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Spin-dependent resonant tunneling through semimetallic ErAs quantum wells in a magnetic field
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Resonant tunneling through semimetallic ErAs quantum wells embedded in GaAs structures with AlAs
barriers was recently found to exhibit an intriguing behavior in magnetic fields: a peak splitting occurred only
in fields perpendicular to the film while a second resonant channel opened for in-plane fields. The behavior is
explained in terms of the valence-band states in ErAs in the vicinity ol tip®int, their exchange splitting
induced by the localized Erfdamagnetic moments, and by a selection rule involving the total angular momen-
tum component along the normal to the interface.

The utilization of thin metallic layers as active compo- to an anomalously large Zeeman splitting. On the other hand,
nents in semiconductor devices such as metal base and resoparallel field allows for tunneling into the heavy-hole band
nant tunneling transistors opens new avenues in microele¢eading to an enhancement of chanBelThe splitting in this
tronics. Resonant tunneling through thin metallic layerscase will be shown to be reduced. ) _
embedded in a semiconductor has been reported by several 10 understand the tunneling behavior, a detailed under-
authorst A promising materials system for the study of this isstarr;?]lLTi?ecéf t?ﬁif??z%%?geztrg;tgﬁ ?ggemagggggrﬁ’igogﬁs'gs

henomenon is semimetallic ErAs embedded in GaAs sinc 89
Fhe two are closely lattice match@@®ecause of the openf4 ture calculation® of ErAs and related BSC,_xAs alloys,

. ! . the results of which were in good agreement with magne-
shell of erbium, these heterostructures also have '”teresnn[%transport measuremeritShe first question to be addressed
magnetic behaviot.® Here we provide a theoretical expla-

; ) *" is whether the tunneling takes place into the conduction
nation for the unusual behavior of resonant tunnelinggjectron or valencehole states. This is expected to depend
through ErAs layers in magnetic fields of different orienta- o, the film direction. For th§113] direction under consider-
tion, which was recently reported by Brehmeral® and  ation, the band structurésee Fig. 1 shows clearly that un-
Zhanget al* These experiments were carried out on resonangccupied electron states are more than 1.5 eV above the
tunneling diode(RTD) structures consisting of ErAs quan- Fermi level. Hence they cannot be involved in the tunneling.
tum wells and AlAs barriers sandwiched between the  In fact, although the Schottky barrier height at the ErAs/
doped GaAs substrate and GaAs capping layers. AlAs interface is presently unknown, the Fermi level in the
The measurements of differential conductand&dV vs  ErAs must line up with the donor states near the conduction
V) (Ref. 3 indicate the presence of two different resonantband edge deep in the+ doped GaAs region. Implicit in
tunneling channels called andB. The peakA splits in a  the above argument is théf is conserved in the resonant
magnetic field perpendicular to the layers, but remains nearlfunneling and that only electrons wit)~0 are involved in
unaffected(slightly shifted by a magnetic field parallel to the transport from GaAs because the conduction-band mini-
the layers. TheB channel, on the other hand, shows no ob-mum in GaAs is af’".
servable splitting for either direction of the field, is only  Using the simple infinite barrier model, a first estimate
weakly resolved as a shoulder in zero or perpendicular fieldgan be obtained for the quantum confined states in the ErAs
but is strongly enhanced by a field parallel to the film. Thequantum well. For a film thickness & monolayers(ML ),
most extensive results and the ones we focus on here wetBere aren=1,... N quantized values of wave vector
obtained for th¢113] orientation of the film. However, simi- k, ,=nw/Na, , where a, is the distance between two
lar results were obtained for other orientations of the films.monolayers. The corresponding valuekofare indicated as
That indicates that the phenomena are not determined byertical lines in Fig. 1 for a layer thickness of 12 ML. This
specific intrinsic crystallographic directions but rather by theshows that only thev=1 quantized hole states lie close to
relative orientation of field and interface. the Fermi level and are likely to be involved in the tunneling.
In the present paper, we will show that this behavior is To relate these quantized energiesto the voltaged/ at
explained by tunneling of electrons into the ErAs light andwhich resonance occurs, we need to know the voltage profile
heavy-hole states in the vicinity of tdépoint for theA and  in the RTD. This is somewhat uncertain because the top and
B resonances, respectively. In the absence of a magnetic fieltbttom interfaces of ErAs are of different quality due to dif-
or in a perpendicular field, tunneling is predominantly onlyficulties in the epitaxial overgrowth on ErAs. For a symmet-
into the light-hole bands because of an approximate conseric structure, there would be equal voltage drops across the
vation of the total angulaiorbital and spinmomentum com- two insulating GaAs space charge layers and AlAs barriers,
ponent along the normal of the film. The exchange splittindeading to a resonance whati2~E,,. Direct measurements
of these states induced by coupling to the opérstell leads of the voltage drop on three terminal devices, however, have
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the spin operator, an8 a unit vector along the magnetic

3 FrAs ; field. The first two terms are the usual Luttinger tefth$he
N / = last term is the spin-orbit coupling term with the 1/2 inside
Z\ e P the parentheses being a reference-level shift to the valence-
14 band maximum. The parametexs describe the splitting of
0 \ : the valence states in the presence of a magnetic field. Here
s N the splitting is primarily due to the exchange interaction of
CANE A i the holes with the ferromagnetically aligned localized mo-
3 \\\\ ments of 4 electrons. The alignment of the latter is well
ﬁ 2 \\ \’:>= described by standard Brillouin theory of paramagfidts.
-3l T our numerical calculations we assume saturated spin polar-
N ization. This is valid because the measurements were taken at
-4 T N T=4 K and the applied magnetic field was & Direct cou-
5. S~ pling of the angular momentum to the magnetic fi¢lde
Zeeman effegtis neglected as it is much smaller than the
B % /a[113] coupling to the exchange field. Also neglected are the terms

that lead to the formation of Landau levels. The above
Hamiltonian is thus equivalent to the one used in our first-
principles calculations and its parameters can be extracted
FIG. 1. Energy band structure of ErAs along fi¢3] direction ~ from the latter.
in zero field. The vertical lines indicate quantized, values in an For reasons already explained above, we can now set
infinite barrier quantum well of 12 ML. kj=0 and choose theaxis along the normal to the interface.
The quantization ok, in the infinite barrier model then fixes
shown that most of the voltage drop occurs on the substratée k completely. In the absence of the spin-orbit interaction
to ErAs interface. This implies thatE,~ V. the above Hamiltonian(l) describes two sets of spin-
Unlike our earlier calculationthe band structure shown polarized bands that are independent of the direction of the
in Fig. 1 includes the effect of spin-orbit coupling, which, asmagnetic field. The spin-orbit interaction now couples the
will be shown below, is essential for understanding the magspin direction(determined by the magnetic figltb the or-
netic field dependence. Otherwise, the details of the calculabital angular momentum directidfixed byk, to be normal
tion method are similar to those of Ref. 8. The calculationsto the interfack This is what leads to the nontrivial
are performed within the atomic-sphere approximation of thenagnetic-field orientation dependence. More precisely, with-
linear muffin-tin orbital methotf and are based on local spin out the magnetic-field term but including spin-orbit interac-
density functional theory. The spin-orbit coupling terms aretion the Hamiltonian commutes with, whereJ,=L,+S, is
added as a perturbation to the spin-dependent Hamiltoniamhe projection of the total angular momentum onto the direc-
which is then diagonalized numerically without further tion normal to the interface. If the magnetic field is along the
approximationg® The spin polarization arises from the same directionB|Z), the Hamiltonian(1) maintains this cy-
alignment of unpaired spins in thef 4evel, which is treated lindrical symmetry and splits up into two>22 submatrices
as an open shell corelike level without dispersion. In theq! — Eg, describing the coupling between the
absence of a magnetic field, thé ¥bcalized spin magnetic |3/2,t 1/2) and|1/2,+1/2) states,
moments are randomly oriented and the bands are described
by a calculation without spin polarization. iR = — —
The manifold of valence states arouficcan be described (1/8)(2A0 =By Cy) (V2/6)(2A, 7 2B, 7 Cy) 7
by the Kohn-Luttinger(KL) Hamiltonian** which accounts |\ (1/2/6)(2A,72B,%C,) (1/6)(4A,+B,+2C,)—Ago
for the behavior up to quadratic termskn In the following, (2)
we use this Hamiltonian in the spherical approximatioa.,
y,= s in terms of the conventional Luttinger parametérs Where Ep=—(y1+4y)k? |, A=69,k? ., B,=Xg
in order to gain a qualitative understanding of the magnetict Mkin, ananz)\zkin. We will primarily be concerned
field effects. We stress, however, that this description of thevith n=1 states. Similarly the eigenvalues of the
nature of the quantum states involved in the tunneling andi3/2,=3/2) states are
the associated conservation laws remain approximately valid
even in the complete calculation. The KL Hamiltonian we En +30= E2+Ani D,/2, 3
start from is
whereD,=B,+C,.
H=—(y;+4y,)k?+67y,(L-k)? In the case of the magnetic field parallel to the interface,
J, no longer commutes with the Hamiltonian and there is
.2 1 an additional mixing of the eigenstates of the original
+[ Ao+ A k2 No(L-Kk)Z(S B)+§Aso(|-'3— 5)’ Hamiltonian (without field). The energy spectrum of the
quantum well can, however, be found as the eigenvalues of
D the wo 3«3 submatricesH!, . —ES, written in the

whereL is thel=1 orbital momentum operator describing basis (142)(13/2,3/2%(3/2,—3/2)), (1/1/2)(|3/2,1/2)
p-like hole states at the top of the valence band of E&\s,  =|3/2,—1/2)), and (14/2)(|1/2,1/2 % |1/2,— 1/2))
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An =(1N12)D, +(16)D,,
=(IN12D,  (U3(AxBy)  (V2/6)(2A,%By) | @)

+(16)(D,) (V2/6)(2A,FB,) (1/6)(4A£B)— Ao

The analysis of the structure of the matrid@s—(4) allows  zero, which explains why no spin splitting is observed for the
one to explain semiquantitatively all the features of the resoB channel. For the perpendicular field, the heavy-hole split-
nant tunneling experiments in a magnetic field. First, we reting is B,+C,~40 meV, but is not observed because in that
call that the electrons tunneling form tha®™ GaAs case this channel is reduced to a weak shoulder on a rising
conduction-band minimum arglike and haveM ;=+1/2.  background. Again up to the same order idd4, the com-
With the magnetic field absent or perpendicular to the layersponent of the allowed= 1/2 channel in the light-hole eigen-
M, is a good quantum number that must(egproximately ~ State for in-plane field is given by1—[(D,/+12)(1
conserved. Hence tunneling transitions between states with 2An/Asg)/(2A,/3)]%}*2 which is about 94%. This is
IM;|=1/2 and|M;|=3/2 are forbidden. This explains why consistent with the fact that th& channel is not noticeably
in that case only thé channel(corresponding to tunneling reduced in |nt_en5|ty Whe_n the in-plane flel_d is syvltched on.
into the light-hole states wittM,=+1/2) is pronounced. A quantitative calculation of resonance intensity for Bie

The small shoulder of thB channel is due to the fact that in channel due to the weak breaking of axial symmetry and its

the real band structure the axial symmetry is slightly broken.gradual switching on in the magnetic in-plane field will re-

For parallel fields, thé ; states are mixed and tfBechannel quire a more detailed study of the quantum tu_nneling pro-
becomes available for tunneling. The observed splitting in(r:elzz'vzllnatl)lz;;’(vjecg?;e ;?Sé tthoe tresi::)gla Pgsjngnihﬁnsgesltiﬁm iz;\]re
the perpendicular magnetic field is also easily understoodt 21veY P yp 9
since the energies depend on the sigivaf. The magnetic- Semiconductor quantum wells. Among other broadening

el deperdence o s spiting was shoun by zhangl?  TECTANIS, S ey vl fom e oosenndoton |
to follow the Brillouin theory of paramagnetic alignment of g play i

. . . thus anticipate that with further improvements in the material
localized spins as expected in the present theory.

Figures 2a) and 2b) show the eigenvalues of the above some of the _finer details of our model may be checked ex-
) : : . ' . perimentally in future work.
matrices in perpendicular and in-plane field, respectively,
with the parameters ES=—-84.%%, A,=59.%7,
B,=—9.7%?, C,=14k?, with k, in units =/a, and :
Ago=0.45 and all energies in eV. These parameters were
extracted from our first-principles calculations and appropri-
ately adjusted for the spherical approximation. The small 04 (a)
spin splitting atl’, A\g=1 meV was neglected. As discussed
in our previous work the Fermi-level position was slightly < g2 |
shifted from its local-density approximatidghDA) value as ~—
it was found that the LDA overestimates the Fermi surfaceg \Q
volumé because of the neglect of electron interaction self- & 0.0 =
energy effects. This figure clearly shows that the light hole =z
spin splitting is about 5 times larger for the perpendicular
than for the in-plane field. Also indicated in this figure are
the experimental resonance positions for varying thicknesses
(i.e., differentk, ,) assumingV=E,. Overall, the agree- 02

B perpendicular to plane

ment is quite good for the absolute energies of the reso- sh ]
nances, the dispersions, and the splitting between light and _\ ; ‘
heavy hole . The spin splitting appears to be slightly under- 00 - 0.05 0.10 0.15 0.20

estimated in the calculation. Experimentally the splitting was
seen to be about 80 meV, while the model gives 50 meV.
The advantage of the present analytical model is that we .
can easily investigate the effect of varying parameters. Be- F!G: 2. Band structure of ErAs near the valence-band maximum
cause spin-orbit interaction is fairly large, the coupling to the'” the[113) direction in a saturating magnetic field which @ is

spin-orbit split-off bands can be treated in perturbationperpendicular and irib) is parallel to the(113) plane within the
theory. Up to first order terms in Ao, the light hole spin spherical Kohn-Luttinger model. Experimental resonance positions
. O

. ) . ) o - given by V=E, (see text for n=1 and different film thicknesses
splitting in  perpendicular field isAi(Ih)~(B,—C,)/3 (or k, , valueg are indicated by circles for thé& channel and

—4An(2By+C)/9A50, which is of order 50 meV, while for - 5q;ares for theéd channel. The experimental spin-spiitchannel
the in-plane field, it is: A|>|<c(|h)~28n/3_ 4A1Bn/9 50, resonances are indicated by triangles for one layer thickne&s.in
which is of order 10 meV. Similarly, we find that the heavy- The heavy-holghh), light-hole (Ih), and split-off hole(sh) bands
hole splitting for the in-plane field up to terms inAldy is  are labeled.

perp
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We have also carried out fully first-principles calculations semiquantitative description of the ErAs valence-band maxi-
of the bands in th€113] direction in parallel and perpendicu- mum and its associated eigenstates. The tunneling behavior
lar magnetic field including the spin-orbit coupling. Thesecan be understood in terms of approximate conservation of
calculations qualitatively confirm the above results, but leadhe total angular momentum component along the normal to
to a somewhat smaller light-hole spin splittif@0 me\) in  the interface. For perpendicular or zero field this forbids the
perpendicular field than the spherical modehich was al-  transitions into the heavy-hole bands while the latter become
ready too smaJland slightly lower masses and hence slightly &llowed by mixing of states for an in-plane field. The origin
lower level positions for a given layer thickness. A possible®f this approximate selection rule is that the=0 of the
origin for this discrepancy is that our present calculations ar&€Ctrons originating in the GaAs conduction band is con-
based entirely on bulk band structures and infinite wall quan_served. This in turn fixes the quantization axis )‘or the orbital
tization. In the finite wall qguantum wells, i.e., taking into angular momentum along the normal to the interface. The

: - Ny pin direction on the other hand is fixed by the magnetic
account the actual interface electronic structure, mixing of E'ﬁeld. The spin-orbit coupling is thus essentially responsible

5d derived bands, which have larger spin splitting, into thefor the qualitatively different behavior of the tunneling in the
relevant hole states is expected to occur and may lead to &

substantial enhancement of the exchange splitting effects. parallel and perpendicular fields.

In conclusion, the spherical Kohn-Luttinger model of the  We wish to thank S. J. Allen and D. E. Brehmer for stimu-
valence-band maximum supplemented with a strongly enkating discussions. This work was supported by the Air Force
hanced spin Zeeman effe@ue to coupling of the valence Office of Scientific Research Grant No. F49620-95-1-0043
electrons with the localized magnetic moments of thfe 4 and by the National Science Foundation under Grant No.
electrons, which are aligned in the figldrovides a good OSR-9108773 and the South Dakota Future Fund.
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