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Local vibrational densities of states of dilute Fe atoms in Al and Cu metals
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The local vibrational densities of states of highly dilute(Be€17 at. % in Al metal and F€0.1 at. % in Cu
metal were measured by using nuclear resonant inelastic scattering of synchrotron radiation. The characteristic
vibrational modes of Fe in Al were found to be modes of resonance with the host Al phonon spectrum. In the
measured spectrum of Fe in Cu, in addition to resonance vibrational modes, just above the phonon cutoff
energy of Cu metal a peak interpreted as being a localized mode predicted theoretically by the Green’s-
function method was found.

[. INTRODUCTION Though Masbauer spectroscopy is effective, it is difficult
to observe directly the vibrational density of states of an
It is widely known that the presence of impurity atoms in impurity atom, which is exceedingly important in the study
a material influences its electronic and/or thermal propertief the thermodynamic properties of a material. In cases in-
In the study of these properties, Bkbauer spectroscopy is Volving a highly dilute impurity, observation of the vibra-
an effective tool because it allows the characterization of théional density of states is difficult even by other methods of
local surroundings of the impurity atom. In addition to infor- Measurement such as neutron inelastic scattering, with some
mation on the local electronic state, information on the in-€Xxceptions. Direct observation is possible, however, by using
trinsic dynamic nature of the impurity can be obtained fromnuclear resonant inelastic scattering of sypchrotron radlatlt_)n,
recoilless fraction measurement$heoretically, the dynam- the applicability and effgctlveness of which was shown n
ics of an impurity atom has been studied using the Green’sRef' 6. O_n(_a._of the most important features .O.f this method is
function techniqué:2 and theories adopting this technique the possibility of measurement of a specific element and
have been applied to derive the modified vibrational densit)} . :
of states for an impurity atom from the unperturbed phonor{mercalﬁted atoms 1s pthS|IbIe. | vibrational f .
density of states. In general, these studies indicate the exis- We ave m_easured the loca vibrational spectra o su_bstl-
tence of resonance modes whose frequencies lie in the ran§‘é“°nal impurity Fe atoms in Al and Cu metals by using

of the normal modes of the unperturbed host crystal. Furthe nuclear resonant inelastic scattering and we obtained the im-
more, in cases where the mass of an impurity atom is suffiPurity vibrational densities of states from the measured spec-

ciently light and/or the binding of an impurity atom to the tra. In this paper, we report the results and discuss them by

host crystal is sufficiently strong, they show that there ma)}neans of the Green's-function method developed by Man-

be a localized mode, whose frequency is greater than th'f%helm and co-workers.
maximum frequency of the unperturbed crystal. In the case

of dilpte substitutional Fe atoms in Al metal, the vibrational Il EXPERIMENT
density of states was expected to be a resonance type from
Mossbauer recoilless fraction measuremérit@n the other To prepare an Al-0.017 at. % Fée) go01Al0.99983 foll

hand, in the case of dilute substitutional Fe atoms in Cuwspecimen, an alloy ingot was made by arc melting a
metal, the existence of a localized mode was preditbdahjt  99.9999% Al foil and metalli®’Fe powder95.6% enrichep
it has not yet been observed. under an argon atmosphere; it was homogenized for 24 h in
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an evacuated tube at 913 K and then quenched in water.

By rolling the ingot, the foil was obtained, and it was 1.00
further homogenized at 913 K in an evacuated tube for

24h and then quenched in water again. A 0.99
Cu-0.1 at. % Fe(Fe, o1Cly.g99 fOil specimen was prepared

in a similar manner. An alloy ingot was made by arc melting

a 99.999% Cu foil and metallié’Fe powder(95.54% en-
riched under an argon atmosphere; it was homogenized at
1223 K in an argon-hydrogen atmosphere for 24 h and then
guenched in water. By rolling the ingot, the foil was ob-
tained, and it was further homogenized at 1223 K in an
evacuated tube for 24 h and then quenched in water again. It
was confirmed by ’Fe Massbauer spectroscopy that the Fe
atoms were in substitutional sites; the $ébauer measure-
ments were performed before and after the nuclear resonant
inelastic scattering measurements to check the stability of the
samples.

The nuclear resonant inelastic scattering experiments
were performed at the nuclear resonant scattering beamline
(BLO9XU) of SPring-8. The storage ring was operated in a 0.94
special timing modéd14-bunch traiix 21), having 21 trains . ! .
each of which has 2-ns-spaced 14 bunches; and the interval -2 -1 0 1 2
between the first bunch of any train and that of the subse- )
quent train is 228 ns. The electron beam current of the stor- Velocity (mm/s)
age ring was 70—40 mA at 8 GeV. A double-crystall%il) L
premonochromator was used to handle the high heat load of F'C: 1. Transmission Mssbauer spectra ¢8) Al-0.017 at.%
undulator radiation, and the radiation was monochromatize§® 2nd(b) Cu-0.1 at.% Fe measured at room temperature. Solid
to the bandwidth of 3.2 meVfull width at half maximum curves in(a) an_d(b) were obtglned through Iea_st-squares fit of the
with a nested high-resolution monochromator consisting Oﬂata to(a) a singlet Lorentzian curve and) singlet and small

- . oublet Lorentzian curves; a singlet represents substitutional Fe at-
asymmetric 35 1 1) and asymmEt_”C W79 C_hannEI'CUt oms surrounded only by host atoms as the nearest neighbors, where
c_rystals. The energy of the radiation was varied arqund the doublet, shown as a dashed curve(i, represents the small
f'_rSt nuclear rgsonant energy 5Fe(1.4.413 ke_V). The lnten_- contribution of a substitutional Fe atom with one Fe atom as the
sity of the incident beam was monitored with an ionizationpearest neighbor.
chamber and a beam flux monitor. The nuclear resonant scat-
tering was obsgrved using a Si-avalanche photodiodq e 0.182) mm/s, 0.222) mm/s, and 0.6@) mm/s, re-
(APD) detector with an active area of 25 rfhwe mea-  spectively. This site is identified as a substitutional Fe atom,
sured phonon energy spectra as a function of the incidenfiiy one of the nearest-neighbor Cu atoms substituted by
x-ray energy by counting the number of delayed photons afnqther Fe atorf? Since the contribution of this quadrupole
299 K. doublet is small enough, we ignore this component through-
out the following analysis.

Figure 2 shows the nuclear resonant inelastic scattering
spectra of’Fe in(a) Al-0.017 at. % Fe andb) Cu-0.1 at. %

The obtained transmission Msbauer spectra ofFe in  Fe foils. In the case of Al-0.017 at. % Fe, almost all vibra-
Al-0.017 at. % Fe and Cu-0.1 at. % Fe foils at room temperational modes are observed within the energy range of 40
ture are shown in Figs.(4 and (b), respectively. In Al- meV, both the phonon creation sidéght) and the phonon
0.017 at. % Fe, only a resonant absorption singlet is observeahnihilation side(left). As the phonon cutoff energy of Al
and, through least-squares fit of the data to a single Lorentnetal is 40.3 meVt? the character of the vibrational energy
zian curve, the values obtained in estimation of the isomespectrum seems to be a resonance type. In the case of Cu-0.1
shift Swith respect to the iron metal at room temperature andat. % Fe, most of the vibrational modes are observed within
the linewidthT" were 0.481) mm/s and 0.28) mm/s, re- the energy range of 30.6 meV, the value corresponding to the
spectively. This singlet has already been identified as repreghonon cutoff energy of Cu metl but, just above the cut-
senting an Fe atom substituted for an Al atbi- The single  off value, a small contribution is evident.
line reflects the local cubic symmetry of the substitutional From the measured spectra, the vibrational densities of
sites, and the near-natural width indicates the uniformity ofstates of’Fe in Al-0.017 at. % Fe and Cu-0.1 at. % Fe were
the local surroundings. In Cu-0.1 at. % Fe, the main compoebtained according to the method described in Ref. 15, and
nent is a singlet and the values éfandI" obtained were these are shown in Figs.(&8 and 4a), respectively. The
0.222) mm/s and 0.2(2) mm/s, respectively. In this case obtained spectra are different from the host phonon densities
also, this singlet has already been identified as representingf states shown in Figs.(® (Ref. 13 and 4c) (Ref. 14, as
an Fe atom substituted for a Cu atdfmA small quadrupole expected; the differences are due to the mass difference, and
doublet is, however, observed, adding to the main singlethe changes in force constants.
component, and the values &fI", and a quadrupole splitting For analysis of the results obtained, we adopted the theory
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FIG. 2. Nuclear resonant inelastic scattering spectra of synchro- 0. 10 20 30 40 50
tron radiation by*’Fe in (a) Al-0.017 at. % Fe andb) Cu-0.1 at. % Energy (meV)
Fe. Solid curves were obtained through least-squares fit of the data
to the nuclear resonant excitation cross sectipriRefs. 6 and 16 FIG. 3. (a) Vibrational density of states GfFe in Al-0.017 at. %

which is calculated on the basis of Mannheim’s impurity theory Fe obtained from the corresponding measured nuclear resonant in-
(Refs. 1 and Yand convoluted with the resolution function of the elastic scattering spectruffig. 2(@)]. (b) Response function of the
monochromator; the ratio of the effective host-host force constanimpurity Fe atom to the phonon density of states of Al méRef.

to the impurity-host constant was obtained to be 0.94(&rAl- 13) calculated on the basis of Mannheim’s impurity the@Refs. 1
0.017 at. % Fe and 0.79 fdb) Cu-0.1 at. % Fe. The incident photon and 7; in this calculation, the ratio of the effective host-host force
energy and the energy of the first excited staté’Be are denoted constant to the impurity-host constant was taken to be 0®4.
askE andE,. Unperturbed phonon density of states of (Ref. 13.

developed by Mannheim and co-workers and Geval, !’ %

which applies to an isolated impurity with central forces lim- T(w)= w4f (0'?~ %) ?G(w)dw’, (4)
ited to the first nearest neighbors. This theory has an analyti- 0

cal form and contains only one free parame$éA’ which is -

the ratio of the host-host force constant to the impurity-host M(n)=J 0"G(w)dw, (5)
constant. This parameter and the known host-impurity mass 0

ratio M/M’ determine the coupling of the impurity to the andw,
Iatti_ce vibrations of the hos_,t metal. The response of the iMyatisfies that 1+ p(0)S(w)=0 and w, >y O
purity to the phonon density of states of the h@Hiw) is  _ )y is the Dirac s function and? stands for principal

ex,pressed as the modified vibrational density of stategy,e We made the least-squares fit of the data to the nuclear
G'(w) as follows: resonant excitation cross section,®® which is calculated

denoting a localized mode frequency exists only if it

from G’ (w) and convoluted with the resolution function of

’ _ ’ 2

G'(0)=(M/M")G(0){[1+p(0)S(w)] the monochromator. For the calculation®f(w) of the di-
+[(72) 0G(w)p(0) ]} 1+ 8(w—w )(MIM') lute substitutional Fe atom in Al and Cu, we used the unper-

) I turbed phonon densities of stat€§w) of Al (Ref. 13 and
X{pH(0)T(w) +(M/IM")=[1+p(@)]} 7, (1)  Cu (Ref. 14, respectively; they were calculated from the
results of neutron inelastic scattering experiments. It should
be noted that the force-constant rafidA’ is the effective
_ N 24 , ratio, since the unperturbed phonon densities of states are
p(@)=(M/M)—1+ o1 (AAD]u(+2), (2 obtained based on the results of experiments on neutron in-
. elastic scattering measured at room temperature, and these
S(w):Pj 0202 0?) " 16(0")do’, 3) resul}s may contain an.ha.rr_nonlic gffe&sln _the theory, a
0 localized mode has an infinite lifetime and is expressed as a

where
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0.10 1 spectra do not. The resonance character of impurity Fe atoms
0.084 ; (a) in Al, expected in view of the considerable mass difference
ﬁ [M(AI/M'(Fe)=26.982/517, is clearly observed on the vi-
0.061 A brational density of states also. In the case of Fe atoms in Cu,
0.04 - %w&%w 4 i to attain a good fit for the vibrational modes around and
i gf 4 above the cutoff energy of Cu metal, the existence of a
0.02 ¢ ¢ broadened localized mode is required. This localized mode is
: : L P T Wy inherent in Mannheim’s theory. In this case, the mass of the
™ 10 20 30 40 50 impurity Fe atom is slightly lighter than that of the host Cu
= 0.104 atom (M =63.546), therefore the existence of the localized
35 0.08- mode is not surprising and it depends on the force constant
a (b) for the interaction between the impurity atom and the host
o 006 atoms. As mentioned above, its existence was predicted on
‘; 0.04 the basis of measurements of the recoilless fraction of the
-“a)'-' 0.02 Mossbager foect, but this has not yet been cpnflrmed. The
c : broadening is thought to be due to anharmonic effects. Re-
<°C3 0.00 . r , , | gardless of the drastic simplifications in the theory, the re-
- 0 10 20 30 40 50 producibility of the local vibrational densities of states is
0.10 i overall good and therefore the applicability to these impurity
0.084 :,"'-‘ (c) systems is proved.
0064 PR IV. CONCLUSION
0.04 4 ; NG
/ A We could observe the nuclear resonant inelastic scattering
0.02 e ' ‘| of synchrotron radiation by highly dilute Fe nuclei in Al and
0.00 ===ty T T T 1 Cu metals, and we thereby obtained the local vibrational
0 10 20 30 40 50 densities of states. The measured vibrational density of states
Energy (meV) of Fe in Al shows that the character of the vibrational modes

FIG. 4. (3) Vibrational density of states &fFe in Cu-0.1 at. % is resonant with host vibrational modes. In the case of Fe in
Fe, obtained from the corresponding measured nuclear resonant iU, in addition to resonance vibrational modes, a peak inter-
elastic scattering spectruffiig. 2b)]. (b) Response function of the Preted as being the localized mode predicted by Mannheim’s
impurity Fe atom to the phonon density of states of Cu m@af. ~ impurity theory was observed. We believe we extended the
14) calculated on the basis of Mannheim’s impurity thetRefs. 1 dilution limit for measurements of the impurity vibrational
and 7; in this calculation, the ratio of the effective host-host force density of states. As compared to previous recoilless fraction
constant to the impurity-host constant was taken to be 0@9. Mmeasurements, this method directly provides vibrational den-
Unperturbed phonon density of states of ®ef. 14. sities of states, which is important information pertaining to

) _ . the thermodynamic properties of materials. Furthermore, our
delta function. In real cases, the localized mode has a finitg,cess of the measurements on highly dilute impurity atoms
lifetime owing to anharmonic effects. We assumed, for sim,o\ides the foundations on the study of the impurity system
plicity, Gaussian broadening only for the localized mode inyhich is not highly dilute and hence is complex. Therefore
the Ieast-squar_es fit provided _that it exists. The results_of the,r results offer some important progress and accelerate the
least-squares fit are shown in Figsgazand (b) as solid  yeyelopments in this area of research, and we have a plan to

curves, and the optained effective force constant rm‘va'. study the impurity>’Fe and/or'%Sn atoms in various metals
was 0.94(3) for Fe in Al and 0.795) for Fe in Cu. For Fe in and/or semiconductors, systematically.

Al, the value 1.6(3) estimated from the recoilless fraction
measuremehtis somewhat larger than our estimated value.
On the other hand, the value 0.82) estimated from the
recoilless fraction measureméfor Fe in Cu is in agreement
with our value. Substituting the values we obtained4AoA’
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