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Phonon density of states ofg-Fe precipitates in Cu
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The phonon density of states ofg-Fe precipitates in a Cu matrix were studied as a function of particle size
by using nuclear resonant inelastic scattering of synchrotron radiation. The host metal affects the phonon
density of states of the precipitates up to 30 nm in diameter. Larger precipitates are free from the influence of
the host metal and show rather similar phonon density of states to those of fcc-Fe alloy bulk specimens such
as stainless steel~310ss! and Fe70Ni30 at room temperature althoughg-Fe is unstable at room temperature
under an atmospheric condition. Careful observation, however, yields characteristics ofg-Fe precipitates in the
phonon density of states.
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I. INTRODUCTION

The recent development of a synchrotron radiation x-
source made it possible to study phonon density of state
a specimen with resonant nuclei using a nuclear reso
inelastic scattering method~NRISM!.1 In order to study pho-
non, the NRISM has an advantage over the neutron inela
scattering method in some cases. Since information o
from the resonant nuclei is obtainable in NRISM, it is po
sible to study partial phonon density of states of a const
tional atom ~resonant atom! in an alloy. Furthermore, fa
smaller size specimen is enough to study phonon states c
paring with neutron inelastic scattering method. The m
tractable resonant nucleus would be57Fe and several phono
data studied by NRISM for the specimens with57Fe nuclei
have been reported until now.2–5 The present paper trea
phonons of fcc-Fe~g-Fe! precipitates in a Cu matrix. fcc
Fe is stable only in the temperature range between 1185
1667 K under normal atmospheric conditions. However,
precipitates grown in a supersaturated Cu-Fe alloy afte
appropriate thermal treatment retain theg phase even a
room temperature. The precipitates are known to be sphe
in shape. Their sizes depend on the duration and tempera
of the precipitation anneal. Thus, the particle sizes are ea
controlled by the thermal treatments. The nuclear reson
inelastic scattering method seems to be the most suitable
to study the phonon states of this system. Since the pho
states of only the resonant nuclei are observable in
NRISM, we can obtain the information on the phonons of
g-Fe precipitates solely apart from the Cu matrix. This
impossible for neutron inelastic scattering method. Sin
g-Fe precipitates are coherent with the lattice of the Cu m
trix and have a little smaller lattice spacing than the Cu m
trix, the g-Fe precipitates with small particle sizes would
exposed to strong expansive force through the interfa
Then, we can study how the host metal affects and how
the effect extends to the phonon states of the precipita
0163-1829/2002/66~21!/214304~5!/$20.00 66 2143
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Recently, nanoparticle precipitates have received great a
tion due to many technological applications such as
proved mechanical properties. Thus, knowledge on
phonons in precipitates would give us a great contribution
the development of new materials.

In the present paper, we report the phonon density
states for theg-Fe precipitates with various particle sizes
the Cu matrix studied at room temperature by using NRIS
and discuss the effect of host metals and the difference f
the bulkg-Fe specimens.

II. SAMPLE PREPARATION AND EXPERIMENTS

Several ingots of supersaturated CuFe solid solutions w
3 at. % of 57Fe were prepared in a furnace with a carb
electrode in Ar gas atmosphere. All ingots were homo
enized by annealing at 1323 K for 24 h and quenched i
water. Then, precipitation anneal was performed at 848 K
various aging periods for the most of specimens. Precip
tion particle sizes were estimated using the empirical eq
tion derived by Borrellyet al.6 For the largest precipitate
(d;80 nm), the annealing temperature was 998 K. Cohe
precipitates with Cu matrix are known to be stable up to 1
nm in diameter.7 Thus, carefully prepared specimens are co
sidered to include no bcc Fe precipitates at least for the
ticle sizes of the present experiments. Prior to the meas
ments, sample surfaces were mechanically polished w
fine-mesh emery papers and deeply etched in dilute~;10%!
nitric acid.

The nuclear resonant inelastic scattering experime
were performed at the beam line BL09XU of SPring-8.
double-crystal Si~111! premonochromator was used
handle the high heat load of undulator radiation and the
diation was monochromatized to the bandwidth of 3.2 m
~FWHM! with a nested high-resolution monochromator co
sisting of asymmetric Si~511! and asymmetric Si~975!
channel-cut crystals. The incident beam energy was va
©2002 The American Physical Society04-1
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around the first nuclear resonant energy of57Fe ~14.413
keV!. The incident beam intensity was monitored with
ionization chamber and a beam flux monitor. A Si-avalanc
photodiode~APD! detector with an active area of 25 mm2

was used to observe the delayed photons in the nuclear
nant scattering from57Fe precipitates in the Cu matrix.

III. EXPERIMENTAL DATA AND DISCUSSION

We first discuss the size effect of theg-Fe precipitates in
the Cu matrix. After discussing the effect of the Cu matrix
the precipitates, phonon DOS of the matrix freeg-Fe precipi-
tates is compared with those for bulk specimens ofg-Fe,
g-Fe alloys, and bcc-Fe.

A. The effect of the matrix to the small particles

The precipitation particle sizes with diameters of 3, 8, 1
30, 50, and 80 nm were studied at room temperature. Nuc
resonant inelastic scattering spectra for these specimen
given in Fig. 1. The extreme limit of the smallest precipita
would be an isolated Fe impurity in Cu. Phonon DOS of t
isolated57Fe impurity in Cu was previously studied by Se
et al. using Cu-0.1 at. %57Fe alloy.5 The experimental data
for the isolated57Fe atoms in Cu are also shown in Fig. 1
a zero nm diameter specimen for comparison. The spectr

FIG. 1. Nuclear resonant inelastic scattering spectra at ro
temperature forg-Fe precipitates with various particle sizes. He
minus energy indicates the x-ray energy gain process. The dat
0 nm diameter indicate those for the isolated Fe impurities in
published by Setoet al. ~Ref. 5!.
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the small precipitates are obviously different from those
the large precipitates, verifying that phonons of the sm
precipitates are under the influence of the host metal.
differences are distinct for the sharp peak around 30 m
and the position of the low-energy peak. The spectrum
the smallest precipitates (d53 nm) is the closest to that o
the isolated57Fe and changes of the spectra seem to be c
tinuous as the particle size increases.

After the correction of multiphonon process and decon
lution of the data with the instrumental resolution function8

we obtain experimental phonon density of states~DOS! for
the specimens with various sizes ofg-Fe precipitates. Result
are shown in Fig. 2. In the case of isolated Fe impurity in C
vibration of Fe atom would be essentially the same as tha
the host matrix except for the differences of atomic mass
force constant between the impurity and the host. Setoet al.
compared the phonon DOS of Fe impurity in Cu and that
pure Cu.5 Rather high density peak was observed above
cut off frequency of Cu phonons and they explained it us
broadened localized phonon mode due to the mass and f
constant differences between the host and impurities. For
smallest precipitates (d;3 nm), phonon DOS is similar to
that of the isolated Fe in Cu, but appreciable change is
served in the low-energy peak which mainly reflects arou
the zone boundary phonons of the transverse mode.
same trend is observed with increasing the precipitation p
ticle sizes up to 15 nm in diameter, but no apprecia
change is found above 30 nm precipitates, indicating that
influence of the host matrix would be negligible for the
precipitates. On the other hand, high-energy peak inten
decreases with increasing the particle sizes but the peak
sition is not sensitive to the precipitation particle size
Strong intensity at high-energy peak for the isolated Fe
flects that the majority of Fe atoms contributes to the loc
ized phonon. Thus, part of the high-energy peak for 3

m
,
for
u

FIG. 2. Experimental phonon density of states for various si
of g-Fe precipitates in Cu. The 0 nm data are again those for
isolated Fe impurities in Cu for comparison.
4-2
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precipitates may come from the localized phonon modes
to the isolated Fe atoms dissolved in the host metal at
aging process although the solubility of Fe in Cu at 848 K
less than 0.1 at. %.

It should be noted that the atomic mass (57Fe) is the same
for all the precipitates with various particle sizes in t
present specimens. Thus, these changes of the phonon
should be ascribed to the interatomic forces. In the pres
case, two kinds of interatomic forcesf Cu-Fe and f Fe-Fe must
be considered. However, the effect coming from the dir
coupling between Fe and Cu atomsf Cu-Fe would not be so
strong. In Table I, atomic fractions located at the interface
the total number of Fe atoms are listed for various precipi
sizes. If the force constantf Cu-Fe contributes predominantly
the effect should disappear for the precipitates with 15
diameter because the surface fraction is already less
10%. Furthermore, if this is the case, observed data sh
be composed of two spectra, the one for the interface at
and the other for the inner atoms of the precipitates. O
tained phonon spectra, however, show continuous chang
to 30 nm precipitates, indicating that the influence of the h
metal is not confined to the interface area but exte
through out the particles uniformly and the effect is grad
ally weakened with increasing the particle sizes. Insensitiv
of the high-energy peak position to the particle size supp
this argument because it suggests that the atomic force
stant between Cu and Fe is almost the same as that bet
Fe atoms. Thus, the effect should be ascribed to the in
atomic forces between Fe atomsf Fe-Fe. One possible expla
nation would be an interatomic distance between Fe ato
As mentioned above,g-Fe precipitates are coherent with th
Cu matrix and the lattice spacing ofg-Fe is slightly smaller
than that of Cu~difference is about 0.7%!. Theg-Fe precipi-

TABLE I. Fractions of atomic pairs as a function of partic
size.

Fe Particle Size~nm! Cu-Fe~%! Fe-Fe~%!

Isolated 100 0
3 32 68
8 13 87

15 7 93
30 4 96
50 2 98
80 1 99
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tates are exposed to a strong expansive force and small
cipitates actually have larger lattice spacings than the la
precipitates as shown in x-ray diffraction data.7 Thus, the
interatomic forcesf Fe-Fe for small precipitates would be
weaker than those for large precipitates. Recently, Fultzet al.
studied the phonon DOS for bcc57Fe nanocrystalline with
the size of about 10 nm using NRISM. They reported that
low-energy phonon below 15 meV shows an enhancemen
the DOS curve although its origin is not fully understood4

The similar enhancement of the DOS curve for the lo
energy region is also reported by Fraseet al. for nanocrys-
talline of milled Ni3Fe by using neutron inelastic scattering9

These phenomena may look similar to the common fea
with that observed for smallg-Fe precipitates, but it should
be noted that circumstances for these nanocrystallines
g-Fe precipitates in Cu are completely different. Particle s
dependence of the phenomenon for bcc-Fe and Ni3Fe nanoc-
rystallines has not been reported yet, but it would give
some information on this problem. In Table II, recoille
fractions, averaged force constants and mean frequencies
culated from these spectra are listed as a function of prec
tate size. The table supports that the influence of the h
metal extends the particles up to 30 nm in diameter.

The g-Fe precipitates with diameters larger than 30 n
are considered to be free from the influence of the Cu hos
is interesting that the magnetism~spin density wave state! in
cubic g-Fe precipitates also shows the size dependence
the particles smaller than 30 nm in diameter.10 However,
various properties of the structural phase transition~transi-
tion temperature, amplitude, and wavelength of the ato
displacement wave! observed forg-Fe precipitates in Cu a
low temperature depend on the particle size even beyond
nm in diameter.11 The present data confirm that the micr
scopic ~electronic! properties such as phonons and mag
tism of the precipitates with a diameter larger than 30 nm
already free from the influence of the host metal, but
structural phase transition, which includes the volume exp
sion and external shape change, is still under the influenc
the host metal even for far larger precipitates.

B. Phonon DOS ofg-Fe

As discussed above, the precipitates larger than 30 nm
diameter are free from the influence of the host metal. Th
the phonon DOS for theg-Fe precipitates larger than 30 nm
is considered to be the same as that of bulk fcc-Fe. Howe
remember that an fcc phase of Fe is unstable at room t
perature under the atmospheric condition. Thus, to study
xperi-
TABLE II. Recoilless fraction, averaged force constant and mean frequency calculated from the e
mental phonon spectra.

Particle size
~nm!

3 8 15 30 50 80

Recoilless fraction 0.719
~0.044!

0.746
~0.006!

0.754
~0.006!

0.757
~0.006!

0.768
~0.004!

0.734
~0.004!

Averaged force const
~N/m!

132
~9!

134
~10!

138
~8!

139
~8!

147
~9!

139
~10!

Mean frequency
~meV!

23.48
~0.03!

23.79
~0.04!

24.16
~0.03!

24.33
~0.03!

25.00
~0.03!

24.12
~0.03!
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phonon state ofg-Fe at unstable temperature and to comp
it with those of fcc Fe alloys and stableg-Fe at high tem-
perature are very interesting problem. In order to comp
the results, stainless steel~310ss! and bcc-Fe foil were also
studied using NRISM under the same experimental con
tions as for theg-Fe precipitates in Cu. Experimental phono
DOS curves derived from the nuclear resonant inelastic s
tering spectra forg-Fe precipitates with 80 nm in diamete
stainless steel and bcc-Fe foil are given in Fig. 3. In t
figure, calculated phonon DOS for the Fe70Ni30 alloy is also
shown by solid line. In this calculation, atomic force co
stants derived from phonon dispersion relations determi
by neutron inelastic scattering were used.12 To compare the
experimental data, the Gaussian resolution function for
present measurement with a 3.2 meV FWHM was con
luted to the calculated phonon DOS in this figure. Differen
between bcc-Fe and fcc-Fe is obvious from this figure. T
shape of the phonon DOS forg-Fe precipitates is almos
similar to that of the stainless steel and the calculated pho
DOS for the Fe70Ni30 alloy. However, careful observatio
gives us a characteristic ofg-Fe precipitates. The low-energ
peak in the phonon DOS forg-Fe precipitates is located a
slightly higher energy side than those for the stainless s
and Fe70Ni30 although the mass of Fe57 is heavier than those
of the stainless steel and Fe70Ni30 ~the averaged mass o
Fe70Ni30 is 56.71!. Lattice spacings at room temperature f
both systems are almost equal@a(g-Fe)53.589 Å and
a(Fe70Ni30)53.586 Å]. Thus, the present results indica
that the inter-atomic forces for the shear mode ofg-Fe pre-
cipitates are stronger than those for the fcc-Fe alloys.

The pureg-Fe bulk specimen is available at high tempe
ture. The phonon dispersion relation curve for theg-Fe bulk
specimen was determined by using neutron inelastic sca
ing at a stable temperature~1428 K!.13 We calculated the
phonon DOS for bulk specimen using the reported ato
force constants by the same procedure as that adopted fo
Fe70Ni30 alloy. The results were compared in Fig. 4. Sin

FIG. 3. Experimental phonon density of states at room temp
ture for ~a! bcc-Fe foil,~b! stainless steel~310ss!, ~c! g-Fe precipi-
tates in Cu (d580 nm). Solid lines in~b! and ~c! indicate the cal-
culated phonon density of states for Fe70Ni30 using the dispersion
relation curves determined by neutron inelastic scattering.
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the measuring temperature is different, direct comparison
no meaning. In order to compare the experimental data w
this calculation, the renormalized DOS which was multipli
by a factor 1.07 to the calculated phonon energies is a
given in this figure. The renormalization factor was det
mined to fit the high-energy peak position of the DOS cur
Again the low-energy peak in the phonon DOS curve for
g-Fe precipitates is located at higher-energy side than tha
the bulk specimen. It is unknown at the present sta
whether the characteristic of the phonon DOS forg-Fe pre-
cipitates is caused by the instability of the fcc-Fe at roo
temperature.

It is rather surprised that the phonon DOS ofg-Fe pre-
cipitates shows broadly the same shape as that of st
fcc-Fe alloys in spite that fcc-Fe is unstable in the norm
atmospheric conditions at room temperature. The data s
gest that the metastableg-Fe phase has similar atomic pote
tial to that of stable fcc bulk Fe. The instability ofg-Fe
precipitates would be reflected to an unharmonic compon
of phonons which is not discussed in the present paper. T
perature variation of phonon DOS ing-Fe precipitates in Cu
may give us information on the unharmonic effect beca
g-Fe precipitates undergo the structural phase transitio
low temperature.11

IV. CONCLUSIONS

Phonon DOS ofg-Fe precipitates in Cu was studied usin
NRISM. In this method, since the information only from th
resonant nuclei is obtainable, we can measure the phono

a-

FIG. 4. Comparison with the stableg-Fe bulk specimen.~a!
~Open circles! Experimental phonon DOS forg-Fe precipitates (d
580 nm). ~b! ~Open triangles! Calculated phonon DOS for bulk
g-Fe using the atomic force constants determined by neutron ine
tic scattering at 1480 K.~c! ~Crosses! Resolution convoluted pho
non DOS at 1480 K.~d! ~Closed circles! Renormalized phonon
DOS for theg-Fe bulk specimen. Normalization factor was dete
mined so as to fit to the high-energy peak position.
4-4
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the precipitates solely. For small precipitates (d,30 nm),
influence of the host metal is appreciable. The effect of
host metal is not confined to the interface between the h
metal and precipitates, but rather seems to extend to w
precipitates uniformly. For large precipitates, influence of
host metal is negligible and the precipitates show the pho
DOS of originalg-Fe.

The shape of phonon DOS ofg-Fe precipitates is almos
similar to those for fcc-Fe alloys (Fe70Ni30 and stainless
steel!. The low-energy phonons, however, have lower den
of states than these fcc-Fe alloys, suggesting that the dis
sion relation curves for the transverse phonon modes h
steeper slopes although atomic masses and lattice spa
are nearly equal for these systems. These points are
interesting if we remember thatg-Fe is unstable at room
v

Y.
i,

nd

r,

.
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temperature under atmospheric conditions. Tempera
variation of phonon DOS forg-Fe precipitates includes ver
interesting problems becauseg-Fe precipitates undergo
structural phase transition at low temperature at which d
tic phonon softening is reported by the sound veloc
measurements.14 Temperature variation measurements
phonon DOS forg-Fe precipitates are now in progress.
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