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Spin-polarized Zener tunneling in (Ga,Mn)As
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We investigate spin-polarized inter-band tunneling through measureme&atMnAs based Zener tunnel
diode. By placing the diode under reverse bias, electron spin polarization is transferred from the valence band
of p-type (Ga,MnAs to the conduction band of an adjacerGaAs layer. The resulting current is monitored
by injection into a quantum well light emitting diode whose electroluminescence polarization is found to track
the magnetization of théGa,MnAs layer as a function of both temperature and magnetic field.
DOI: 10.1103/PhysRevB.65.041306 PACS nunider72.25.Dc, 72.25.Hg, 75.50.Pp, 73.61.Ey

With the recent discovery of ferromagnetic semiconduc- In order to realize this structure, samples are grown in
tors compatible with 11I-V epitaxy the field of spintronics two separate Varian/EPI Gen-ll molecular beam epitaxy
has expanded from all-mefaland hybrid metal-semi- chamberschambersA andB). The LED structure is grown
conductof structures to include all-semiconductor ferromag-first and entirely within chambeh and is comprised of the
netic device$. Such devices have revealed intriguing Prop-following layers: 300 nmn-GaAs (Si: 3< 10 cm™3)/
erties, such as control of their Curie temperature with ango nm GaAs/10 nm Ga4No 15As/100 nm GaAs/1000 nm
applied voltage. This is a consequence of the carrier- p-GaAs (C: 5<10'8 cm;3)/Si-GaAs(100) substrate. The
mediated nature of the ferromagnetism in these materialg)ottom layer(n contact of the TJ is also grown in chamber
which allows manipulation of the magnetic properties o and is comprised of 10 nm-GaAs (Si: 1x 10 cm3).
through control of the electronic subsystdite., through  The top layer(p contact of the TJ device is ap-type
doping, gating, et¢. Here we exploit this control to con- Gay 9aMNg gsAS layer™ and is grown in chambeB. In or-
struct a heavily dopeg-n diode, which when operated in der to maintain the quality of the TJ interface during sample
the Zener tunneling regime is capable of transferategtron  yangfer, upon completion of growth in chamb®the sub-
spin - polarization from the valence be?n_cbf P-typ€  strate is cooled to room temperature and an As (cap—3
I(Syae'rNWAS to the conduction band of an adjacenGaAs  nyrg) is deposited on the surface. The sample is then removed

This spin transfer is investigated by monitoring the result-

ing spin-polarized electron current as it is injected into a () TNe— |————>LED
(Ga,InAs quantum wel(QW) placed in the intrinsic region v (Gaém\;As "
of an n-i-p light emitting diode(LED). The polarization of , e o
the luminescence from the QW is a measure of the spin v.b.
polarization of the electron currénand is monitored as a & Q00
function of magnetic field and temperature, revealing that the i
tunneling process results in a spin-polarization that tracks the p-(GaMn)As Q'G"“AS i-GaAs  p-GaAs
magnetization of th€éGa,MnAs layer. In addition to inves- (b) }, ©
tigating the tunneling process itself, we are able to circum- Vi i 2
vent the lack ofn-type ferromagnetic semiconductbfsand 0.1k ¢ T=5K
generate a spin current in an environment that promises bott E & 2 wTJ+LED
higher mobility’ and longer spin-lifetim& than is possible in = 02fs £ oLED
hole mediated transport. - § eI

0.3L% 2

A schematic of the band diagram for such a tunnel diode 03005 0 05
is presented in Fig. (&). The device performs as follows: a AV
negative bias is applied between th€Ga,MnAs and the LED P V¥
p-GaAs .Iayers, as indicated by the vertlca_ll arr_ow Ia_lbeled FIG. 1. (@) Schematic band diagram: solid arrow labeled&
—V. Th's_ places the Zener diode tunr_1e| junctiond) in indicates direction of band bending under normal operating condi-
reverse bias and allows electron tunne]mg from the Valencﬁons. Filled circles represent electrons and open circles holes, ar-
band of thep-(Ga,MnAs to the conduction band of the ad- (4,5 indicate spin orientation. Spin-polarized holes in the
jacent n-GaAs layer. Subsequent to tunneling, the spin-p_(Ga,MnAs region represent the hole gas thought to mediate fer-
polarized electrons are injected into the LED structureromagnetism in this materigRef. . (b) Cartoon representing pat-
(which is under forward bigsand swept into thé€Ga,INAS  terned structure with bias conditions used to obtain the date)in
QW where they recombine radiatively with unpolarized Cone in the+y direction indicates luminescence from the QW for
holes injected from th@-GaAs layer. As stated above, this edge emission geometry; arrow labeRdnhdicates direction of the
will result in a net circular polarization of the luminescence magnetic field(c) |-V curves for the TJ and LED structures as well
proportional to the spin polarization of the electron current. as for the complete device (FLED) at T=5K.

0163-1829/2002/68)/0413064)/$20.00 65 041306-1 ©2002 The American Physical Society



RAPID COMMUNICATIONS

E. JOHNSTON-HALPERINet al. PHYSICAL REVIEW B 65 041306

and subsequently transferred in air to chamBgewhere the
As cap is desorbed at 400 °C in an As atmosphere, and 300
nm of Gg g49qMNg o5AS iS grown to complete the TJ struc-
ture. The Mn content of thé€Ga,MnAs layer is determined
by MnAs reflection high energy electron diffraction
oscillations'? the As:Ga beam flux ratio is-25:1, and the
growth temperature is stabilized at 260 °C using band-edge 1.30 1.40 1.50 -100
thermometry® Finally, a control sample with 300 nm Energy (eV)
p-GaAs (C:1x 10?° cm3) substituted for the-(Ga,Mn) As — r ]
layer is grown entirely within chambe. T=5K . /.\/._.0‘\“.,-\ PN .5-(} ,-/\'
For both optical and electrical measurements the samples .o S R
are processed into bars2 mm long with cleaved facets, I
“wedding cake” cross section, and electrical contacts con-
sisting of un-annealéd Ti:Au, as shown in Fig. (). This
structure allows independent electrical access to both the TJ
and LED structures, and their respectie/ curves atT ’
=5K can be seen in Fig.(&). A bias of about—0.50 V is
required to turn on the TJ, suggesting that the conduction
band of then-GaAs lies close to mid-gap relative to the
p-(Ga,Mn) As. The filled squares indicate the I-V character-
istic when the drive is applied across the entire sangdes
the case for the following measurements
The electro-optical measurement technique used here is
adapted from previous work ip-i-n heterostructure$!®
The samples are placed in the bore of a magneto-optical
cryostat capable of reaching fields up to 8 T and tempera-
turesT=1.2—-300 K. The magnetic field is measuiadsitu
using a Hall sensor located adjacent to the sample. Lumines-
cence is collected by a collimating lens, passed sequentially
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through a variable retarder and linear polarizer, dispersed in 0— P 0
a 1.33 m spectrometer, and detected with a liquid-nitrogen 0 20 40 60 80 100
cooled charge coupled device. Polarization resolution is Temperature (K)

achieved by measuring the intensity of the QW luminescence
while the variable retarder is set to quarter- and three quarter- FIG. 2. (&) EL and PL(insey spectra aff =5 K. EL is driven by
wave retardance, passing left circularly polarize@P) and ~ & current of —200 uA and PL is excited by 1.425 eV linearly
right circularly polarized(RCP light, respectively. Due to Polarized light incident through the substréit. Pump in 1b)]. (b)
both the effects of quantum confinement and strain on th&!agnetization data measured in the plane of the sample using a
optical selection rules responsible for the QW lumines->QU!D magnetometer at=5K. (c) EL and PL polarization as a
cence!®l? as well as the magnetic anisotropy of the function of magnetic fleld._ Excnatl_on_condltlc_)ns are the same as for
(Ga,MnAs layer! the measured spin polarization may de- @, .and gray shaded regions @ indicate width of spectral Inte-
pend on the collection geometry. We therefore measure bo .ratlo'?/l. @ Rem";‘“e”F po'ir'zat'onF{R) and remagent magnet'za'h
the luminescence collected from the edge of the sarffiple lon (Mr) as a function of temperature. Error bars represent the
. - standard deviation in the individual hysteresis loops.
the plane of the QW, easy magnetic axis(6&,MnAs] and
through the substraf@ut of the plane of the QW, hard mag-
netic axis of(Ga,MnAs]. P=(lcp— lrep/(l .cpt I rcp) as a function of applied mag-
We first consider the edge-emitted luminescence, i.enetic field. Herel cprcpindicates the intensity of LCP and
along the +y direction in Fig. 1b). Electroluminescence RCP light respectively, integrated over the spectral width of
(EL) is collected from the edge of the sample while holdingthe QW [gray shaded region in Fig.(@].° The results of
the drive current constant at200 uA at T=5K. The re- one such scan takenat=5 K and drive current of-200 uA
sulting spectrum can be seen on a semi-logarithmic scale igan be seen in Fig.(2). We observe no dependence of the
Fig. 2(a) and shows that the QW luminescence is centered gtolarization on drive current. A background polarization of
1.384 eV and is both sharf2.70 meV FWHM and spec- ~3% which does not depend on magnetic field over this
trally distinct from the GaAs luminescenéeentered at 1.491 range has been subtracted from the data. While the field de-
eV). We also use superconducting quantum interference dggendence of the polarization qualitatively mimics that of the
vice (SQUID) magnetometery to measure the magnetizatiormagnetization in théGa,MnAs film [Fig. 2(b)], the coerciv-
of the (Ga,MnAs layer along this directidfi for an unproc- ity H. is found to be somewhat large42 G for the EL
essed sampliFig. 2(b)]. versus 20 G for the SQUID dataHowever, as this discrep-
In order to determine whether electrical spin injectionancy could arise from a variety of extrinsic effects, such as
is taking place, we monitor the polarization of the EL, differing shape anisotropy from the as-grown film, increased
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oxidation due to processing, etc., we do not consider it rel-
evant here. We also note that while the magnitude of the
polarization is smal(0.82+0.08%, it is consistent with pre-
vious studies ofGa,MnAs based structurésit is unclear
whether this is indicative of the intrinsic Fermi energy spin
polarization of(Ga,MnAs or arises from spin scattering dur-
ing transport.

It is, in principle, possible that the polarization effects
seen in Fig. &) are an artifact of the luminescence scatter-
ing from the dichroi€ (Ga,MnAs layeren routeto the de-

(b)

M (1/Mn)

W

tector. In order to ascertain the extent of this potential con- ~—~
tribution to the field dependence, photoluminesce(ie is SE 0
collected with the same measurement geometry as thé EL. g
The linearly polarized excitation beam is incident from the -5 0
substrate side of the samplalong +z in Fig. 1(b)] and .g
tuned to 1.425 e\(below the GaAs band edg& minimize E
optically generated spin polarization. A representative PL p? 05

spectrum can be seen in the inset to Fi@),2and the corre-
sponding field scan is indicated by the open triangles in Fig.

2(c). The PL field dependence shows none of the magnetic -1
structure visible in the EL, ruling out both the path depen- -10 -5 0 5 10
dent effects mentioned above as well as any intrinsic spin Field (kG)

splitting in the QW as potential sources for spurious signal.
Such spin splitting in the QW could arise from, e.g. Zeeman FIG. 3. (a) Cartoon of sample orientation for emission through
splitting due to fringe fields from théGa,MnAs layer. the substrate. Cone indicates QW luminescence and the arrow la-
The temperature dependence of the remanent polarizaticﬁ?l_edB indicates the direction of the mag_netic fielth) Magneti-
(polarization at zero applied fielbf the EL may be com- zation data measured along the gromh dlrecﬁkmrd. a>.<|3.0f the
pared to the temperature dependence of the magnetizatioﬁ".‘mple ateltempe_rature of 5 K. The slight hysteresis is ||!<er due to
The data can be seen in Figd2 with the EL indicated by a small(<5°) misalignment of the sampléc) EL and PL as in &).
filled circles and SQUID data by the solid line. As with the
field dependence, the polarization of the EL clearly trackst from the data for ease of comparison with the magnetiza-
with the magnetization of théGa,MnAs film. tion. Second, we find that while the position of the spectral
We also consider emission through the substrate. In thisrindow does not affect the sign of the spin-injection signal,
geometry the sample is rotated 90° with respect to the colwe do see a modulation in amplitude similar to that seen in
lection optics and applied magnetic fieJ&fig. 3@]. The the edge geometry.
high saturation field~3 kG) and lack of significant rema- The resulting field dependence can be seen in Fig, 3
nence or hysteresis in the magnetization d&ig. 3b)] in-  and shows saturation at 0.80.08% at a field of~3 kG.
dicate that this direction is a hard axis for the magnetizatiomThe amplitude of the saturation is almost identical to that
of the (Ga,Mn) As film. As with the edge-emission geometry, measured in the edge geometf/82+0.08%) and the satu-
we monitor the polarization of the EL as a function of ap-ration field is consistent with the magnetization data in Fig.
plied field atT=5 K and drive current of~200 uA. How-  3(b). Initially puzzling, however, is the overall minus sign in
ever, due to the relatively large fields required to saturate ththe amplitude of the polarization of the substrate-oriented
magnetization in this geometry, we observe two additionaEL. We will address this issue momentarily, but would first
background effects. We measure both a linear variation in théke to consider a PL test similar to that described for the
polarization versus magnetic field, and a lifting of the edge geometry. Excitation is through the substrate with lin-
ground-state spin degeneracy in the QW resulting in eaarly polarized light at 1.425 eV, and the linear background
polarization- and field-dependent Zeeman shift in the energynentioned above has been subtracted from the field depen-
of the luminescencéE, cp— Egcp~120ueV at 1 7). dence. The datfFig. 3(c), open trianglebagain rule out the
We investigate the spectral dependence of the polarizatiopossibility that the field dependence of the EL originates
by reducing the width of the integration window used in from either circular dichroism or fringe fields.
calculating the polarization to 1.5 meV and varying this win-  In considering the overall minus sign in the substrate-
dow within the QW luminescence. First, we find that as theoriented emission data, we examine the selection rules gov-
integration window moves through the center of the EL, theerning recombination in the QW. When binding with a heavy
slope of the linear field dependence mentioned abovéole (HH) to form an optically active exciton the electron
changes sign. This suggests that the linear background arisegin lies antiparallel to the net angular momentum of the
from the polarization-dependent Zeeman shifts in the QWexciton, while in the light hole(lLH) case it lies parallel.
energy. Since we observe this effect in both PL studies an@onsequently a given electron spin orientation can give rise
measurements of the nonmagnetic control sample, we take either LCP or RCP light upon recombination, depending
this behavior to be intrinsic to the QW and therefore subtracon whether it recombines with a light or heavy hél&@here-
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fore, without knowing whether light or heavy holes are in-
volved in the recombination we cannot translate the sign of
the luminescence polarization into the electron spin orienta-
tion.

However, quantum confinement effects pin the angular
momentum of the HH along the growth direction and LH in
the plane of the QW1 As a result, the corresponding ex-
citons must also lie along the growth direction and in the
plane, respectively. The sign difference between edge and
back emission reported here can then be explained as the
recombination of a spin-polarized electron current with light
and heavy holes, respectively. Careful analysis of the sign of
the measured polarization, coupled with the above assump-
tions about the exciton specie giving rise to the lumines-
cence, leads us to propose that the direction of this spin-
polarized electron current should be parallel
magnetization of théGa,Mn As film.
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to the FIG. 4. EL polarization as a function of field for both a Zener
tunneling device similar to the one described ab¢¥ene) and

As an additional check for potential measurement artj-@ second sample with a spacer layer inserted into the TJ

facts, the EL measurements described above were also pé

formed on the nonmagnetic control sample. While the back! =2 K-

ground effects are similar to those measured in the magnetic
samples, there is no sign of spin injection. To summarize,

Z_eneHSpace). Excitation is —200 uA for both samples and

effectively increasing the width of the tunnel barrier, reveal

the field, temperature, and orientation dependence of the Ebnly a modest decrease in the remanent polarizatig

polarization tracks the magnetization of tli&a,Mn As

=0.58%, Fig. 4 and coercivity H.=30G). The extrinsic

layer, (i) PL measurements taken with the same measuresffects mentioned above complicate any interpretation of the

ment geometry reveal no sensitivity to tt@a,Mn As, and

change in coercivity, but the relative resilience of the rema-

(iii) a nonmagnetic control sample also reveals no significantent polarization is encouraging for the construction of band-
field-dependent polarization. Taken together we find thes%ngineered spintronics devices.

observations to be compelling evidence that we are measur- Note added in prooflt has come to our attention that
ing a spin-polarized electron current generated by inter-banghcent work supports these findirfgs.

tunneling from the valence band of tk€a,Mn As layer of
the TJ.
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