PHYSICAL REVIEW B VOLUME 62, NUMBER 19 15 NOVEMBER 2000-I

Magnetic-field-induced singularities in spin-dependent tunneling through InAs quantum dots
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Current steps attributed to resonant tunneling through individual InAs quantum dots embedded in a GaAs-
AlAs-GaAs tunneling device are investigated experimentally in magnetic fields up to 28 T. The steps evolve
into strongly enhanced current peaks in high fields. This can be understood as a field-induced Fermi-edge
singularity due to the Coulomb interaction between the tunneling electron on the quantum dot and the partly
spin-polarized Fermi sea in the Landau quantized three-dimensional emitter.

The interaction of the Fermi sea of a metallic system with3D electrodes through individual InAs QD(Ref. 8 consis-

a local potential can lead to strong singularities close to théent with other resonant tunneling experiments through self-
Fermi edge. Such effects have been predicted more than 3@ganized InAs QD’S.

years ago for the x-ray absorption and emission of metals For the positive bias voltages shown in Fig. 1 the elec-
and observed Subsequerﬁ|$imi|ar singu|arities as a conse- trons tunnel from the bottom electrode into the base of an
quence of many-body effects are also known from the lumidnAs QD and leave the dot via the top. The tunneling current
nescence of quantum weflsVlatveev and Larkin predicted 1S mainly determined by the tunneling rate through the effec-
interaction-induced singularities in the tunneling current viatively thicker barrier below the ddsingle electron tunneling

a localized staté,which were measured experimentally in regime. A step in the current occurs at bias voltages where
several resonant tunneling experimé&nfs from two- the energy level of a doEp, coincides with the Fermi level

dimensionaklectrodes through a zero-dimensional system. of the emltter,E_F. .

Here we report on singularities observed in the resonan 'F‘ th? following we will concentrate on the step labeled
tunneling from highly dopedhree-dimensiona(3D) GaAs {*) in Fig. 1. Other steps in the same structure as well as
electrodes through an InAs quantum deID) embedded in steps observed in thieV characteristics of other structures

. ; . ) how a very similar behavior.
an AlAs barrier. These Fermi-edge singulariti€&€S show S %ﬁ; t(haey sstep aedzz 2 s?ight overshoot in the tunneling
? conSIderfplehmﬁgnetlc-flsldfq?gendﬁncetsnd3g stlror;g €8irrent occurs consistent with other tunneling experiments
ancement in high magnetic fields where the electrons
occupy the lowest Landau level in the emitter. We observe T T T
an asymmetry in the enhancement for electrons of different
spins with an extremely strong FES for electrons carrying the 0.2} %k M
majority spin of the emitter. The experimental observations A
are explained by a theoretical model taking into account the
electrostatic potential experienced by the conduction elec-

trons in the emitter due to the charged QD. We will show =<
that the partial spin polarization of the emitter causes ex- ;5 o1l (b) .
treme values of the edge exponeptnot observed until
present and going beyond the standard theory valid for
y<1.4 Er E \
The active part of our samples are self-organized InAs b | N
QD’s with 3—4 nm height and 10—15 nm diameter embedded
in the middle of a 10-nm-thick AlAs barrier and sandwiched 0.0 1 4',0 1éo 1é0
between two 3D electrodes. They consist of a 15-nm un-
doped GaAs spacer layer and a GaAs buffer with graded wimy)
doping. A typical InAs dot is sketched in Ins@ of Fig. 1'_ FIG. 1. Typical steps in theV characteristics of a GaAs-AlAs-
the ver_tlcgl band structure across a dot is schematically,ag tunneling diode containing InAs QD's &t=500 mK. The
shown in insetb). (*) marks the current step due to single electon tunneling through

Current voltage I(-V) characteristics were measured in gne individual InAs QD which is analyzed in detail. Inseta)
large area vertical diodes (%00 um?) patterned on the Pprinciple sample structure of an InAs Qblack embedded in an
wafer. In Fig. 1 we show a part of a typiceV curve with  AlAs-barrier (white) between two GaAs-electrodégrey). The ar-
several discrete steps. We have demonstrated previously thaivs mark the tunneling direction of the electrolis) Schematic
such steps can be assigned to single electron tunneling froprofile of the band structure at positive bias.
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-V o The dots represent the shape of a FES,V —V,) 7, with an edge
£ 20 VAT ) ] exponenty=0.43. The inset shows the peak height as a function of
o o temperature with the solid line fitting the peak currenby a power
101 1r . law 1gocT77.
g,=0.8
L) . .
ok . . . energy level in the dot can be neglected compared to this
ooy % womy ¢ shift of the Fermi energy in the emitter. For the dot investi-
P P

gated in Ref. 8 withry=3.7 nm the diamagnetic shiftat 30 T
FIG. 2. () |-V characteristics of stef*) at T=500 mK in IS AEp=3.5 meV negligible compared 6 =26 meV.

various magnetic fields up to 28 T. The inset sketches the partial The two distinct steps with onset voltag¥s and V,
spin polarization in the emitter and the spin splitting of the dot leveloriginate from the spin-splitting of the energy le¥s] in the
in a magnetic field(b) Onset voltages for the two spin-split current dot. Their distanceAV,, is given by the Zeeman splitting
steps as a function 0B compared to the expected behavior for AE,=gpugB=aeAV, with an energy-to-voltage conver-
E-=13.6 meV and =1.3 meV(solid line, shifted to the right for sjon factora=0.341° As shown in Fig. 2 AV, is indeed
clarity). (c) Measured Zeeman splitting between the two currentlinear in B, with a LandefactorgD=0.8 in agreement with
steps. other experiments on InAs dots.

For low magnetic field§B=<9 T in our case, see the
through a localized impurifyor through InAs dotg. This graph forB=9 T in Fig. 2a)] the size of the steps is very
effect is caused by the Coulomb interaction between a locakimilar for both spins and about half of the size at zero field.
ized electron on the dot and the electrons at the Fermi edggiso the slight overshoot in the current as the signature of a
of the emitter. The decrease of the curré(V) towards  Fermi-edge singularity is similar for both spin orientations
higher voltages/>V,, follows a power lawl<(V—V,)~?  and comparable to the zero-field case with an edge exponent
(Ref. § (Vo is the voltage at the step edgeith an edge 1 <0.05 for all magnetic field8<10 T.
exponenty=0.02+0.01. The form of the current steps changes drastically in high

The evolution of steg*) in a magnetic field applied par- magnetic fields where only the lowest Landau level of the
allel to the current direction is shown in Fig(@2 The step  emitter remains occupied. In particular, the second current
develops into two separate peaks with onset voltages markeglep at higher voltage evolves into a strongly enhanced peak
asV, andV;. The Landau quantization of the emitter leadswith a peak current of one order of magnitude higher com-
to an oscillation oV, andV, and a shift to smaller voltages pared to the zero-field case.
as a function of magnetic field, see FigbR This reflects the Following Ref. 11 we assume thgy, is positive whereas
magneto-quantum-oscillation of the Fermi energy in thethe Landefactor in bulk GaAs is negative. This assumption
emitter’>*® From the period and the amplitude of the oscil- is verified by the fact that the energetically lower lying state
lation we can extract a Fermi energat B=0) Eo=13.6  (first peak in Fig. 3is thermally occupied at higher tempera-
meV and a Landau level broadenihig=1.3 meV in the 3D  tures and can therefore be identified with the minority spin in
emitter. The measureB,=13.6 meV agrees well with the the emitter. The strongly enhanced current peak at higher
expected electron concentration at the barrier derived fronenergies is due to tunneling through the spin state corre-
the doping profile in the electrodes. sponding to the majority spifspin up in the emitter. The

For B>6 T only the lowest Landau level remains occu- resulting spin configuration is sketched in the inset of Fig.
pied. With a level broadening=1.3 meV the Fermi level 2(a) and will also be confirmed below by our theoretical
Er for 15 T<B<30 T is within less than 2 meV pinned to results.
the bottom of the lowest Landau band, =7 w /2. As a The shape of this current peak can be described by a steep
consequence the onset voltage shifts to lower values asscent and a more moderate decrease of the current towards
aeAV~—fhwJ2 with «=0.34. The diamagnetic shift of the higher voltages. Down to temperaturds<100 mK the
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with ¢(p, d) = p™ exp(—im¢p—p?/4l (2)). In the experiments
the magnetic lengthy= \%/eB (I;=5.6 nm at 20 J is com-
parable to the lateral size of the QD@7 nm. Hence the
effect of the electrostatic potential of a charged dot on the
electrons in a given channel of the emitter decreases rapidly
with m, and the observed FES are mainly due to the tunnel-
ing of electrons from then=0 channel into the dot. Follow-
ing Refs. 1 and 4 tunneling processes of spirelectrons
from the m=0 state in the emitter give rise to a FES with
edge exponent

edge exponent

B(M

FIG. 4. Experimental edge exponentextracted from the tem- __ < L 2
perature dependence of the peak heightles and from fitting the Yo© T So(keo) w2 % T;d [Om(ke-) 1%, @
slope (triangles compared to our theoretical predictions. The ma-
jority spin in the emitter is shown with filled symbols, open sym- where 5,(k) is the Fermi phase shift experienced by the

bols correspond to the minority spin. The solid lines represent theelectrons in thenth channel due to the potential of the quan-

theoretical prediction without level broadening, for the dashed 15 .
curves a level broadening=1.3 meV was included in the theory. tum dot.” From Eq,'(l) the observed field dependgnpe of the
edge exponents is a consequence of the variation of the
£ th , v limi h | Fermi momenta for spie electrons with magnetic fieldnd
steepness of the ascent is only limited by thermal broadeny,q fie|q dependence of the effective potential in the one-

ing. The decrease of the current PV, is again described  yimensional channels. The former can be computed from the
with the characteristic behavior for a Fermi-edge singularity,,,«_dimensional density of statg®0OS) of the lowest
lc(V—Vy) ™7, whereVy here is the voltage at the maximum | anqau band

peak current. However, along with the drastic increase of the
peak current the edge exponemtincreases dramatically
reaching a valuey>0.5 for the highest fields.

A different way to visualize the signature of a FES is a
temperature-dependent experiment. As an example we have
plotted thel-V curve atB= 22 T for different temperatures in - o0 €,=E—(hw.*g* ugB)/2 is the energy of electrons

Fig. 3. As shown in the inset the peak maximignfor the it spin - measured from the bottom of the Landau band.
spin-up electrons decreases according to a power llgw g*~—0.33 (Ref. 16 is the effective Landdactor of the

T 7 with an edge exponent=0.43=0.05. Such & Strong  jectrons in the emitter. The DOS for the spin subbands is
temperature dependence is characteristic for a FES and (€)= 2 Re(e+iT)~Y2 Without broadeningl'=0, one

lows us to exclude that pure density of states effects in th : ’
3D emitter are responsible for the current peaks in high mal

netic fields. As shown in Fig. 3 an edge exponent0.43

*

eym*
D(E,B):(Zﬂ-—h)zB[d(e'T)'Fd(el)]. (2

?JaskF,,= 7°nl3(1+b% wheren is the 3D density of elec-
Yrons andb is the magnetic field measured in units of the
, o . field necessary for complete spin polarization of the 3D emit-
also fits within experimental accuracy the observed decreas{e . . v .

ér. Using a Fermi energ¥,=13.6 meV and neglecting

of the current folvV>V,,. : !
It is not possible to extract the edge exponent for theIeveI broadening we find that only the lowest Landau level

minority spin directly from temperature-dependent experi-(bOth spin statesis occupied forB; >5.2 T. Including level
. e . pbroadening changeB; to a slightly higher value. With the

ments. At high magnetic fields the observed increase of thEnOWn field dependence of the Fermi energy in the quantum
current with increasing temperature is mainly caused by Aimit we can calculate the field for total spin polarization
additional thermal population of the minority spin in the pin p
emitter. The general form of the curve is merely affected by
temperature. Therefore, the edge exponent can only be _[16\Pm*E,
gained from fitting the shape of the current peaks. pol™ | gg he

A compilation of the edge exponenjsfor various mag-
netic fields and both spin orientations is shown in Fig. 4. FoRyith g*=-0.33 (Ref. 16 and m*=0.067mg. ¢
the data related to the majority spin two independent meth=%|g*|m*/m0 is the ratio between spin splitting and
ods were used to extragt For the minority spin only fitting | andau level splitting.
of the shape of thé-V curves was used. To make contact with the experimental observations we

For a theoretical description of these effects we consider fave to specify the interaction of the screened charge on the
3D electron gas in the half spaae<0. In a sufficienty QD and the conduction band electrons. A Thomas-Fermi cal-
strong magnetic field||z all electrons are in the lowest culation gives U(p,z)=[2€? exp(k2)/x)(d/(p?+d?)E2].4
Landau level. This defines a set of one-dimensional channeldere d=5 nm is the width of the insulating layer and *
with momentunvi k perpendicular to the boundary. This situ- =7 nm is the Debye radius. The effective potential seen by
ation is different from the cases considered for scattering ofelectrons in channelm is V,expk2/x with V
point defects as in Refs. 1 and 4 or for a 2D electron gas=2e?d[dp?|ym(p,#)|?/(p?+d?)E?. For largex we ob-
where the current is carried by edge stafe3he single- tain for the phase shift in then=0 channel §y(k)~
particle wave functions in channeli=0 arey,(p,$)sinkz ~ —uvyf(B)k/«x where

~43 T 3
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_(d ? T d 222 (L)
f(B)—(IO) {1 \fz Ioe erfc D (4)

andv o~ (m* e%/4%k)(xd) 2 up to a numerical factor. Simi-
larly we obtain the integrated effect of the chanmals 0 in
Eqg. (1). In Fig. 4 the resulting exponentg, obtained foro
=1,] are shown for,=6.75 and a broadening=0 and
I'=1.3 meV, respectively. The value used forreflects its
realistic experimental value., is the only fit parameter.
Already the simple model with no level broadening (

=0) is in good agreement with the experimentally measured
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moderate values for high magnetic fields, whereas the edge
exponent related to the majority spin shows a strong field
dependence with very high values in high magnetic fields.

In conclusion we have evaluated experimental data con-
cerning magnetic-field-induced FES in resonant tunneling
experiments through InAs QD’s. We have shown that the
interaction between a localized charge and the electrons in
the Landau quantized emitter leads to dramatic Fermi phase
shifts if only the lowest Landau level in the 3D emitter is
occupied. This results in edge exponents0.5 which were
measured and described theoretically.

edge exponents for both spin directions, especially in high We would like to thank H. Marx for growing the samples,
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