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Positron confinement in ultrafine embedded particles: Quantum-dot-like state in an Fe-Cu alloy

Y. Nagai
The Oarai Branch, Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-1313, Japan

M. Hasegawa
The Oarai Branch, Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-1313, Japan
and Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Z. Tang and A. Hempel
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

K. Yubuta and T. Shimamura
The Oarai Branch, Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-1313, Japan

Y. Kawazoe
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

A. Kawai and F. Kano
Power & Industrial Systems Research & Development Center, Toshiba Company, 4-1 Ukishima-cho, Kawasaki-ku, Kawasaki 210-0862,
Japan
(Received 8 November 1999

A quantum-dot-like positron state is demonstrated in the “defect-free” particles using coincidence Doppler
broadening of positron annihilation radiation. The wave functions of all positrons are entirely confined spa-
tially in all three directions within the embedded nanosize and subnanosize Cu particles in a dilute Fe-Cu alloy.
With use of this probe, the ultrafine particles are revealed to have nearly the same electron momentum
distribution as bulk Cu, to be free from Fe atoms and defects, three dimensional, and to have no open-volume
defects at the interfaces which can trap the positron. These successes indicate that this positron state promises
to be a powerful tool for the studies of mesoscopic systems in metals and semiconductors.

[. INTRODUCTION ever, such a perfect trapping has not been evidenced so far
for precipitates in materials in spite of extensive studiés.

Embedded nanoparticles in host materials, such as quam this work, we employ an interesting technique: the coin-
tum dots in semiconductdrsand ultrafine precipitates in cidence Doppler broadeningDB) of positron annihilation
metal alloys, have attracted extensive studies because of theadiation®*which measures the momentum distributions of
application prospects as quantum devices and because of ttiee core electrons specific to each element and is shown to be
fundamental interest in mesoscopic systems. Various experable to identify the elements definitely around the annihila-
mental tools have been adopted to elucidate their atomic antibn sites, to study the nano-scale particles embedded in the
electronic structures. However, the probes employed in thbost materials. With the ultrafine Cu precipitates formed by
usual methods, such as photdmsray), electrons, and neu- the thermal aging in a very dilute Fe-Cu alloy as an example,
trons, etc., have no ‘“site selectivity.” The probes equally we demonstrate that there is the other kind of positron trap-
interact with both the embedded particles and the host matgsing state in the solids, namely a quantum-dot-like state, at
rials. Thus it is difficult to extract unambiguously the useful which the wave function of every positron is “entirely” con-
(weak interaction signals of the embedded particles from afined spatially in all three directiorige., a complete positron
much stronger background of the host. Therefore a methottapping within the nano and subnano embedded particle as
in which the probe is able to “seek” exclusively the embed- electrons in their quantum dots. Its origin is found to be the
ded nanoparticles and to convey definite information ondifference of positron affinity between the particle and the
them will be extraordinarily useful. host materiaf® With use of this probe, the rather small

In this paper, we report such a powerful method whichprecipitates 1 nm), which are expected to appear in the
uses the positron as a probe. The positron is well-known asearly aging stage but have never been observed even by
self-seeking probe for vacancy-type defects in sdliddor  high-resolution transmission electron microscOHRTEM),
the defect concentration typically more than*¥6m?®, all  are explored. The ultrafine precipitates are revealed to be free
positrons are trapped by the defects and are exclusively afirom Fe atoms and defects, three dimensional, and to have
nihilated there with the surrounding electrons, conveyingno open volume defects at the interfaces which can trap the
significant information on the local electronic environmentpositrons, thus being probably coherent with the Fe matrix.
around the defect site with the emitted twghotons. How- The present study demonstrates that the guantum-dot-like
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positron state, combined with the well-established positron Coincidence-Doppler Broadening Spectra
annihilation techniques, can be employed as a self-seeking - T - T y T
probe for the studies of the atomic and electronic structures
of the mesocopic systems in the materials.

-~ pure Fe
pure Cu

10° o Fe-1.0wt%Cu (as quenched)
¢ Fe-1.0wt%Cu (2h-aging at 550°C)

Il. EXPERIMENT

The Fe-1.0 wt% Cu samples were prepared from high-  10° |-
purity Fe (4N) and Cu (3N) by arc melting and cold rolled
to 0.3 mm in thickness. They were heated to 825 °C and kept @&
for 4 h, followed by quenching into iced water. Some of the §
samples were thermally aged at 550 °C for9312 h. In &)
the as-quenched state, Cu atoms are in a supersaturated solit
solution, and precipitate by thermal aging.

Previous transmission electron microscap$M) studies 10° |
have revealed complex growing processes of the Cu precipi-
tates in Fe-1.3 wt % Cu thermally aged at 550%°Ct’ (i) Cu
particles of about 4 nm with coherent bcc structure after 2 h 5 . | . | . | .
aging, (ii) the roughly spherical particles with twinned 9R 10 0 10 20 30
structures of5—20 nm, transformed from the bcc structure p [10-3 o]
by (6~100) h aging,(iii) ellipsoidal particles with un- L Mo
twinned R structure(larger than 18 nmand eventual stable FIG. 1. CDB spectra for Fe-1.0 wt% Cu as quenched and after

fce structure for further aging. Peak hardening has been oy aging at 550°, compared with those for pdselk) Fe and Cu.
served at abdw2 h aging which is due to ultrafine Cu pre- Each spectrum is normalized to the same total count.
cipitates. However, it is difficult to observe the growth of the
ultrafine precipitates o2 nm, which are expected to ap- atoms in the supersaturated solid solution but annihilate only
pear in the early aging stage, even by HRTEM. The presenfjith the electrons of Fe atoms as expected for the low Cu
sample has peak hardening at about 10 h aging; the delay #bntent of 1.0 wt%. On the other hand, the spectrum for the
the aging time for the peak hardening is mainly due to they h aging is identical to that for the pure bulk Cu, and quite
lower Cu content compared with the previous works. Thisgiferent from that for the pure Fe. This shows clearly that all
fact indicates that, in the present experiments, the Cu precipthe positrons annihilate with the electrons of Cu, but not with
tates afte 2 h aging is much less than 4 nm. those of Fe. The concentration of the Cu precipitates is esti-
CDB spectra were measured using two Ge detectors. Th@yated to be the order of 3¥cm® by assuming that about
energies of annihilating-ray pairs(denoted byE; andE;)  10% of Cu atoms have precipitated from the Fe matrix solid
in coincidence were simultaneously recorded by the two degg|ution.
tectors located at an angle of 180° relative to each other. The |f positrons are trapped at possible open-volume defects
difference in energies of the twpraysAE=E;—E,iscp.  such as vacancies or interfaces at the precipitates, they will
and the sum energl(y=E; +E; equals the total energy of have a longer positron lifetime than that for the pure bulk Cu
the electron-positron pair prior to annihilation, i.emg&®  and an enhanced momentum density at the low momentum
—Eg (neglecting the thermal energies and chemical potenregion (for example, less than 310 3mc, 1X 10 3mc
tials), where p, is the longitudinal component of the =0.137 atomic unjtdue to the annihilations with the elec-
positron-electron momentum along the direction of jaeay  trons within these defects® which would be detected by
emissiong is the speed of lightn, is the electron rest mass, conventional positron annihilation techniques. However, we
andEg is the electron binding enerdy.Selection of coinci-  have neither such a longer positron lifetifféig. 2(a)] nor
dence events that fulfill the conditiom®c®—2.4 keV<E, enhanced momentum density at low momentum re{ffog.
<2myc?+2.4 keV, results in a significant improvement in 2(b)]. Furthermore, we have made first-principles two-
the peak to background ratiby three orders of magnitugle component density-functional calculations for the momen-
over conventional one-detector measurements. This enablesm distributions and positron lifetim&s2°in the bulk fcc
us to observe positron annihilation with element-specificand bcc Cu. It is noteworthy that the calculated lattice pa-
high-momentum core electrons. The overall energy resolurameter of bcc C0.2961 nm using a many-body interac-
tion was~1.1 keV[full width at half maximum(FWHM)], tion potential methott is very close to that of bcc F€.2867
which corresponds to the momentum resolution-e#.3  nm). Our calculation reveals that the momentum distribution
X 10 3mc (FWHM). for polycrystalline bcc Cu is very close to that for fcc Cu.
The calculated lifetime of bcc C(1L09 ps agrees very well
with that for fcc Cu(107 pg and the observed or@08 p3
for 2 h aging[Fig. 2(a)]. These results demonstrate that all
Figure 1 shows the CDB spectra for the Fe-1.0 wt % Cu ashe positrons in Fe-1.0 wt% Cu aft@ h aging are entirely
quenched and afte2 h aging at 550 °C together with those confined into the Cu precipitates which are consisting of Cu
for pure (bulk) Fe and Cu. For the as-quenched sample, thenly, free from vacancies, and no open volume defects which
CDB spectrum is identical to that for the pure bulk Fe. Thiscan trap the positrons at the interfaces between the matrix
means that the positrons are not trapped by the isolated Cand precipitates, and thus suggesting coherent bcc Cu pre-
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Ill. RESULTS AND DISCUSSION
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rameters are defined as the ratio of low momentym |4

x1073mc) and high momentum (2810 *mc<|p |<30 FIG. 3. Ratio curves of the CDB spectra @) pure Cu, the

X 10~3mc) regions in the Doppler-broadening spectrum to the totalFe-1.0 wt % Cu alloy¢b) as quenched, aftéc) 0.1 h,(d) 0.2 h,(e)
region, respectively. Th&(W) parameter is a measure of the mo- 2 h, (f) 10 h,(g) 100 h, andh) 312 h aging with respect to that of
mentum density at lowhigh) momentum. The lifetime of bulk Fe is pure Fe. The shape of the ratio curve is characteristic of each
107 ps(experimental and that of bcc Cu is 109 gsalculated. chemical element.

cipitates. The coherent precipitates are consistent with previxon affinity between the precipitates and the matfi%*
ous studies by electron microscof3e®22 The positron affinity of Cu £4.81 eV) is~1 eV lower

To see the aging evolution of the CDB spectra in Fe-1.@than that of Fe { 3.84 eV)#?3thus the precipitated particle
wt % Cu, we have obtained ratio curves of the spectra whicltan be regarded as a potential well with a depth of 1 eV for
are given by the ratio of the spectra to that for a referencéhe positron. If the spherical symmetry of the particle is as-
sample® Figure 3 shows the ratios for pure Ceurve (8)]  sumed, there exists a bound positron state for particles larger
and the samples with the different heat treatmlgntrves than~0.6 nm in diameter. For the particles smaller than 0.6
(b)—(h)] to that of the pure Fe. The ratio curve of pure Cunm, the positron cannot be confined because the energy of
shows a broad peak around>240 3mc and a small valley the zero-point motion exceeds the depth of this affinity well.
at 6x 10 3mc, which are characteristic features of Cu in the We can thus estimate that, the size of the Cu ultrafine par-
ratio curve. For the as-quenched sanjpleve(b) in Fig. 3], ticles after the first~10 min aging, when the positron con-
the ratio curve is constant at the value of 1. This means thdtnement rapidly increasd&igs. 3c) and 3d)], is about 0.6
the positrons annihilate only with the Fe electrons as shownm. In addition, the Cu particles of less than 1 nm are three
in Fig. 1. For 0.1 h, 0.2 h, @h2 h aging(Fig. 3), every curve  dimensional; if platelike(two dimensional the positrons
is similar to that for pure Ciicurve (a)] except for the am- cannot be confined in a few atomic layers because of the
plitude, having the common characteristic peak and valleylarge zero-point-motion energy in the perpendicular direc-
As increasing the aging time, the amplitude also increasesion.
and the curve for 2 h agindig. 3(e)] is almost the same as For longer aging time of 10, 100, and 312(kig. 3),
curve (a) as expected from Fig. 1. Positron lifetime aBd however, the broad peak around>220~3mc in the ratio
parameter of Doppler broadening spectrum show almost nourve, which originates from the annihilations with core
change withm 2 h aging timgFigs. 2a) and 2b)]. On the electrons of Cu, decreases. A possible interpretation of this
other hand, th&V parameter, only obtainable from the CDB change would be that the density of the Cu precipitates de-
spectrum, changes sensitively in the initial stage of the therereases due to aggregation of the small precipitates and a part
mal aging as is shown in Fig(l. of positrons annihilates in the matrix. However, this picture

This quantum-dot-like state of positron in the ultrafineis incorrect, and every positron is still confined in the Cu
particle can be explained in terms of the difference of posiprecipitates even after 312 h aging when the precipitate den-
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Fe-1.0wt%Cu aged at 550°C show that the positrons annihilate with both Cu and Fe elec-
L2777 trons. This suggests that the Cu precipitates which are large
enough to trap positrons are few. However, other interpreta-
- 1 tions, that the precipitates consist of both Fe and Cu atoms
and that the positron wave functions spill out from the ul-
trafine precipitates, are also possible. Measurements of the
temperature dependence of the positron annihilation may an-
swer this question.

The Fe-Cu alloy presented in this work is a model alloy of
nuclear reactor pressure ves@RPV) steels. It is well known
that the Cu precipitates play a significant role in the em-
brittlement by the neutron irradiatidn-1” However, the de-
tailed mechanism is poorly understood. The quantum-dot-

Ratio to pure Cu
=
%

0.6 ] like positron state is found to be able to reveal the structures

Igg))g{’{ehFe u o of the ultrafine Cu precipitates in various Fe-Cu model al-

- igg 1o @ 1 Ipys, espeC|aII_y their evolutl_on under reactor neutron irradia-
tion. The detailed results will be reported elsewhere.

0.40 — 1'0' — '2'0' — 3'0' — The affinity-induced positron confinement occurs when-

ever the positron affinity for the particles is lower than that
for the host material. The present success therefore suggests

FIG. 4. Ratio curves of the CDB spectra @) pure Fe, the that the positron is a unique probe for nanoscale particles in

Fe-1.0 wt % Cu alloys afteib) 0.1 h,(c) 100 h, andd) 312 h aging ma_terials_, such a_s quantum dots in s_emi_condu%:'an!sl pre-
with respect to that of pure Cu. cipitates in metallic alloys. The combination of positron con-

finement and well-established positron annihilation tech-
_ niques together with first-principles calculatiofig®
sity decreases to 1o~ 1017/_ e, promises to reveal the atomic and electronic structures of the
Figure 4 shows the ratio of the CDB spectra(af pure  yltrafine particles. For example, it is expected that by em-
Fe, and the Fe-1.0 wt% Cu alloys afi@ 0.1 h,(c) 100 h,  ploying the angular correlation of positron annihilation radia-
and(d) 312 h aging to that of pure Cu. While the ratio curve tjon (ACAR) technique the Fermi surface of “bcc” Cu and

for 0.1 h aging is similar to that for pure Fe except for its the electronic structure of the “electron” quantum dots can
small amplitude, the curves for 100 h and 312 h aging argye explored.

quite different, namely, both the curvé® and(b) have val-

leys at 24<10 3mc, but (c) and (d) are almost flat in the IV. CONCLUSION
high momentum ¥ 15x 10 3mc) region. This shows that
the positrons do not yet annihilate with electrons in Fe after
aging longer than 100 h. In addition, the enhancement in th X ; . !
low-momentum region in the curves) and (h) in Fig. 3 the wave functlc_m of aII_ positrons can b_e entirely confm_ed
shows the positron trapping at some kind of vacancy-typ ithin the uI_traflne_ particles embedded in a host mate_nql.
defect. The existence of such defect is also supported by tHaased on th'_s positron state, many structural characteristics
changes in the positron lifetimgsee Fig. 2a)]. Thus the of the nanosize Cu parucles. n a d||_utg Fe-Cu are revealed
decrease of the broad peak arounck29 3mcis due to the successfully. Since the positron affinities for various ele-

reduction of the annihilations with the core electrons by th¢e€Nts or materials differ significantly from each other, this

trapping at the defect surrounded by Cu atoms, not due to th%ffinity-induced confinement state will appear widely in vari-

annihilations with Fe electrons. Therefore the defect is nei®US ultrafine impurity particles in solids, such as quantum

ther at the interface nor in the Fe matrix but in the Cu pre-dOtS in semiconductors and precipitates in T“eta'"c _a_llc_)ys.
cipitates. TheS-W plots for the longer aging time lie on a The “present s_tud”y therefore suggests a hlgh—s§n3|t|V|ty
straight line as shown in Fig.(B), which suggests that the and ;elf-seeklng method to study the mesoscopic systems
defects in them are the same kind. As the precipitates grO\}\V1 solids.
larger, they undergo transformations such as bcdRa@uc-
ture to release the coherency strain energy, which will induce
defects within the precipitates. We thank T. Takahashi for his arc melting of the sample,
So far the structure of the subnanosize precipitates afteand thank Professor Marcel H. F. Sluiter for his careful read-

~10 min aging is still open. Curve&) and(d) in Fig. 3  ing of the manuscript.

Py [10”mc]

The affinity-induced quantum-dot-like positron state is
emonstrated by using the CDB technique. It is found that
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