial VDOS~our results! as com-
pared to the neutron-weighted GVDOS from Kleinet al. ~Ref. 10!.
Solid lines are to guide the eye.
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maximum of the Fe-partial VDOS lies near butdefinitely
abovethe upper maximum of the neutron-weighted GVDO
curve. It is also much sharper. This is the first time to o
knowledge that such sharp structures have been seen i
vibrational DOS of a QC.

The second striking feature is the low intensity of t
iron-partial VDOS in thelow-energyregion up to~and actu-
ally above! the maximum observed in the neutron GVDO
as compared to the intensity at larger energies.

The result for the behavior of the iron-partial VDOS
the low-energy limitE→0, is affected by the deconvolutio
of the resolution function up to about 3 meV~and so lower-
energy data are not shown!. The function VDOS/E2 is flat
between 3 and 8 meV, but with deviations above this, so
there seems to be at least an indication of a VDOS}E2 cor-
responding to a Debye model up to about 8 meV. T
neutron-weighted GVDOS actually shows no region of q
dratic behavior.

A number of significant differences between this tec
nique and the inelastic neutron-scattering technique mus
outlined.

~i! As the resonant process involves only one sin
nucleus, it is purely incoherent. This is in marked contr
with the INS technique, where as a rule we have both coh
ent ~two-body! and incoherent~one-body! contributions. The
formulas derived are obtained as the one-phonon term fro
multiphonon expansion for a periodic lattice and harmo
vibrations.19 Neutron-scattering theory provides in gene
only a link between the VDOS and the~1! incoherentscat-
tering function for a~2! monoatomic Bravaislattice. Some
theoretical efforts have been devoted to the extension of
scheme to coherent scattering, but the fact that in genera
cannot meet these two simplifying basic assumptions pro
an abiding source of difficulties in INS which eventual
results in that we can only talk about ageneralizeddensity of
states.20 In the case of nuclear-resonant inelastic scatter
we really measure an unspoiled VDOS.

~ii ! Moreover, the VDOS measured is element specific
the case of57Fe only the iron-partial VDOS is measure
Both these features imply that our data should be able
offer much more reliable and stringent tests of theoreti
calculations.@A variant of the method allows us to measu
also an element-non-specificgeneralizedVDOS for samples
of arbitrary atomic composition.21 The various partial densi
ties of states are then weighted by theelectronic~rather than
nuclear! x-ray scattering cross sections of the correspond
elements, and we run into similar problems as with neut
scattering.#
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~iii ! Only small samples are required. Thus it becom
even possible to comparenatFe- and57Fe-containing single
crystals. This is important since ini –Al-Cu-Fe it is possible
to grow small single-grain samples but not samples of
size that would be required for neutron-scattering studie22

The anisotropy of the density of states based on the coup
factors•e, wheres5k/k, with k the wave vector of the pho
ton and e the polarization vector of the phonon, can b
studied.18,16 ~In neutron-scattering studies we have som
thing similar withk replaced by the momentum transferQ).

~iv! The energy resolution (DE, currently'1 meV! is not
as good as in neutron scattering. HoweverDE is constant
over the energy range instead of increasing as in the cas
time-of-flight INS.

That the 57Fe DOS can turn out to be so vastly differe
from the neutron GVDOS can be understood by noting t
the coherent Fe-Fe and incoherent Fe dynamical struc
factors amount only to 6.1% of the total neutron-scatter
intensity ini – Al62Cu25.5Fe12.5. But it remains surprising tha
the spectral weight of the iron dynamics is situated towa
the high-energypart of the spectrum, and thatFe hardly
contributes to the first maximum of theDOS around 15 meV,
which probably corresponds to the Van Hove singularity
the acoustic phonons. Our unexpected result was not an
pated by Kleinet al.10 which led them to a false paradigm
viz., that in contradistinction to crystalline nonapproxima
phases, QC’s would have no sharp features in their D
The iron-partial VDOS seems actually to have more
character of a damped harmonic oscillator~or an Einstein
oscillator! than that resulting from the dispersion curve th
one would expect, e.g., even in a first approximation by c
sidering a diatomic linear chain~Cu and Fe having almos
the same mass!.23 We would in general expect also in thre
dimensions that the acoustic branches have the same en
spectra for each atom type, but the optical modes may
essentially different for various atoms. This has been alre
shown in practice by F. Parak24 with the example of myo-
glibine.

In conclusion we have discovered an unexpected re
for the iron dynamics within an Al-Cu-Fe QC by adopting
recently developed innovating nuclear technique. These
sults constitute a strong motivation for a neutron-scatter
study using isotopically enriched samples.

This work was partially supported by the DFG Focus P
gram ‘‘Quasikristalle: Struktur und physikalische Eige
schaften.’’ We would like to thank J.-B. Suck for kindl
allowing us to reproduce the INS results shown in Fig. 3
.

her-

y,

ka,
1D. Shechtman, I. Blech, D. Gratias, and J.W. Cahn, Phys. R
Lett. 53, 1951~1984!.

2P.A. Kalugin, A.Yu. Kitaev, and L.S. Levitov, J. Phys.~France!
Lett. 46, L601 ~1985!; P. Bak, Phys. Rev. Lett.54, 1517~1985!;
Phys. Rev. B32, 5764~1986!.

3G. Coddens, Ann. Chim.~Paris! 18, 513 ~1993!; G. Coddens, C.
Soustelle, R. Bellissent, and Y. Calvayrac, Europhys. Lett.23,
33 ~1993!; G. Coddens, S. Lyonnard, and Y. Calvayrac, Ph
Rev. Lett.78, 4209 ~1997!; S. Lyonnard, G. Coddens, Y. Ca
vayrac, and D. Gratias, Phys. Rev. B53, 3150~1996!.
v.

.

4F. Moussa, P. Launois, M.H. Leme´e, and H. Cailleau, Phys. Rev
B 36, 8951~1987!.

5M. Quilichini and T. Janssen, Rev. Mod. Phys.69, 277 ~1997!.
This review contains also many references to specific heat, t
mal conductivity, ultrasound, and light-scattering data.

6M. Quilichini, G. Heger, B. Hennion, S. Lefebvre, and A. Quiv
J. Phys.~Paris! 51, 1785~1990!; M. Quilichini, B. Hennion, G.
Heger, S. Lefebvre, and A. Quivy, J. Phys. II2, 125 ~1992!.

7A.I. Goldman, C. Stassis, R. Bellissent, H. Moudden, N. Py
and F.W. Gayle, Phys. Rev. B43, 8763~1991!; A.I. Goldman,



, H

.
on

t,

.
r

R.

ro

,

s.

.
i,

n

d E.

by
etc.,
OS
rent
e
we
ns

ace
ity

and
r a

ocal
J.
tic

t

s

in-
R.

RAPID COMMUNICATIONS

R14 148 PRB 59BRAND, CODDENS, CHUMAKOV, AND CALVAYRAC
C. Stassis, M. de Boissieu, R. Currat, C. Janot, R. Bellissent
Moudden, and F.W. Gayle,ibid. 45, 10 280~1992!.

8M. de Boissieu, M. Boudard, R. Bellissent, M. Quilichini, B
Hennion, R. Currat, A.I. Goldman, and C. Janot, J. Phys.: C
dens. Matter5, 4945~1993!; M. Boudard, M. de Boissieu, A.I.
Goldman, B. Hennion, R. Bellissent, M. Quilichini, R. Curra
and C. Janot, Phys. Scr.T57, 84 ~1994!; M. Boudard, M. de
Boissieu, S. Kycia, A.I. Goldman, B. Hennion, R. Bellissent, M
Quilichini, R. Currat, and C. Janot, J. Phys.: Condens. Matte7,
7299 ~1995!.

9F. Dugain, M. de Boissieu, K. Hradil, K. Shibata, R. Currat, A.
Kortan, A.P. Tsai, J.B. Suck, and J. Frey,International Confer-
ence on Aperiodic Crystals, ‘‘Aperiodic ’97,’’Alpe d’Huez,
1997 ~World Scientific, Singapore, 1998!, pp. 745–750.

10T. Klein, G. Pares, J.B. Suck, G. Fourcaudot, and F. Cy
Lackmann, J. Non-Cryst. Solids153&154, 562 ~1993!; J.B.
Suck, ibid. 153&154, 573 ~1993!; in Phonons ’89, edited by S.
Hunklinger, W. Ludwig, and G. Weiss~World Scientific, Sin-
gapore, 1990!, p. 397; inQuasicrystalline Materials, edited by
C. Janot and J.-M. Dubois~World Scientific, Singapore, 1988!,
p. 337; J.B. Suck and H.J. Gu¨ntherodt,ibid., p. 573.

11Y. Calvayrac, A. Quivy, M. Bessie´re, M. Cornier-Quiquandon
and D. Gratias, J. Phys.~Paris! 51, 417 ~1990!.

12M. Seto, Y. Yoda, S. Kikuta, X.W. Zhang, and M. Ando, Phy
Rev. Lett.74, 3828~1995!.

13W. Sturhahn, T.S. Toellner, E.E. Alp, X. Zhang, M. Ando, Y
Yoda, S. Kikuta, M. Seto, C.W. Kimball, and B. Dabrowsk
Phys. Rev. Lett.74, 3832~1995!.
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