PHYSICAL REVIEW B VOLUME 62, NUMBER 12 15 SEPTEMBER 2000-II

Sequential tunneling and spin degeneracy of zero-dimensional states

M. R. Deshpandé,J. W. Sleightt M. A. Reed, and R. G. Wheeler
Departments of Physics, Applied Physics, and Electrical Engineering Yale University, P.O. Box 208284, New Haven, Connecticut 06520
(Received 14 September 1999

The effects of the spin degeneracy of single, zero-dimensional, localized, donor impurity states are investi-
gated. We report a nontrivial effect on the zero-magnetic-field current-vo[tB@® ] characteristics of a
localized state resulting from its spin degeneracy. We detect a deviation from the expected Fermi function
thermal broadening of the observed current step inl{h® characteristics. We quantitatively model this
deviation in a sequential tunneling picture in terms of a new phenomenological parameter, the occupancy of the
localized stateff). The spin degeneracy of the state is lifted in a magnetic fi&@man splittingcausing the
current step to split. The two fragments of the split current step are observed to have different magnitudes. An
investigation of this effect also enables the measuremeptas reported earligiPhys. Rev. Lett76, 1328
(1996]. We compare the two methods of determining the occup#@pcgnd find a good agreement between
them. Both these methods also enable us to determine the electron tunneling rates across each of the two
potential barriers of the device independently. We also identify certain features iif\Mheharacteristics at
higher bias that have different thermal and magnetic-field properties than most other regular features. We
attribute these to double occupancy of the electrons in the localized states when the barrier for that is overcome
at higher bias. The phenomenological theory developed in this paper explains these observations quite
accurately.

I. INTRODUCTION characteristics in a magnetic field. The experimental deter-
mination of p enables us to independently determine the

The experimental realization of granular electronic sys-electron tunneling rates through each of the two potential
tems, such as low-dimensional semiconductor and ultrasmafiarriers of the device. The electron-electron repulsion and
metallic systems, has focused attention on the basic physic&loulomb energy barrier can be overcome by applying a
properties of discrete electronic systems. Especially intriguhigher bias. We observe features in &) characteristics
ing are the semiconductor quantum dd&and the physically ~ at high bias that we attribute to the simultaneous occupation
similar localized impurity state tunneling systefd* The  of two electrons in the impurity staté These features have
latter consists of donor impurity atoms in the quantum-welldifferent thermal and magnetic-field properties, which distin-
regions of resonant tunneling diodes. This system provides @uish them from regular features.
unique laboratory for the investigation of single, isolated, Isolated donor impurities in the quantum-well regions of
zero-dimensional, localized states. Investigation of the basitarge area resonant tunneling diodes form localized Q0
spin properties of such states has become significant also dde hydrogenic states bound to the quantum eigenstates. Fig-
to recent interests in quantum computing. Spins of singleire 1 illustrates the band diagram of a device used in this
atoms embedded in a semiconductor have been proposed feitidy with one impurity state in the well schematically
use asy-bits for computatiort>® There has also been a lot noted. Under an applied bias the current exhibits a steplike
of activity in the field of spin transpolt. The donor atom, in  increase, as the impurity state aligns with the emitter Fermi
our experimental system, at low temperatures and in a magdevel. In general, there may be multiple impurities giving rise
netic field acts as a very effective spin filter.

In this paper we investigate the effects of the spin degen-
eracy of the localized donor impurity states on the device
current-voltage 1 (V)] characteristics. We observe that the =
degeneracy does not simply contribute a factor of two, but 2
exhibits itself in a nontrivial manner even in the zero- 7
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magnetic-field (V) characteristics. We model this effect in a
sequential tunneling picture. Electron-electron repulsion and
Coulomb charging energies act as barriers to double occupa-
tion of the degenerate spin states. Thus even though the spin
degeneracy implies availability of two states, they cannot
contribute to the full extent for tunneling. We introduce a
single phenomenological parameter, the occupancy of the FG. 1. Model conduction-band diagram of a resonant tunneling
impurity statep, which characterizes how much the impurity giode device at an applied bias of 100 mV. The simulated quantum
state is occupied. This enables us to quantitatively explaigigenstatdlong line) and a schematically represented localized im-
the zero-magnetic-field(V) characteristics. The same pa- purity state(short lin@ are shown in the well. The dotted lines
rameterp also explains the peculiarities observed in tH€) represent the Fermi levels in the leads.
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to multiple, overlapping steps in the current-voltage charac-
teristics. An appropriately dilute, unintentional doping con-
centration allows the measurement of a single impurity state.
At very low temperatures the Fermi distribution function is
an abrupt step function and hence th{&/) characteristics
show current steps that are sharp. As the temperature of the
device is increased, the emitter Fermi level broadens. The
current steps also broaden, but we observe that a Fermi func- level
tion fit to the broadenirft?'*?of the current steps is inad-

equate(Fig. 5. The experimentally measured plateau current

is observed to saturate at a lower value than the current pre-

dicted by the Fermi fit. Similarly a peculiarity is observed in .
the I (V) characteristics with applied magnetic fidlig. 8). emitter collector

The magnetic field lifts the spin degeneracy of th.ezsl(tgﬁtﬂe- FIG. 2. Schematic representation of electrons tunneling from the
man splitting and causes the current step to spiit**°The  emitter to the collector through a single localized state in the well.
two fragments of the Zeeman split current step are observegl, andT,, denote the electron tunneling rates for tunneling across
notto have the same magnitude even though there is no spifRe emitter and the collector barriers, respectively, gdenotes the
polarization in the emitter. We propose a phenomenologicadccupancy of the electron in the localized statedenotes the ap-
model that explains both the effects. This understanding anglied bias across the device.
our model enables us to independently determine the elec-
tron tunneling rates through the two potential barriers in af (E)] times the probability of the localized state being un-
sequential tunneling pictufe?’ The thermal broadening and occupied[which is (1-p)]. Once the electron is in the lo-
the magnetotunneling are two independent measurements oélized state it can either tunnel back to the emitter at a rate
the tunneling rates and are in good agreement with eacp[1—f(E)]T,, or it can tunnel out into the collector at a
other. ratep T, . We can see from the band alignment in Fig. 2 that
In Sec. Il we present our phenomenological model of tunthe occupancy of the collector states is not of concern as the
neling through a localized impurity state. In Sec. Ill we give Fermi level in the collector is much below the localized en-
the details of the device growth and characterization. In Sergy state. Hence we have
IV B we investigate the thermal broadening of the features in
the I (V) characteristics and in Sec. IV C we discuss the re- f(E)[1-p]Tem=pP[1—f(E)]Tem+PTe, (1)
sults from the magnetic-field measurements. In Sec. IV D we

T
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Fermi

identify a small number of steps in th€V) characteristics Which gives
that show substantially different thermal broadening and no T
splitting in a magnetic field. These steps are attributed to two p=f(E) —°em ®)
electrons occupying the impurity state at the same time. Temt Tel
which is just the partial tunneling rate. The tunneling current
Il. THEORY through a single, localized state under such circumstances is
A. Theory: Zero-magnetic-field tunneling given by
The tunneling of electrons through localized, zero- Temlel
dimensional (OD) states in the quantum-well region of a Al=epT,=ef(E) Tomt o &)

double barrier, single quantum-well device may be modeled
in the sequential tunneling picture. In this picture the tunnel-Therefore the current resulting from electrons tunneling
ing process is viewed as two separate processes, as schem#tirough single,nondegeneratelocalized states is exactly
cally represented in Fig. 2. The first process is tunnelingoroportional to the Fermi distribution functidi{E) and it is
from the emitter to the localized state and the second proces®t possible to experimentally determine bdth,, and T,
is tunneling from the localized state to the collector. In orderindependently.
to derive an expression for current, we defing, and T, to So far we have assumed that the localized impurity state
be the electron tunneling rates for tunneling across the emiis nondegenerate. However, the ground state of the impurity
ter and the collector barriers, respectively. These rates dgpotential consists of not one but two states due to spin de-
pend upon both the applied bias and the available density agfeneracy. If the two channels due to the two spin states are
states in the respective contact electrodes to which the localrdependent then one expects the tunneling probability and
ized state can couple. We defipéo be the occupancy of the the current to double and the occupancy to become-Hdw-
electron in the localized state, which is essentially the probever, the two tunneling channels are not independent of each
ability of the state being occupied by an electron. other. Two electrons cannot occupy the two available spin
Let us first consider the case of a single, nondegeneraigates at the same time due to the large electron-electron
localized state. In steady electron flow condition, the rate ofepulsion and Coulomb charging energy required for the sec-
electrons tunneling into the localized state is the same as thend electron to simultaneously occupy the second spin state
rate of electrons tunneling out. The rate of inflow from theof the localized state in the well. For this system, the single-
emitter is equal tdT,, times the occupancy of states with electron Coulomb charging energy ¢ =e?/2C, whereC is
energyE in the emittefwhich is simply the Fermi function, the effective capacitance of the double barrier djddesery
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large compared to the thermal enerdyT& 250 peV) or

the Zeeman energy(150 wueV). The effective capacitance
of the device can be estimated @s= (eokr3)(d; *+d, 1),
wherek is the dielectric constant; anddy, are the top and
bottom barrier thicknesses, amg (~100 A) is the Bohr
radius of hydrogenic impurities in GaAs. This giveg~9
meV. Hence for small bias changess{ mV) we can as-
sume that the simultaneous occupation of two electrons in
the two available spin states cannot take place.

If p is the occupancy if there is only one tunneling chan-
nel then 2 is the occupancy if there are two independent emitter collector
tunneling channels arpf is the probability of occupying the
two channels simultaneously. Thus the occupancy when ei-
ther one of the two states but not both can be occupied is
(2p—p?). Hence the current through such a two-state sys-
tem can be written as

Fermi
(a) level

Tem Temlel Fermi

Tem+ Tcl © f( E) Tem+ Tc|(4) (b) level

If pis small compared to 1 then the current through the
twofold degenerate systefi&q. (4)] is just twice that of the
current through a single-state systffu. (3)] and is propor- FIG. 3. Schematic representation of electrons tunneling through
tional to the Fermi functionf(E). However, ifp is large, @ two-state spin system in a magnetic fila. At lower bias,V,
then the current would not be directly proportional to theonly the lower-energy spin state is below the emitter Fermi level
Fermi function and hence available for tunnelin@p) At higher bias,V,, both spin

This is a sirﬁple phenomenological theory to understan&éates are below the emitter Fermi level and electrons can tunnel
tunneling through a two-state spin system in terms of ghrough either.

single parametegp. A more accurate theory will have to take gf current through a single staf€q. (5)]. But if p is not

into account many-body effects, total spin, and other issuene ligible, then the current magnitudes of the two fragments
in a perturbative analysis as has been done by Akera for @ gugivie, 9 9

similar system involving quantum dot5Our theory, and the of the Zeeman split current stéfy and (> —1,)] would not

: . . be the same.
equation for currenfEqg. (4)], is, however, a good approxi- .
mation and it provides a useful physical insight into the tun-. In Eqs._(5) and(6) we have a_ssume_d th_at the Fermi func-
neling system. tion f(E) is a sharp step function which is a good assump-

tion at low temperaturefless than 0.1 Kwhen the thermal
energy is smaller than the spin splitting energy. We have also
assumed that the tunneling rates are the same at the two
In a magnetic field the spin degeneracy of the localizedlifferent biase®/, andV,, which is a good assumption if the
state is lifted due to Zeeman splitting and the two spin statebias difference ¥,—V;) is much smaller than the barrier
have different energies. In high magnetic fieldghen the potential. In our case the experimentally determined spin
Zeeman splitting energy is relatively lajgend at low tem-  splitting energy AE<150 wneV) is much smaller than the
peraturegwhen the Fermi level is sharpwe can adjust the barrier potential energy~300 me\j. We also assume that
bias near a given localized state to have the following twahe emitter electrons are not spin polarized since the emitter
conditions as shown schematically in Fig. 3. At lower bias,Fermi energy 40 me\) is much larger than the spin split-
V1, only the lower-energy spin state is below the emitterting energy even at 10 T.
Fermi level and hence only one channel is active for conduc-
tion. In this case the current is given by lIl. SAMPLE DESIGN

Al=e(2—p)pTy=|2—f(E)

B. Theory: Magnetotunneling

l,=peT. (5) The nominally symmetric resonant tunneling heterostruc-
. . _ . . tures are grown by molecular beam epitdaMyBE) on a Si-
At a higher bias,V,, the higher-energy spin state is also yoh,04 Gaag100) substraté? The epitaxial layers consist of
below tr_]e Fermi level ar_ld th.us both channels are active fog1 1.8<10'® cm™? Si-doped GaAs contact, a 150-A undoped
conductlo_n. The currgnt in this cadey arguments similar to GaAs spacer layer, an undopedy AlGa, -AS bottom barrier
the ones in Sec. Il Ais given by of width w, a 44-A undoped GaAs quantum well, an un-
o nfo_ doped A}, ,/Ga 74As top barrier of nominally the same width
lo=peTa=e(2=p)PTer, © w, a 150-A undoped GaAs spacer layer, and a 1.8
wherep’ = (2p—p?) is the occupancy for having either the X 10'® cm™2 Si-doped GaAs top contact. Square mesas with
lower or the higher-energy spin state but not both of thenlateral dimensions from 2 to 6&m are fabricated using
occupied simultaneously. ffis small compared to 2 then the standard photolithography techniques. In this paper we re-
current through the two spin statsg. (6)] is just twice that  port investigations of two specific devices only. One has
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bbb bonen beenn b a b e 14 FIG. 5. I(V) characteristics of the first current step edge in
-150 -100 -50 0 50 100 150 forward bias of the 85-A barrier device at different temperatures
Voltage (mV) . showing the Fermi-level broadening and the Ferm[Hit. (7)] to

thesdl (V) traces. The fits are done for biases less than the threshold
(V=Vy,) and then extrapolated to voltages greater than the thresh-
bld. The experimentally measured plateau current is seen to be less
than the theoretically expected, extrapolated plateau current.

FIG. 4.1(V) characteristicézero magnetic fieldat 1.4 K of the
85-A barrier resonant tunneling diode device showing the mai
resonance peak&op). The magnified prethreshold region shows
two steplike structures due to two isolated impuritibsttom).

ture increases, due to the broadening of the emitter Fermi

=85 A and a lateral dimension of 8m and the other has distribution. We can express the curréggy. (3)] as

w=65 A and a lateral dimension of 1%m. Two terminal dc
I (V) characteristics are measured using a low-noise ampli-

: . ; 21

fier. The variable temperature measurements are done in ayV,T)=214f(V=Vy,,T)= th

Janis liquid-helium cryostat and the high magnetic-field mea- " " 1+exd ae(Vy,— V)/KT]
surements are done in an Oxford dilution refrigerator with a @)

mixing chamber base temperaturg,,) of 35 mK. . :
g P ) wheree s the electron chargé,is the Boltzmann’s constant,

andV,, andl,, are the threshold voltage and current values
at the observed common intersection point of the various
A. Tunneling through impurities (V) curves at different temperatures. is the voltage to
Figure 4 shows thé(V) characteristics of a resonant tun- energy conversion factor. It is the rat[o of the voltage drop

. ; ; . . between the quantum well and the emitter to the total voltage
neling diode device at 1.4 K, showing the main quantum- 4523 )

e -~ "across the devic®>?3Since the localized state has two bar-

well resonance peak$op). Magnification of the current in . . ) .

. riers of nominally the same width on either side, we expect
the prethreshold regiotbottom shows two sharp current to be approximately equal to half. Due to the asymmetric
steps for both forward- and reverse-bias directions. This ste and bepr?din we eﬁsoqex eatto b.e Slightl smalleyr than
structure is observed to be sample specific, but for a give alf as more ?/olta e gets (El)ro ed acrogs tze collector barrier
sample it is exactly reproducible from one voltage sweep t 9€ g PP

another and independent of the voltage sweep direction_. Thgi?z ﬂ; delm=lt|terirtr)23rgg2ti\l/\le0toef :E:ttgvnr:ggr:a\tﬁ?é f'lgr?,eTZ)nIy
steps are reproduced even after repeated thermal cycling ?rfee ,aramete;his thus. and is determined to bé equal to
the sample, except for slight threshold voltage shifts. Simila0 48 F;rom a fit(Fig. 5 ’of the above function to thdeq(V)
features have been observed and reported previtSignd éces at zero mag.netic field. The fits are done only for the
the various current steps are attributed to tunneling througH 9 ' y

the bound states of separate, localized, 0D impurity states ifpgion V<V, because of the presence of an oscillatory
the quantum well. structure on the current plateaus. We refer to this structure as

the “fine structure” and it is attributed to the fluctuations in
the local density of states in the contact electrotfe$his
fine structure has been investigated in detail by Schmidt
In this section we investigate the temperature dependencat al'>* Figure 5 also shows the extrapolation of the fits of
of the current steps in thgV) characteristics in zero mag- Eg. (7) to the data to voltages greater than the threshwld (
netic field. As discussed in the theory secti®ec. Il and =V,;). The experimental plateau current value is observed
expressed in Eq3)], the magnitude of the current step in to be smaller than that predicted by the extrapolated Fermi
tunneling through aingle electronic state is proportional to fit. We attribute this deviation from the Fermi behavior to the
f, the Fermi distribution function. The sharpness of the curspin degeneracy of the localized state and Coulomb charging
rent plateau edge is thus expected to decrease as the tempegffects as discussed in Sec. Il. This shows that the spin de-

IV. OBSERVATIONS

B. Zero-magnetic field variable temperature measurements
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FIG. 6. I(V) characteristics of the first current step edge in Bias Voltage (mV)

forward bias of the 85-A barrier device at different temperatures
and the corrected fif€q. (8)] to thesd (V) traces. The fits are done
for biases less than the threshoM<(V,;) and then extrapolated to
voltages greater than the threshold.

FIG. 7. I(V) characteristics of the first current step edge in
forward bias of the 65-A barrier thickness device at different tem-
peratures and the corrected fitsqg. (8)] to thesel (V) traces. The

eneracy indeed affects tH¢V) characteristics in a non- fits are done over the entire bias range spanning the step. The sharp-
?. ial y f tic field est step is at 0.7 K and the successively broader steps are at 1.2, 1.5,
rivial manner even tor zero magnetic riela. 2, and 3 K.

The current in the case of tunneling through two degen-

erate statefEq. (4)] can be expressed as o ] ) ]
ward and reverse bias is attributed to a slight asymmetry in

Al=Ap, F(E)[2—pof (E)], 8y  the growth of the device and will be discussed more later.
The importance of this corrected fit becomes even more

whereA is a constant an@y=Ten/(Tem™ T¢y) is the occu-  apparent while investigating the thermal broadening of cur-
pancy of the electron in either one of the two localized de+ent steps on which the fine structure is not very prominent.
generate states whé(E) =1 [Eq. (2)]. po depends upon the In such cases the fit can be carried out over the entire range
relative tunneling rates of the two potential barriers. Equa-of the data unlike the earlier case where it was restricted to
tion (8) can be fit to the datéFig. 6). Once again the fits are V<Vy,. This is shown in Fig. 7 for the 65-A barrier thick-
done only for bias voltageg<V,, because of the presence ness device in forward bias. From the fit we obtgip
of the “fine structure” on the current plateaus fo=V,,. = =0.57, A=0.56 nA, anda=0.42 for this particular step.
V,y, is obtained from the common intersection point of theNote that only using a Fermi ffEq. (7)] to the data of Fig.
curves at different temperaturesandp, are obtained from 7 would be very inaccurate. The ratio of the current at the
the measured values of the plateau currépiy(e,,) and the  thresholdVy,, the common intersection point of all the

threshold currenty, in the following way. WhenvsV,, curves, and the current on the plateau lig/lyateau
thenf(E)=1 and =0.275nA/0.458 nA=0.6. This is much larger than 0.5 that
is expected in case of a perfect Fermi function dependence.

AI:|plateau:ApO(z_po)- 9

1. Electron tunneling rates
WhenV=V,, thenf(E)=1/2 and

From the experimental values &fandp, one can deter-
Al=14=A(po/2)(2—po/2). (10  mine the electron tunneling rateSe, and T¢. po
=Tem/(Temt+Te) and A=eT,,. Thus for the first current
Solving these two equations simultaneously from the meastep in forward bias of the 85-A barrier thickness device
sured values of,j3teay @ndl, we determiné andp,. From  (Fig. 6), T =510 MHz andTe,=270 MHz. Similarly for
the data shown in Fig. 8=81.4 pA andp, = 0.35. Thus the first current step in forward bias of the 65-A barrier de-
once again the only free parameter in the fitting equatiorvice (Fig. 7), T, =3.6 GHz andT.,=4.7 GHz. It is not
[Eq. (8)] is @ which is accurately determined to be 0.50. An possible to theoretically estimalg,, and T, accurately and
extrapolation of these fits to bias voltagés V,,, however, separately because the exact nature of the impurity and its
now accurately determines the current plateau value a®cation is not known. However, their order of magnitude
shown in Fig. 6, where as previously the fit of the Fermican be estimated. The tunnel rates for the 65-A barrier device
function alone predicted a higher plateau current value.  are observed to be an order of magnitude higher than those
It is also possible to determine the occupancy for the lofor the 85-A barrier device. This is consistent with the order
calized states in reverse bias. For the same device in reversé magnitude higher current step magnitude. It is also con-
bias we obtairpy=0.57 ande=0.42. This difference in for- sistent with a numerical evaluation of the quantum-well
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eigenstate lifetime which predicts the correct order of mag- Forward Bias Reverse Bias

nitude for the current step magnitudes for devices with dif- ARRREARARN LSRR RELL

ferent barrier thicknessé3.This estimation was done using 3 0T

AR RRRRE RRRRE R

TTTT

the simulation programANDPROF, developed by Frensléy. 60
Significant insight into the tunneling process and the de- F L
vice details can be obtained by analyzing the relative values :
of Tem, Te, andp for forward- and reverse-bias orienta-
tions. For the 85-A barrier device we hape=0.35 for for-
ward bias angp=0.57 for reverse bias. A less than 0.5 value
for p, as in forward bias, indicates that the collectdown-
stream barrier tunnel rate T) is higher than the emitter
(upstreambarrier tunnel rateT.,,) causing a depletion from OE
the well. A highp value(greater than 0)5 as in reverse bias, e """"';7" el z i(l)s -
indicates that the electron tunneling rate through the collec- Voltage (mV) Voltage (mV)
tor (downstreambarrier (T)) is lower than that through the
emitter (upstream barrier (T.,,) causing an accumulation in FIG. 8. 1(V) characteristics af ;=35 mK of the first current
the well. A higherp value for reverse biagas compared to step edge of the 85-A barrier device in forward bieft) and
forward biag suggests an asymmetry in the heterostructuréeverse biasright) at 0 T (dotted ling and 11 T(solid line). The
growth with one barrier being slightly thicker than other bar-magnetic field is oriented parallel to the current directigrand!,
rier. The biasing of the device is such that in forward bias thénark the current values at 11 T as shohngives the current of the
top barrier is the emitter barrier while in reverse bias the togi'st fragment whilel is the net current of both fragments of the
barrier is the collector barrier. This implies that the top bar-SPlit step edge. The curves have some arbitrary voltage offset for
rier is slightly thicker than the bottom barrier. This is con- clanity-
sistent with the difference in the measuredvalues  in

o PRI

Current (pA)
Current (pA)

20E 20F

i FRETERTTE FERTE INETE ATRRUTT A UAT

RS BURTE NAw
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1

e e i ; ; these equations indicate that fdor,>T p~0 and |
forward bias is higher tharv in reverse bias observed ) cl= Tem . 2
g 3 ~2l, while for T <Ten,, p~1, andl,~I4. This qualita-

asymmetry in the (V) characteristics for this samplghe _ . ! -
main resonance peak voltage and peak current values af¥€!y explains the behavior observed in Fig. 8. To get a

higher for reverse bias as compared to forward biag. 4  duantitative understanding, we solve E(.and (6), using

and is in agreement with previous characterizaffon. the experlmen'gally measurdd andl,, to determinep and
Similar measurements of the tunneling rates can also bSO the tunneling rate®,, andT, . ,

obtained from the magnetic-field studies as discussed in the From the data shown in Fig. 8 at 11(the field parallel to

next section. However, those measurements require low teni2€ current, we getp = 0.3 for forward bias angp=0.6 for

perature(less than 300 mKand high magnetic fields. The "€Verse bias. These agree quite well with the detgrmlnatlon

method described here requires only relatively moderat@f ©ccupancy from the zero-field thermal broadening mea-

(greater than 1 Kvariable temperature measurements. surementsSec. IV B. From Egs.(5) and (6) we can also
obtain the absolute magnitude of the electron tunneling rates

through the two potential barriers and investigate their de-
C. Low-temperature magnetotunneling measurements pendence upon the magnetic field. Figure 9 shows the tun-
neling rates and the probability of occupatipas a function
of the magnetic field parallel to the current in forward bias.
The oscillations observed in the tunneling rate ang (fig.
9) are due to the fine structure on the current plateaus and its
; ; systematic shift in a magnetic fietd:*'*Nevertheless, it is
pendicular to the quantum wellFigure 8 shows an ex- possible to extrapolate them to zero field and compare to

pf”‘”de‘?' view of thg current step in both forvyarq- and reVerS€ose obtained from variable temperature measurements in
bias orientation, with and without a magnetic field, when theSeC IV B. The two measurements are observed to be in good
sample is in a dilution fridge with the base temperature of th : )

t.
fridge (Tnix) at 35 mK. For zero field, the ground state of theeagreemen

impurity is spin degenerate leading to a single current step.
Upon lifting of the degeneracy at finite fields, a splitting of
the current step is observed. So far in this paper we have ignored double occupancy of

Figure 8 shows that the two fragments of the spin-splitthe impurity localized state by electrons of both the up and
step at 11 T donot have the same current magnitudesthe down spin at the same time. In this section we would like
[(I, =11)#14], wherel, andl, mark the current values as to explore the possibility of such an occurrence.

Now we will investigate the effects of the spin degen-
eracy of the localized states on th@/) characteristics in a
magnetic field. In this section we will confine the discussion
to magnetic fields oriented parallel to the current flgver-

D. Double occupancy of the localized state

shown.l; gives the current of the first fragment whilg is In Sec. Il A we mentioned that there are two effects that
the net current of both fragments of the split step edge. Thigry to prevent simultaneous occupation of two electrons in
difference is more prominent in reverse bias. the localized state in the well. One is Coulomb energy and

We understand this peculiarity in terms of the finite occu-the other is electron-electron repulsion energy. Coulomb en-
pancy of the impurity state and the Coulomb charging energgrgy depends upon the resonant tunneling diode barrier
according to the model discussed in Sec. Il. We refer onc¢hicknesses and the lateral size of the localized state and is
again to Egs(5) and (6) that model the current magnitude estimated to be of the order of 9 melBec. Il A). The
through the spin-split current step. In the extreme limitselectron-electron repulsion energy is more difficult to esti-
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mate as it requires knowledge of the exact nature of the Al(V+AVyoupie Occupam}:e(DZ)Tcl
localized impurity and its charge state. The simplest case is if

the impurity is hydrogenic in nature. In that case it has a —¢| f(E) Tem 2T
single positive charge when unoccupied by electrddas ), TemtTa) "

it is neutral when it is occupied by one electrdth)( and it is (12
like a negative hydrogenic iorH™) when doubly occupied.

The binding energies of hydrogenic atori$) in a GaAs - o
quantum well are about 10 to 15 mé¥Hence we estimate where (D ) is the contribution that was not allowed at the
the electron-electron repulsion energy for two electrons siloWer bias. _ _
multaneously occupying the localized impurity state to be of 1he tunneling ratesTer, andT,) in Eq.(12) are different
the order of a few meV too. Thus the total-energy barrier forfrom those in the previous e_quatmjhl) because tunnel rates
double occupancyXUgouple oscupandy iS ON the order of 20 depend upon bias, as the_ bias modulates the tunnelmg_ barri-
meV. ers. Hence direct comparison of the current step magnitudes
This barrier for double occupancy can be overcomdo© identify steps related to double occupancy is not possible.
by applying higher bias. An additional bias However, Eg.(12) predicts that the current step due to
(AVgouble oceupandy Of the order of 20 meVike~40 mV is double occupancy would be proportional to the square of the
required beyoﬁd the bias corresponding to the first occurEermi distribution function and hence would have different
rence of the step in thgV) characteristics. At such a bias, thermal broadening than regular current steps. One also ex-
an additional channel for the electrons to tunnel opens up d&€Cts that this step would not split in a magnetic field like
simultaneous occupation of the impurity becomes possiblec?ther steps because it is gttrlbuted to that fraction of the
We expect this to exhibit itself as an additional step in thecUrent through the two-spin state system where both the
current-voltage characteristics. At higher biases one also ha®ins aré simultaneously occupied.
other independent impurity states available for tunneling, ©ObPservations of such current steps in tif¥) character-
Due to the inherent nature of this experimental system, bein{ticS are presented in Figs. 10. The magnetic field in this
that of a multi-impurity system, it is difficult to identify the 19ure is oriented perpendicular to the current flow direction
steps in thel (V) characteristics. However, we expect the Unlike the case for the data presented in Sec. IV C. In for-
steps due to double occupancy to have some special propd¥@rd bias(Fig. 10 steps 3 and 7 are seenriot split in the
ties, which would distinguish them from other regular steps Magnetic field. Step 3 may be too close in bias to step 4 for
From the theory Sec. Il A, we know that the tunneling &" unambiguous interpretation; however, step 7 is clearly
current through a two-state degenerate system allowing turgeParate from step 8. Similarly we observe step 4 in reverse
neling through either of the two states but not both simultaLias (figure not shownto not split while all other steps split

neously is given bYEaq. (4 in the magnetic field.
Y9 Y. ()] We attribute steps 3 and 7 in forward bias to be the
Al(V)=e(2p—p?) T, (11) ~ double-occupancy-related steps associated with the same im-

purities that cause steps 1 and 2, respectively, in forward bias
where (2— p?) is the occupancy when either one of the two (Fig. 4). All other steps are observed to split, and are attrib-

states but not both can be occupied. If the barrier for doubleited to different independent impurities. We get the bias
occupancy is overcome then we expect to see a step in thifferences Vo= Vsien) =(137-96)=41 mV; (Vgiew
[ (V) characteristics of magnitude, —Vstep) = (145-109)= 36 mV. These differences compare
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_ FIG. 10. Current-voltage characteristics of the 85-A barrier de- £ 11. Current-voltage characteristics of the fourth step in
vice in forward bias at 0 T and 9 Tat a mixing chamber base reyerse bias of the 85-A barrier device at different temperatures and
temperature of 35 mK The magnetic field is oriented perpendicu- it 1o the data of the square of the Fermi distribution function

lar to the current flow direction. Different steps in th@/) charac- [(f(E))?]. The data are at temperatures 0.15, 0.3, 0.5, 0.7, and
teristics are numbered at 0 T. There are two steps at biases less thap

136 mV that are not shown hefsee Fig. 4. Steps marked 3 and 7

are seen taot split in the magnetic field; all other steps split. This fit thus confirms the theory that the current step is due

) ) ) o to double occupancy of electrons in the localized state.
quite well with the order of magnitude estimation of the
dpgble-occypgncy energ;t\(_/doume occupancy 40 mV) thus V. CONCLUSIONS
giving credibility to our assignment.

Another important and interesting observation is that the We have investigated the effects of spin degeneracy on
current magnitudes of all the steps attributed to double occuelectronic transport through single, zero-dimensional, local-
pancy are substantially more suppressed in the magnetic fielded impurity states. In Sec. IV B we reportedn-Fermi
than the regular steps. Note that the magnetic field in thishermal broadening of the current steps in t¢) charac-
case is oriented perpendicular to the current flow directionteristics. This effect is modeled by introducing a new phe-
In this orientation the current through the localized state geteomenological parametgy, the occupancy of the localized,
suppressed as the electron tunneling rate decreases in timepurity state. The corrected equation fits tk\)lcharacter-
magnetic field due to reduced overlap of the waveistics quite accurately angdis determined from the fits.
functions'22*In a magnetic field the probability of occupa-  In Sec. IV C the finite occupancy of the impurity statés
tion (p) decreases. For regular steps the current is propoiinvoked to understand the peculiarities of the tunnelifig)
tional to (2p—p?) and is linear inp for small p. For the  characteristics through the impurity in a magnetic field. From
double-occupancy steps the current is proportionapto these measurements the occupamig/determined as a func-
(quadratic inp). Hence the current suppression is expectedion of the magnetic field and then extrapolated to zero field.
to be much more for the double-occupancy steps. This obFor the first current step in forward bias of the 85-A barrier
servation corroborates our theory and the attribution of thelevice we determine the occupangy 0.3 from magnetic-
specified steps to double occupancy. field measurements. This is in good agreement with the mea-

Another way in which a current step attributable to doublesured value op=0.35 from the variable temperature inves-
occupancy can be distinguished is by investigating its thertigation. In reverse bias for the same device we determine
mal broadening at zero magnetic field. Figure 11 shows th@=0.6 andp=0.57, respectively, from the two measure-
thermal broadening of step 4 in reverse bias at different temments.
peratures from 0.15 to 1.0 K. A fit of the square of the Fermi A single parametep, the occupancy of the impurity state,
function to that data is also shown. Equatid?®) predicts explains the non-Fermi thermal broadening and also the pe-
that current steps attributed to double occupancy would beuliar splitting in a magnetic field of the current step in the
proportional top? and hence tdf(E))2. The fit shown in  1(V) characteristics. These two independent and consistent
Fig. 11 is in excellent agreement with the theory. Note thaimeasurements support the correctness of our model. From
the threshold currenfcurrent at the common intersection the measured occupancy and the plateau current magnitudes
point of the data at different temperaturés Fig. 11 is less we determine the electron tunneling rates through the emitter
than half the total step current. This clearly indicates that aand the collector barriers independently. The determination
simple Fermi functionEq. (3)] or the corrected function of the tunneling rates from the variable temperature investi-
used in Sec. IV B to understand the regular current §tégs  gation alone is significant since it does not require high mag-
(4)] are not suitable for this step and they would not be ablenetic fields or very low temperatures as are required for the
to describe the data for any choice of the fitting parameteranagnetotunneling measurements.
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Finally in Sec. IV D we discussed the possibilities of two sion. We expect to see similar effects in other related experi-
electrons occupying a localized state at the same time. Thisiental systems such as quantum dots and molecular elec-
becomes possible at high bias when the charging and thgonic systems.
electron-electron repulsion energies are overcome. We iden-
tified steps in thel (V) characteristics at higher bias that
show substantially different magnetic field and thermal prop-
erties compared to the regular current steps. We attribute
these current steps to double occupancy of the localized We thank T. Senthil, Sharad Ramanathan, and Professor
state. The phenomenological theory developed in this papdd. E. Prober for many useful discussions, R. J. Matyi for
describes these observations satisfactorily. device growth, C. L. Fernando and Professor W. R. Frensley

The peculiarities in thé(V) characteristics, as reported in for help with the modeling, and A. Mittal for experimental
this paper, arise due to the fundamental properties of spiassistance. This work is supported by NSF Grant No. DMR-
degeneracy of localized states and electron-electron repu®112497 and No. 9216121.
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