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Spin-polarized electron transport in ferromagnet  /semiconductor hybrid
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Two major problems in spin electronics remain to be solved: room temperature spin injection at a
sourceandspin detection at a drain electrode. The lateral size of magnetic contacts and the presence
of a potential barrier at the interface are believed to have a key influence on the efficiency of both
of these processes. We therefore aimed to clarify these issues by studying spin-polarized transport
across epitaxially grown single crystal F801)/GaAs nanoclusters and at the Schottky barrier
formed at NjFe,o/GaAs interfaces. We observed a negative contribution to the magnetoresistance
of an ultrathin(2.5 ML) discontinuous epitaxial Fe film as occurs in tunnel magnetoresistance. This
result suggests that spin transport via GaAs is possible on the nanoscale. In the continuous NiFe/
GaAs structures, circularly polarized light was used to create a population of spin-polarized
electrons in the GaAs substrate and spin-polarized electron transport across the interface at room
temperature was detected as an electrical response associated with the field-dependent photocurrent.
Surprisingly, highly efficient spin transmission is observed at room temperature, indicating that
there is no significant loss of spin polarization for electrons crossing the interface. This result
unambiguously demonstrates that spin detection is possible at room temperature in a continuous
ferromagnet/semiconductor contact in the presence of the Schottky barrie200® American
Institute of Physics.[DOI: 10.1063/1.1361045

I. INTRODUCTION observation of a relatively large polarizatforequired mag-
) _ _ netic fields of order 3 T. In addition, fundamental obstacles
The study of conduction electron spin transport in metals, achieving efficient spin transmission across ferromagnetic
has led to new classes of electronic devices based on thfeial/SC interfaces have recently been rafs¥drhe spin
manipulation of the electron spin. Highly sensitive magneticiniaction from a ferromagneM) directly into a SC is still
field sensors are used in today’s read heads and integratg great challenge. The converse efféiid, furthermore, re-

digital devices are being developed for high speed and loW,ains to be shown, even though the spin detection is as
power applicationd? Proposed spin analogues to conven-imnortant as the spin injection.

tional semiconductofSC) devices have recently stimulated
great interest, e.g., the spin-polarized field effect transistor
(spin FET?® and the spin-polarized light-emitting diofie®

As originally demonstrated in metai§ and applied to the
spin FET® spin electronic devices involvéi) the injection Gate

of spin-polarized carriers at a magnetic/nonmagnetic mate-

rial interface;(ii) the transmission of polarized carriers in the Source Drain
nonmagnetic material; andii) the detection of polarized

carriers as a voltage(or currenj modulation at a r——: = l l_: —~

nonmagnetic/magnetic material interfacee Fig. 1 P
Recent optical experimert® demonstrated the injection 4.‘. ‘.— ‘.'
of spins in magnetic/nonmagnetic SC structures. The polar- (a) (b)

ized carriers diffused into the nonmagnetic SC for a length
that was adequate to permit their observation by electrolumi-
nescence. In these cryogenic experiments, spin-dependent
signals were not observed above 40 K, and the experiment&lG. 1. Schematic diagram of a proposed spin FET. The successful opera-
tion of the spin FET requires botlia) spin injection at the source arit)

spin detection at the drain. Both of these processes depend crucially on the
dAuthor to whom correspondence should be addressed; electronic maiklectronic properties of the interface. The lateral separdtioh the two
jacbl@phy.cam.ac.uk contacts is likely to be of key importance.
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In this study, we focus on the issues of lateral $zm- 107° —— N ——
pared to the spin coherence lengtnd the presence of a I
potential barrier at the interface and, in this context, report
on both the transport properties of epitaxial Fe nanoclusters—

grown on atomically clean semi-insulating Ga@$0) sub- é I /
strates and the detection of polarized carriers as a photocurz.

rent modulation at a FM/SC interface. In the spin tunneling .2 I ./'/./'/‘/k

study, the effective nanocluster separation is well below the %
spin diffusion length giving rise to the possibility of spin-

dependent electron transport between magnetic clusters. B

using in situ magnetoresistancéMR) measurements, we . J
were able to study the temperature characteristics and the 107 ———rt———rt c;sol — ‘0 0'90‘
evolution of the MR with thickness of 1.0-8.0 ML thick 0.060 O'O7OT.1/2 [K-m;)' )

films. For spin detection experiments, we have used circu-

larly polarized light to create a population of spin-polarized FIG. 2. Temperature dependence of the resistivityafd ML Fe film.

electrons in semiconducting GaAs. Their spin-dependent

transport across the FM/SC interface is detected as an elec-

trical response associated with the field dependent photocull. ELECTRON TUNNELING IN EPITAXIAL Fe

rent. Surprisingly, highly efficient spin transmission is ob- NANOCLUSTERS

served at room temperature, indicating that there is N0 |, the yltrathin film regime Fe forms three dimensional

;lgn|f|cant loss of sp|.n polarization for electrons crossmg thesingle crystal clusters on GaAs with an average diameter of a

interface. A change in the photocurrent of up to 20% is 0bte\y nanometerd Each of these clusters behaves as a “gi-

serveq, and this is expected to increase further for photog;» spin where the total spin moment is on the order of

energies approaching the GaAs band gap. 2000u5 . Moreover, all clusters have a common easy axis
direction determined by the interface-induced crystal

Il EXPERIMENTAL PROCEDURE anisotr_opyl.5 The thickpess range un(_jer investigation is also
of particular interest since a change in magnetotransport pro-

We used molecular beam epitaxy techniques to fabricateesses can be expected from a film at the percolation thresh-
FM layers directly onto GaA$100) substrates in an ultra- old.
high vacuum(UHV) chamber with a base pressure of 4 For films thinner than 4 ML, the Fe islands are still
x 10" Pmbar. The FM layers were grown at room tempera-below the coalescence threshold. The electron transport is
ture at a rate of about 1 ML/min. The deposition rate wasdetermined mainly by the undoped GaAs substrate resulting
monitored by a quartz crystal, which was calibrated by thick-in a nonmetallic negative temperature coefficient of the re-
ness measurements using atomic force microscopy. sistivity p when the samples were cooled down from room

For the spin tunneling study, a brief etching of the GaAstemperature to 100 K. In particular, the resistivifyaol ML
in H,SO, solution was performed before loading in the UHV Fe film is very well fitted by the expressiorp
chamber and then annealing to 550 °C for 30 min. At a cho<exy (C/T)*?], whereC is a constant depending on the tun-
sen Fe thickness the growth process was interrupted and Mieling barrier heightsee Fig. 2 The observed temperature
measurements were carried out at various temperatureependence is a strong indication that the main mechanism
(100=T=300K). For a detailed description of the experi- for electron conduction is thermally activated tunneling be-
mental setup, see Ref. 11. tween metallic cluster®:!’

In the case of the spin detection measurements, the Furthermore, we found witln situ MR three different
ohmic contacts on the bottom of the GaAs substrates wermagnetic phases when the films were cooled down from
prepared by evaporating 100 nm thick GeAuNi and AuBeroom temperature to 100 K due to the small size. Above 330
followed by annealing at 770 K for 2 min for the caseref K, the majority of the Fe islands are nonmagnetic with a
and p-type substrates, respectively. The substrates wer€urie temperature of about 330 K, resulting in a very weak
cleaned by an oxygen plasma for 2 min before being loadetMR response.
into the UHV chamber, and then 5 nm thickghfie,q layers In the temperature range of 280 <330K, ferromag-
were grown directly onto GaA§100) (n=10%, 10*%, and netic ordering within each cluster occurs but due to their
p=10"m~3) substrates, capped with 3 nm thick Au layers.large separation no ferromagnetic interaction between clus-
Two Al contacts(550 nm thick were evaporated onto the ters can be established. Thermally activated, the magnetiza-
capping layer. Current—voltagé-V) measurements across tion of each cluster points in a random direction, causing the
two Al electrical contacts attached to the top and one ohmisuperparamagnetic nature of the film.
contact to the bottom of the substrate were performed both When the samples were further cooled below 200 K,
with and without photoexcitatiot? 2 A circularly polarized intercluster ferromagnetic ordering sets in. The longitudinal
laser beam(with the photon energyhv in the range 1.59 MR response in the low temperature regime clearly exhibits
<hv=<2.41e\) was then used together with an externalan anisotropic MRAMR) as seen in Fig. 3 for a 2.5 ML Fe
magnetic field to investigate the spin dependence of the phdilm at 135 K. The increase of the resistivity with an increas-
tocurrent at room temperature. ing magnetic field is due to the AMR effect in the ferromag-
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13827 . T 0.035 doping densities oh=10?%, 10?4, andp=10"m™3, respec-
T 1.3826 3003 tively. These samples also contain weak ohmic components,
£ 1 0028 which gives rise to a degree of linearity in theV curves
g 138 ¢ 1002 »  around zero bias. With increasing doping density, the
< 3804 a E 0:015 3 Schottky barrier heighty, is observed to decrease from ap-
x i 100y &  proximately 0.8 0=10°m3) to 0.2 eV P=10"m3) in
g 13823 & ' the NiFe/GaAs hybrid structures as expecte®ecause a
8 13822 L 1000 significant Schottky barrier is seen with=10"m™3, we
. 10 mainly discuss results from this sample.
13821 ¢ ‘ : : = -0.005 The helicity-dependent photocurrenivas measured by
3 '2 ! Fie,?, [kOe] ! 2 3 modulating the photon helicity from righio{") to left (o)

_ using a photoelastic modulator operated at 50 kHz and then
FIG. 3. AMR loop taken from a 2.5 ML Fe film on GaAs at 135 K. detected as an ac signal using lock-in techniques. This
method enables us to obtain helicity-dependent effects inde-

netically ordered Fe clusters. For magnetic fields larger thaﬁ)endent of any background dc currents. The two helicity

1 kOe, a decrease in resistivity with an increasing applieal: 2':?; t%(r)erriii?doenn(i tohgt%?gs\',tviiiﬁmisg%g:rtgfm%r;?ems\/ﬁ:'
field is seen(see Fig. 3 This can be explained in terms of a P Y PP P

superimposed AMR with a “tunnel ma netoresistancepolarizations of electrons photoexcited in the GaAs. For the
(TIP/IR)-Iiﬁe” signal 9 polarized illumination mode, the bias dependence of the ac

The decrease of the resistivity with an increasing mag_hehcny—dependent photocurrehtthrough the interface was

H — 0
netic field is a characteristic of TMR as occurs in ferromag—SL%iidthzog](a)liégtigf Orf 2?::”;:;?3;;‘% 1' 8)Ta;ngu(f?|)
netic nanoparticles embedded in an insulating mdfrRue cient to satLE)rF;te the ma netiz%tion alon thé lane normal
to a distribution in cluster size in our samples, there is 9 9 P

. ) . .
coexistence of ferromagnetic ordered clusters with superl—al1 )ez.rsca(\)rgssgu:cnt?(/j, tLOLEEEzVZOQL'%u;a?r?‘:“\g r JSS tgltiee Spin
paramagnetic clusters at a fixed temperature. At higher ma ay P P P

netic fields the TMR-like effect of the superparamagnetig)omlrlzaltlon at Fhe Fermi levél, €., only minority spin
electrons contribute to the transmitted current. In this case,

clusters dominates the MR response and therefore decrease:ﬁ ) L .

the resistivity. only electrons vy|th minority spin can enter t_he FM metal
An important question is whether the tunneling between;rom the SC, Wh'Ch. means a greater ne_t n_ega_tlve.current now
aJlfkows (compared with that foo-L M). Spin filtering is there-

nanoparticles occurs via the vacuum or via the substrate. re turned on or off by controlling the relative axesam#nd
these structures, the Schottky barrier arises at the Fe/G ’\% -
y , and detected as the helicity-dependent photocurrent

interface leading to a barrier height 0.7 eV. On the other ; 0 . A . o
hand, the vacuum level is at4.5 eV above the Fermi en- W'th oLM, 15, there'|s no spin f|r!ter|ng, while spin filtering
is turned on by rotating terM, 1".

ergyEg . Therefore we conclude that tunneling via the GaAs

o . : . In our experiment, we measure the helicity-dependent
substrate is likely to be the dominant process since in each 0 n . X .
! photocurrent$® andl", which are proportional to the differ-
case the separation between clusterssisnm and so only

the barrier height determines the probability for tunneling. ence bgtween the cu.rrent f:omponents for nghTX an.d left
The appearance of an AMR signal clearly marks the(‘r ) circularly polarized light for each magnetization con-

i ion- 10=pO0li+t_i- n_pnfit_i- 0
vanishing of the superparamagnetic phase and the onset %guratlon. I"=p%lig —io| and I"=p"i, ~i|, wherep

n )
ferromagnetic ordering between clusters. Fitting a Langevi ?r(njcz tﬁéeasgasﬁ;;igtgs dfg/vla'\s/luzzg ?;lrh{lﬁer::ﬁ:;;/jrlghents
function to the magneto-optic Kerr effe€MOKE) loops P '

measured from these films, we estimated the island diamet € ph_a+se .fflc.tor was optimized in each case. As shown in
ig. 4,iy =i, is expected for the case of the remanent states,

to be on the order of 5 nm. The cluster size agrees well with ' =0 0 i .
while i, #i, is expected for perpendicular saturation due to

STM images obtained from 2.3 ML Fe on InAs for which a th r larizati f the density of stat t the Fermi
similar growth mode is found The observed superpara- | € Ispmthpoglr\;lzﬁ lon of le tﬁnsr:yl'o't sda €s 3 te hetrm|
magnetic to ferromagnetic transition is in agreement with'© V&' I the - I principie, te heucity-dependent photo-

MOKE results already reported by Xat al 14 ptter the current!® should be zero ant" should reflect the electron
deposition of more than 3 ML Fe, the transition from the spin polarization both in the SC and the FM, i.e., we expect

0 n
superparamagnetic to the ferromagnetic phase is completg, [<I1l.

. . . : : Typical helicity-dependent photocurrent curves are
the TMR-like signal vanishes and the AMR signal is clearly - o3 3
established, as expected for a continuous film. shown in Fig. 4 for the case of the1=10"m * doped

sample withhy=1.59 eV. An almost constant difference be-
tween the helicity-dependent photocurrent for the two con-
figurations A\l =1"—19) is seen at negative bias, which cor-
responds to the spin-polarized photocurrent passing
From thel -V curves obtained without photoexcitation predominantly from the SC to the FM with a transmitted
we infer that each sample shows clear Schottky characterisatensity dependent on the magnetization configurations as
tics at the FM/SC interface. The ideality factbwas calcu-  discussed abovisee Fig. 4b)]. Minor increases in both®
lated to be 6.69, 5.37, and 4.04 for the samples with substratend|" are obtained with increasing bias which resemble the

IV. SPIN DETECTION IN THE FM/SC SCHOTTKY
DIODE STRUCTURES
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a QM F ds (triangles, and 2.41 eMsquares
Rovell ——
+@ -
. indicating that the offset is not associated with any experi-
! L]
=G 5 ; | ki ZFL mental asymmetry.
- | ‘ [~ == In GaAs, wherhv=E,=1.43 eV (E, is the energy gap
m = | _ in GaAs, the maximum spin polarization is expected to be
’il <~ 1| = approximately 40%"?% For E;+A<hv (A=0.34eV, the
B [ ‘jL‘\ valence band splitting in GaAsthe spin polarization de-

creases due to transitions from the split-off valence band
zlg)a- :ﬁ éa)wiir?sa (ni)er:ﬁgd;ncl?egf rtTf: :2|tiiccit)f/i-ed|§piin?heentczzgt?fulilfiirg/év:zufstates, which contribute oppositely to the sign of the conduc-
(100 (n=10m"3) indusepd by phogtoexcitatiom(V:I.SQ eV). Schematic tion b.an.d spin polarization. Pierce and Meier pgrformed-pho-
diagrams illustratingb) the o,M configurations andc) the spin filtering toemission measurements and found the maximum spin po-
mechanism for photoexcited electron transport at the FM/SC Schottky inlarization of 44% forhv=1.5eV close to the value of 50%
terface. theoretically predicted* With increasing photon energy, the
conduction band spin polarization reduces as expected. To
quantify the polarization in our experiments, an asymmatry
form of the usual —V characteristic seen without photoex- is introduced as a measure of the spin polarization of the
citation. It is very important to note that the helicity- photoexcited electron current whebe=(1"—1°9)/(1"+1°).
dependent photocurrent values fet. M(1°) and ollM(1") The bias dependence of the asymmetrys shown in
configurations are observed to sati$fy] <|1"|. Fig. 5 for three photon energiés'=1.59, 1.96, and 2.41 eV.
We propose a simple model to explain the spin filteringAt each photon energ is found to be almost constant for
as shown schematically in Fig(a}. Valence band electrons V< ¢, . A also decreases from 16%#=1.59eV) to 0%
in the SC are first excited into the conduction band by thg hy=2.41eV) with increasing photon energy, which indi-
circularly polarized light and then tunnel through the cates that the photoinduced spin polarization in the SC van-
Schottky barrier into the FM. The photoexcited electrons inishes at high photon energy as discussed above. These results
the conduction band are partially spin polarized, according to
the helicity o, due to the dipole selection rulés.In the
remanent statftop panel of Fig. 4&)], since the magnetiza-
tion in the FM is orthogonal to the photoexcited spin polar- 50 ¢
ization, both up and down spin-polarized electrons in the SC
can flow into the FM, opposing the electron current from the
FM. At perpendicular saturationo{{M) [bottom panel of
Fig. 4(c)], on the other hand, the up spin electron current
from the SC is filtered due to the spin split density of states
at the Fermi leveEg of the FM, i.e., only minority states are
available to electrons tunneling from the SC. This means that ,
a strong difference between the up and down spin currents 0 * ]
occurs at perpendicular saturation. The observation|tAat o 1 10
<|I"| provides clear evidence that spin-polarized transport 15 2 2.5
from the SC to the FM occurs under the application of a Photon Energy [eV]
perpendicular magr_1et|C field. Su_rprlsmgl)?, is offset from FIG. 6. Photon energy dependence of asymmetly=a0 V for the case of
the zero value predicted by our simple model. Such an offsg{— 1¢?3m~3 doped samplécircular dots. The spin polarization in GaAs
is seen only in NiFe structures, and is not seen for Fe or Capeasured by photoemissigrectanglesis also showr(see Ref. 2L

Asymmetry [%]
n
o
T

[%] uonezuejod

Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



6744 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Bland et al.

indicate that the observed asymmefys indeed consistent the spin transport behavior in these Fe nanoclusters since it is
with our model, i.e., the spin polarization of the photoexcitedlikely that spin detection occurs due to the same spin filtering
electrons is determined by the photon energy and spin filterprocess identified in the NiFe/GaAs structures.
ing by the FM films occurs independently of the photon en-  We have also found that efficient spin-polarized electron
ergy. Furthermore, the contribution from magnetic circulartransport occurs across the NiFe/GaAs interface. Strong spin
dichroism effects associated with the propagation of the lasdfltering in the ferromagnetic NiFe layer reduces the trans-
light through the magnetic film is calculated to be approxi-mission of photoexcited spin-polarized electrons tunneling
mately 0.2%:> which is much smaller than the observed from the SC to the FM when the FM magnetization is
value of A (4.5% with n=10**m 2 and hy=1.96eV, for aligned with the photon helicity. The photocurrent asymme-
instance, and is therefore negligible. This suggests that therary approaches 20% for the smallest photon energy used and
are no other processes that could mimic this asymmetry. is expected to increase still further as the photon energy ap-

Figure 6 shows that the asymmetfyat zero bias in- proaches the SC band gap, which holds promise for the de-
creases with decreasing photon enehgyfor n=10°m=2  velopment of spin electronic devices. This result is likely to
doped substrates. The spin polarization curve for GaAs obbke significant in the development of future spin electronic
tained by photoemission is also shown for Ref. 21. A cleadevices based on the combination of hybrid FM/SC struc-
trend is observed with increasigas the photon enerdyr  tures.
decreases and approactg&s. Moreover, the magnitude of
the asymmetnA reaches 16% at the smallest photon energyﬁA‘CKNOWLEDGMENTS
which agrees well with the order of magnitude of the polar-  The authors are grateful to Dr. Stuart Holmes for assis-
ization estimated from the photoemission experiment. Actance with the sample preparation. The support of EPSRC
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tunnel barrier can be estimated Bs=2P,P,/(1+P;P,) would like to thank Toshiba Europe Research Limited for
where P, and P, are the spin polarizations of the two FM their financial support.
layers. Since we assume spin-polarized electron tunnelin '
across the FM/SC interface, we apply this model to our sys-zﬁ' ?6&?;;26 JI-E "éggg 2?:?31%7'\/'3;8(22%%57 (1999.
tem. UsingP, =43% for GaAs ahv= 1.59_e\/2% andP, of 35 Dava and B, Das,pAppI. Phys. LeB, 665 (1990,
45% for NiFe?® the maximum spin polarizatioP can be  “R. Fiederling, M. Keim, G. Reunscher, W. Ossau, G. Schmidt, A. Waag,
deduced to be 32%. Considering that the asymmétrg and L. W. Molenkamp, Naturd_ondon 402, 787 (1999.
observed to be 16% dsv=1.59eV, the efficiency of our 5Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and D. D.

. . . . Awschalom, NaturélL.ondon 402 790(1999.

spin detection can be estimated to be approximately 50% at; Malajovich, J. M. Kikkawa, D. D. Awschalom, J. J. Berry, and N.
room temperature. This value indicates that spin-polarized samarth, Phys. Rev. Le®4, 1015(2000.
electrons are transmitted from the SC to the FM with high ;M- Johnson and R. H. Silsbee, Phys. Rev. L8§.1790(1985.
efficiency, although a precise correspondence cannot be ex-f.;fg?aznﬁ,?f‘féfg R. Bennet, M. J. Yang, and M. Johnson, Phys. Rev.
pected sincé\ is not a true measure of the electron polariza- g schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip, and B. J. van
tion P. Since a large spin polarization occurskt in the Wees, Phys. Rev. B2, R4790(2000.

NiFe® NiFe may be a particularly appropriate metal for i’g ';/:tsg?réllld, $h>é5-;0da5<j 321A(2(2:00é| 0 3. Magn. Magn. vt

. . M. Gutler, Y. B. Xu, and J. A. C. Bland, J. Magn. Magn. Matén
such studies. press.
12M. W. J. Prins, H. van Kempen, H. van Leuken, R. A. de Groot, W. van
V. CONCLUSION Roy, and J. de Boeck, J. Phys.: Condens. Matte3447(1995.

) . . . A, Hirohata, Y. B. Xu, C. M. Guertler, and J. A. C. Bland, J. Appl. Phys.
The lateral size and interface magnetism in the FM/SC g7, 4670(2000.

hybrid structures have been assesdrdsitu magnetoresis- Y. B. Xu, E. T. M. Kernohan, D. J. Freeland, A. Ercole, M. Tselepi, and

tance was used to investigate the electrical transport propey;J: A- C- Bland, Phys. Rev. B8, 890(1998.

. . . . . . Y. B. Xu, D. J. Freeland, M. Tselepi, and J. A. C. Bland, J. Appl. Phys.
ties of ultrathin epitaxial Fe films deposited on Ga@$0) 87, 6110(2000.

substrates. For the cluster phase, it was found that the maifp. sheng, B. Abeles, and Y. Arie, Phys. Rev. L8t 44 (1973.
mechanism for electron conduction is thermally activated’J. S. Helman and B. Abeles, Phys. Rev. L8, 1429(1976.

. . . . 18 B . .
tunneling between the epitaxial Fe nanoparticles. These clus-gig;%;'“'ema”' Y. Goldstein, and S. Bozowski, Phys. Rev5,B3609

ters are predominately s_uperpgramagnetic j”$t below roomg "y, Sze Physics of Semiconductor Devic@ad ed.(Wiley, New York,
temperature T~250K) giving rise to a TMR-like magne- 1981, pp. 245-311.
toresistance. At low temperatureb~ 100 K) the Fe clusters 228- Nadgornyet 3I-, Phys. Revr-] B61, R3788(200Cz- 5
; ; i “*D. T. Pierce and F. Meier, Phys. Rev.1B, 5484(1976.
EStab“Sh ferromagnfetlc; OrdeLandhtherefqre .eXthlt tlhe vr\]lellzzs. Adachi, GaAs and Related Material®/Norld Scientific, Singapore,
nown AMR. We infer from the photoexcitation results that 1994, pp. 145.

the presence of the Schottky barrier is of key importance fof®m. Julliere, Phys. Repb4A, 225(1975.

Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



