AI P ‘ .JQ?)I:)rll:eacll (ghysics

Test of ballistic spin-polarized electron transport across ferromagnet/semiconductor
Schottky interfaces
A. Hirohata, C. M. Guertler, W. S. Lew, Y. B. Xu, J. A. C. Bland, and S. N. Holmes

A

Citation: Journal of Applied Physics 91, 7481 (2002); doi: 10.1063/1.1447198

View online: http://dx.doi.org/10.1063/1.1447198

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/91/10?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Optically pumped transport in ferromagnet-semiconductor Schottky diodes (invited)
J. Appl. Phys. 91, 7261 (2002); 10.1063/1.1455606

Spin injection in ferromagnet-semiconductor heterostructures at room temperature (invited)
J. Appl. Phys. 91, 7256 (2002); 10.1063/1.1446125

Spin-polarized electron transport in ferromagnet/semiconductor hybrid structures (invited)
J. Appl. Phys. 89, 6740 (2001); 10.1063/1.1361045

Spin-dependent electron transport in NiFe/GaAs Schottky barrier structures
J. Appl. Phys. 87, 4670 (2000); 10.1063/1.373125

Spin-dependent electron transport at the ferromagnet/semiconductor interface
J. Appl. Phys. 85, 5804 (1999); 10.1063/1.369925

High-Voltage Amplifiers ENABLING RESEARCH AND
- Voltage Range from 50V to +60kV » ot INNOVATION IN DIELECTRICS,
- Current to 25A M

ELECTROSTATICS,
MATERIALS, PLASMAS AND PIEZOS

@) www.trekinc.com

TREK, INC. 190 Walnut Street, Lockport, NY 14094 USA « Toll Free in USA 1-800-FOR-TREK * (1):716-438-7555 * (f):716-201-1804 * sales@trekinc.com

!
Electrostatic Voltmeters
- Contacting & Non-contacting
- Sensitive to 1mV
- Measure to 20kV


http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2135465155/x01/AIP-PT/Trek_JAPArticleDL_040914/Trek-BannerAd-JAPdownloads-04-09-2014.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=A.+Hirohata&option1=author
http://scitation.aip.org/search?value1=C.+M.+Guertler&option1=author
http://scitation.aip.org/search?value1=W.+S.+Lew&option1=author
http://scitation.aip.org/search?value1=Y.+B.+Xu&option1=author
http://scitation.aip.org/search?value1=J.+A.+C.+Bland&option1=author
http://scitation.aip.org/search?value1=S.+N.+Holmes&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1447198
http://scitation.aip.org/content/aip/journal/jap/91/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/91/10/10.1063/1.1455606?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/91/10/10.1063/1.1446125?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/89/11/10.1063/1.1361045?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/87/9/10.1063/1.373125?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/85/8/10.1063/1.369925?ver=pdfcov

JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 10 15 MAY 2002

Test of ballistic spin-polarized electron transport across
ferromagnet /semiconductor Schottky interfaces

A. Hirohata, C. M. Guertler, W. S. Lew, Y. B. Xu,? and J. A. C. Bland”
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, England

S. N. Holmes
Cambridge Research Laboratory, Toshiba Research Europe Limited, 260 Cambridge Science Park,
Milton Road, Cambridge CB4 OWE, England

We previously reported highly efficient spin detection associated with spin filtering at single layer
ferromagnet(FM)/GaAs interfacegNiFe, Co, and Fe as the BMising photoexcitation at room
temperature, confirming that the Schottky barrier acts as a tunnel barrier. In order to consider
explicitly possible background effects, e.g., magnetic circular dichroism, we therefore prepared
antiferromagneti¢AF) Cr/GaAs structures as reference, using the same growth techniques as used
for the FM structures. The Cr/GaAs samples showed very good Schottky characteristics and the
difference in the helicity-dependent photocurrent was found to be negligible, indicating that no spin
filtering occurs at the AF Cr/GaAs interfaces. These combined results conclusively show that high
efficient spin detection can be achieved at room temperature20@ American Institute of
Physics. [DOI: 10.1063/1.1447198

I. INTRODUCTION to be negligible. We conclude that no spin filtering occurs at

. ) ) . . o the Cr/GaAs interfaces. MCD effects can also be excluded
_ Future spin electronic devices will requibeth spin in- since the spin filtering effects obtained with NiFe samples
jection from a ferromagnetFM) to a semiconductofSO  4re seen to be much larger than those obtained with Fe and
and spin detection from a SC to a FMRecently highly g samples, whereas the MCD effects with Fe and Co are
efficient spin injection has been achieved using dilute magrarger than those with NiFe. However a partial contribution
netic semiconductoréDMS)*? in combination with 1ong  of spin-dependent electron transport from the FM to the

electron spin diffusion length Spin detection, on the other GaAs cannot be excluded for the FM/GaAs structures.
hand, has not stimulated great interest apart from a study

using a metal point contact.

Previously we reported highly efficient spin detection ||. EXPERIMENTAL PROCEDURES
associated with spin filtering at single layer FM/SC inter- ) _
faces(NiFe, Co, and Fe as the PMising photoexcitation at Molecular beam epitaxyMBE) techniques were used to
room temperature, confirming that the Schottky barrier act§abricate 5 nm thick metal layefsvith NiggFe,, Co, and Fe
as a tunnel barriérWe observed a current asymmetry of up @S the FMS’ and AF Cr as referenagirectly onto GaAs
to 20% in these structures corresponding to the normalized 3-0% 107 and 1.5 1079 substrates, capped with 3 nm
difference in helicity-dependent photocurrent obtained withthick Au layers in an ultrahigh vacuuuHV) chamber. The
magnetization perpendicular and parallel to the film plane®hmic contacts on the back of thetype substrates were
As a further test of the spin filtering mechanism, we subsePrepared by evaporating 100 nm thick GeAuNi and then an-
quently investigated a spin valve structure, which provided'€@/ed at 770 K for 2 min. The GaAs substrates were cleaned
evidence of ballistic spin-polarized electron transport!or 2 min using an oxygen plasma together with chemical
effects” However, in addition to intrinsic spin filtering ef- Cl€aning with acetone and isopropanol, and then loaded into
fects, we also need to consider explicitly possible back{he UHV chamber. The metal films were grown at a rate of
ground effects, e.g., magnetic circular dichroi@#CD), the ~ ~1 monolayer(ML) per minute by electron-beare-beam
effect of a GaAs Zeeman splitting as well as the possibilityevaporat'orﬁ The substrate terlr;perature was held at 300 K
of spin-dependent electron transport from the FM to theAnd the pressure was7x10 " mbar during the growth.
GaAs. The deposition rate was monitored by a quartz microbalance

In this study, we therefore prepared antiferromagnetid"’hiCh was (_:alibrated using t_)oth_ reflection high energy elec-
(AF) Cr/GaAs structures as reference, using the same growdiion diffraction (RHEED) oscillations of Fe on a A¢100)
techniques as used for the FM structures. The Cr/GaA§ingle crystal substrate and atomic force microscoyfyM)
samples showed very good Schottky characteristics and tHePServation. Two Al electrical contact®.5 mmx0.5 mm

difference in the helicity-dependent photocurrent was found<>50 nm were then evaporated onto the Au capping layer
for |-V measurements.

A bias voltage was applied between one Al contact on
dpresent address: Department of Electronics, University of York, HeslingThe surface of the sample and one ohmic contact attached to
ton, York YO10 5DD, England. .
bAuthor to whom correspondence should be addressed; electronic maif® back of the substrate. The_ current flowmg thrOUgh'these
jacb1@phy.cam.ac.uk two pads was measurétoth with and without photoexcita-
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FIG. 1. Schematic configurations of the polar photoexcitation experiment.§ -2 [
The laser fir=1.96 eV and 5 mW of poweis linearly polarized in the 45° = 0.5 ¢
direction with reference to the modulator axis pointing sample plane normal. §
Right/left circular light is produced using a PEM. The photocurrent is mea-
sured byl -V measurement methods combined with a lock-in technique.
The value of the variable resistance for the measurement is chosen to bg
approximately the same as that of the resistance between the metal and thg
GaAs substrate. The magnetizatighin the FM and the photon helicitg

are shown with the fieldd applied normal to the sample. Two configura-
tions, (a) without (1°) and (b) with (1") a magnetic field, are employed as
shown. The sheet resistance of the Au capping layer and the FM films is
estimated to be X10° and 1-6x10° Q, respectively, and therefore it is
negligible.
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tion), while the voltage across the sample was also measure Bias [V]

using a separate top contact equivalent to a four-terminal

P . FIG. 2. (a) Bias dependence of current through the Cr/Gars (07 m™3)
geometry as shown in F|g.61From thel -V curves without interface obtained without photoexcitatioth) Bias dependence of the

photoexcitation, the Schottky characteristics were studied. nelicity-dependent photocurrent withofepen circles}©) and with the ap-

A circularly polarized laser beam was used together withplied magnetic fieldclosed circles|™) with Cr/GaAs.
an external magnetic field to investigate the spin dependence
of the photoexcited electron current. All the measurements
were carried out at room temperature in this study. The lightAl=I1"=1° is ~4 nA), suggesting that there is no spin-
was modulated from 100% right to 100% left circular polar- polarized electron current flow across the AF Cr/GaAs inter-
ization using a photoelastic modulatPEM) with a fre- face as expected. This is one of the crucial tests for the
quency of 50 kHz. For the polarized illumination mode, thevalidity of the photoexcitation study.
bias dependence of the ac helicity-dependent photocurrent A small offset inl® is seen in Fig. 2, which is similar to
through the interface was probed bdih in the remanent that with the NiFe/GaAs samplésee Table)l NiFe, Co, and
state (°) and (i) under the application of a magnetic field Fe samples possess the offset of approximatelg60,
(H=1.8 T) sufficient to saturate the magnetization along the— 160, and—0.92 nA, respectively. Possible reasons for the
plane normal (). With AF samples, since neighboring spins offset are: (i) MCD effects, (i) spin-dependent electron
are aligned antiparallel each other, there is no spontaneotignsport from the FM to the GaAsiji) a Zeeman splitting
magnetizatior. This means that AF Cr/GaAs should not in the GaAs(iv) properties of the metal/SC interface, aml
show any difference in the helicity-dependent photocurrenthe other experimental artifa¢such as very small misalign-

S
BN

between the two configurations. ment between the photon helicity quantum axis and the FM
magnetization direction
Il. RESULTS AND DISCUSSION (i) MCD effects can be excluded because the NiFe/GaAs

samples show much larger asymmefp=(1"—1°/(1"
Figure Z2a) shows thd —V curve of a Cr sample without _ %) —39%] than that caused by MCD effeats 0.2%),° and
photoexcitation, which indicates that the sample is a veryso because the spin filtering effects obtained with NiFe
good Schottky diodéthe Schottky barrier heighpy, is very  samples are seen to be much larger than those obtained with

small and the ideality factaris estimated to be 1.53vitha  Fe and Co samples, whereas the MCD effects with Fe and
small offset in reverse bias. Since all the samples, including

NiFe/GaAs, Co/GaAs, Fe/GaAs, and Cr/GaAs, are prepared

following the same procedures as mentioned above, thiSABLE I. Offsetin1° andI" for NiFe, Co, Fe and Cr deposited on GaAs
good Schottky characteristic from the Cr/GaAs suggests thaubstrates.

the sample preparation procedures are relevant for epitaxial

NiF C F C
growth but may not be for good Schottky characteristics with (n= mlzsemfs) (n= 1023 m3) (n= ng m3) (n= 102; m-3)
some metals. (nA) (nA) (nA) (nA)
The helicity-dependent photocurrent is shown in Fig.—
. . . . I ~—270 ~—160 ~-0.92 ~—60
2(b) with (I and without (°) perpendicular saturation. It —~ 285 —~ 200 43 ~—64

should be noted that there is no difference betwideand|°
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Co are larger than those with NiF@i) Spin transport from |IV. CONCLUSION

the FM to the SC might exist as the front illumination con- We have fabricated AF Cr/GaAs samples using the same
figuration(see Fig. 1also excites spin-polarized electrons in techniques as used for the FM/GaAs structuitdiie, Co,

the FM due to the spin—split density of states at the Fermynq Fe as the FMThe Cr samples show very good Schottky
level. A partial contribution of spin-dependent electron transharacteristics and the difference in the helicity-dependent
port from the FM to the GaAs cannot be excluded for thephotocurrent is found to be negligible. This clearly indicates
FM/GaAs structures. However, these two possibiliti®nd  that no spin filtering occurs across the Cr/GaAs interfaces.
('(;) are not the main reason for the existence of the offset ifcomparing these results with the previously reported highly
I” since the Cr films show the offsetii) A Zeeman splitting  efficient spin detection associated with spin filtering at FM/
in the GaAs needs to be taken into account at low temperagaas interfaces, we conclusively present that the Schottky
ture measurements, while, at room temperature, that is re- parrier acts as a tunnel barrier and highly efficient spin de-
ported to be negligiblé? As |1°] seen with FM Fe/GaAé~1  tection can be achieved at room temperature.

nA) is much smaller than that with FM NiFe/GaAs-270

nA), (v) the other experimental artifact, such as very smallACKNOWLEDGMENTS

misalignment between the photon helicity and the FM mag-  The authors are grateful for the support of EPSRC and

netization, should be in the order of a few nA, which is gy we would also like to thank Ken Cooper for his help

negligible. Since the magnitude of the offse_ts varies withyith sample preparation.

metal overlayers on the GaAs substrates as listed in Table |,

(iv) the properties of a metal/SC interface, such as bano:M. Johnson, IEEE Spectrud¥, 33 (2000. ‘

bending of the Schottky barrier, is likely to be the major R'ded\i/mlr\]ng] Mi( Ke'mrNG£ Rée_uszh%fvzl‘g‘/éo?;??lié% Schmidt, A. Waag,
0 . . . an . . Molenkamp, Natur@g.ondo .

reasop fo_r|| |¢0' The details of this e_ﬁe(,:t r,equ”e further 3Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and D. D.

investigation, however the offsets are intrinsic for the metal awschalom, NaturéLondon 402, 790 (1999.

films, which means that the offsets are not due to experimen2J. M. Kikkawa and D. D. Awschalom, Natufeondon 397, 139(1999.

tal artifact. 5S. K. Upadhyay, R. N. Louie, and R. A. Buhrman, Appl. Phys. L&t

. : 3881(1999.

Thes% results.clearly show that there. |s'l|.ttle dlfference SA. Hirohata, Y. B. Xu, C. M. Guertler, J. A. C. Bland, and S. N. Holmes,
betweenl® and!" in AF Cr/GaAs, while significant differ-  phys. Rev. B53, 104425(2001.

enceAl is seen in FM samples, namely NiFe/GaAs and Co/"A. Hirohata, W. S. Lew, C. M. Guertler, Y. B. Xu, J. A. C. Bland and S. N.

aA ; ; Holmes, Phys. Rev. Lettsubmitted.
GaAs as repprted_pre_zvn_)usq_yTherefore our previous WOI’k 8Epitaxial relationship is 0®01)(110||GaAg001)(110 for Co/GaAs and
on FM/GaAs is solid, indicating that the Schottky barrier can £¢001)(100)GaA$001(100 for Fe/GaAs. Since NiFe films do not grow

be used as a tunnel barrier for spin-polarized electron trans-epitaxially on GaAs substrates, the crystalline relationship between these
port across the FM/GaAs interfaces and highly efficient spin two materials are not shown. _
detection can be achieved dependent upon the spin—splits' Chikazumi,Physics of Ferromagnetisn2nd ed.(Clarendon, Oxford,
. . . 1997, p. 134.
density of states at the Fermi level in the FM at room tem-og_gjasberg, H. Shtrikman, I. Bar-Joseph, and P. C. Klipstein, Phys. Rev.

perature. B 60, R16295(1999.



