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Vertical longitudinal magnetoresistance of semiconductor superlattices
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Vertical longitudinal magnetoresistan€éLMR) caused by the peculiar shape of the Fermi surface of a
superlattice has been observed in GaAgBH, _,As superlattices. This VLMR occurs when the electrons
occupy the open Fermi surface and their motion in the plane of the layers is quantized by a magnetic field. It
was shown that there exists a critical magnetic field that cancels the contribution of the electrons occupying the
open Fermi surface to the vertical conductivity in the case when the chemical potential exceeds the width of the
miniband, thus resulting in the observed VLMR. This effect produces the conditions necessary to observe the
quantized Hall effect in the three-dimensional electron system of a superlattice.
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[. INTRODUCTION dimensional electron system of a SL behaves like a stack of
two-dimensional quantum Hall conductors thus producing
During the last decade, there has been considerable inte¢onditions necessary for observation of the QHE.

est in studying the integer quantum Hall effe@@HE) The paper is organized as follows. The theory is consid-
in anisotropic three-dimensional electronic systems—ered in Sec. Il. The electronic properties of the samples are
semiconductor superlatticéSL’s) where the minima of the characterized in Sec. lll. The experimental results together
resistivity p,, were found to be accompanied by similar with their discussion are given in Sec. IV, and conclusions
minima of the vertical conductivityr,,. Thus, a significant are outlined in Sec. V.
role of the vertical conductivity in formation of quantized
states in a quasi-three-dimensional electronic system was Il. THEORY
determined:? In later studies two different contributions to . .
the vertical conductivity of a superlattice in a strong mag- A.S .shown in Refs. 14 anq 15.’ at=0 the vertlcal_con—
netic field were distinguished: one due to the bulk and thegucuv'ty of a SL(along thez direction) can be written in the
other caused by the hybridization of the edge states of th rude form
superlattice layer$:® The latter was shown to form the so-

* A2
called two-dimensional chiral metal, which was observed at aZ:n er 1
low enough temperature3 €1 K) when all bulk quantum m;
Hall states are localized and therefore the surface conductiwyith the effective electron concentration
ity contributes significantly.
Moreover, the vertical longitudinal magnetoresistance . mWs, ko v,(k)|? 5
(VLMR) of superlatticegthe magnetoresistance that occurs 272h2Dg Jo P 2

when both electric and magnetic fields are directed along the
growth direction of the superlattitavas studied in Refs. wherem, andm, are the effective masses normal and paral-
6-11. As a result, specific Shubnikov—de Haas oscillationge| to the layers, respectivelyVs, is the miniband width,
in the form of resistance resonances were predicted and am, is the period of the SL, and,,, is the maximum elec-
isotropy of the vertical magnetotransport in SL's was found:tron velocity. The electron velocity, along the superlattice
it was shown that the vertical magnetoresistance is muchxis, which is responsible for the vertical conductivity of an
weaker, although still significant, for a magnetic field appliedideal SL, is determined by the electron spectrfk) along
normal to the layers than for one directed parallel to theg|| possible directions of the wave vector
layers. Thus the observed nonzero VLMR was considered to
be the result of nonuniform fluctuations of the widths of the 1 9E(k)
layers, which caused localization of the electr&h’s’ v(K) =% ok, )

In this paper we present results showing that even in an
ideal SL, in appropriate conditions, there exists a strong Thus, a nonvanishing vertical conductivity is expected un-
VLMR originating from the peculiar shape of the Fermi sur- less electron dispersion exists. When the Fermi energy ex-
face of the SL. It is shown that when the Fermi energy lies inceeds the miniband width, the vertical conductivity is com-
a minigap, in the case when the inter-Landau-level spacing ipletely determined by the contributions of the electron states
larger than the electron broadening enerfjy), the vertical  that belong to the open Fermi surface of the @thich has
conductivity tends to zero in a magnetic field applied parallethe topology of an undulating cylinder oriented along the SL
to the growth direction of the SL. In this case, the three-axis) and it is independent of the electron density while the
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netoresistanc VTMR)—the magnetoresistance associated
with magnetic field perpendicular to the vertical current.

We developed a model to account for the observed
VLMR. In this model the conductivity is determined by the
number of broadened electron states at the Fermi surface that
belong to different Landau levels and are mutually coupled
by the scattering mechanism. In the following, we consider
the electron transitions caused by elastic scattering of elec-
trons by impurities in the presence of the external electric
field Ey. The conductivity can be calculated by means of the
matrix density method as proposed in Ref. 17. Following this
method, the Hamiltonian can be written in the form

/Dy, 0 ™Dy FAint=CUin(r)Eg exg —i wt), (6)

Kz WhereUim(r)=Ze221!\‘;'1[exp(—x|r— ri|)/|r—r;|1is the po-

FIG. 1. Schematic cross section of the Fermi surfaces in a sut-entlal of the Interactlori,\lj is the number of impuritiesy is

perlattice(dotted line$. Solid lines show the modification of open the reC_lprOC_aI screening length, aauis th_e COET“C'GT“ of
Fermi surfaces under a magnetic field in the cases whep proportlpnallty Satlsfylng_the necessary dimensionality.
<Ws, (a) andfw>Ws, (b). Thin arrows show the electron inter- In a Ilnear.apprommatmn the average value of any opera-
level transitions caused by the perturbation potentjgl(d,k) that tor is determined as

contribute to the vertical conductivity. The vertical components of

the velocity of electrons occupying the open Fermi surfaces in the <(i>>= Sp(pe®)+C 2 [fo(ekrar) —foleka)]
absence of the magnetic field are depicted by thick arrows.

K'a' Ka Skrar_Ska_iﬁ/T 0
Fermi level is located in a minigagwhen the Fermi surface X exp —iwt), (7)
remains unchangedSuch behavior of the vertical conduc-
tivity was experimentally observed in SL’s in Ref. 16. A
modification of the Fermi surface of a SL is shown schemati
cally in Fig. 1, where the closed Fermi surfaces are assoc
ated with the positions of the Fermi level inside a miniband,
while the open Fermi surfaces correspond to the case wh
the Fermi level enters a minigap.

If now a strong enough magnetic field is applied along the
superlattice axis, the in-plane motion of electrons becomes — [folekar) —Toleka)] - -

(O 0 . . = - (Hindk’ o' ka®Pk’a’ ka - (8)
guantized into a series of Landau levels without affecting the /4" ko €k'a’ ™ €ka™ iflT ’ '
miniband dispersion along the superlattice axis; then the en- R
ergy dispersion becomes The conductivity can be obtained by assuming thais the

operator of the current density= (e/mV)p, (whereV is the

where the equilibrium value of the density matryx,
=p(—=) and fo(ey,) =[eXPlr.— &)/KT] ! is the Fermi
{_unction, which defines the probability of finding an electron
in the statgka) with energye,,, ¢ is the chemical poten-
jal, and 7 is the relaxation time. Thus, the generalized sus-
ceptibility can be calculated according to the fornttila

E(k)=Exk) +(n+2)haoc, @ crystal volume:
wherefi v, denotes the cyclotron energy ane-0,1,2 . .. .
For a magnetic fiel® such thati w.>%/r (wherer is the s—RdC S [fo(ekrar) —Foleka)]
relaxation time the vertical motion of an electron has purely Ko ke Ekal —Eka—iRIT

one-dimensional character. In this case, for the open Fermi

surfacesv,(k) =0 and the conductivity of the SL vanishes. C e .

Therefore, a magnetic field induced metal-to-insulator tran- X (K" a'|Uin[ka)(kalj k" a") | ©
sition is predicted to occur for the vertical conductivity when

the increasing Fermi energy crosses the top of a miniband at In the calculations of the matrix elements of the interac-

a fixed magnetic field exceeding a critical vaBg, or when . o " B
a varying magnetic field passes through this critical value ir;[Ion with impurities we can sdka)—(l/W)eprk r) be-

a SL with the Fermi level located in a minigap. The critical ﬁ?)?sc?)r:t]r?b[f:re)liliyr?ifsig!r?ttlln?op;:; %:;?ﬁxizcggz?ig?cnug ?gj
magnetic field is associated with the relation 9 y

over large distances '>a, wherea is the lattice constant.

Am The result is
e © y
I _ 4mZé Ej Zi(k =K1
These considerations allow us to conclude that at an ap<-k o' [Uindker) = V[s2+|k' —k|2] =1 € . (19

propriate magnetic field§>B;) the value of the VLMR
could be even larger than that of the vertical transverse magdowever, the full Bloch function
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|ka)=(1/\/V)exmk- )Upy(T) a Hall bar in order to measure the effect of a magnetic field

] . on the in-plane transport. This superlattice was doped up to
should be used when calculating the matrix element of th@y— 5 10'”cm™2, which corresponds to a Fermi level posi-

current density’ Then, taking into account thaf, tion well above the miniband, and it revealed a Hall mobility
= (e/mV)p,= — (e/mV)i%a/ 9z we obtain measured aT=10 K of about 1500 cfiV's, which corre-
sponds to the valug/7~10 meV. Therefore, low field con-
ditions (w.7<1) hold in the doped superlattices with elec-
tron concentration®N,=(1-5)x 10" cm™3, while the high
where N is the number of electrons and,,(K) field condition w.7>1) is expected in the undoped super-

. : : lattice.
=(e/mv) [ U (r)(Ak,— iRl dZ) Uy, (r)d3r with v being . . . .
the volume of the unit cell. Thus, the conductivity can be Calculations made using the envelope function approxi-

. 1
<ka|JZ|k,a,>:Nék’kaaa’(k)i (11)

mation including the effect of nonparabolicity showed that

obtained as the SL’s under investigation hawa 4 meV wide lowest mini-
e{ [fo(erra)—folera)] band. In all t_hese narrow miniband SL’s the_Eermi Igvels
o,,~=Re C > - were located in the minigap: well above the miniband in the
K'a'ka ©k'a’ Sk IRIT doped SL’s and close to the top of the miniband in the un-
) doped SL. Measurements of the magnetoresistance were car-
X47rZe Nioa, (K )] (12) ried out at temperatures 1.5—-4.2 K in magnetic fields up to
%2Ne impQaa’'\Nz) (1 12 T.

_ _ - Differently doped wide miniband (GaAg)(AlAs), and
whereN, andN;y,, are the concentrations of impurities and (GaAs), (Al , 5Ga, /As)s superlatticegwith the width of the

electrons, respectively. minibandWs,~65 meV) grown without the contact layers,
Supposingey . — e, =frwc, atk, =k, (Wherek,r is  where partially and completely occupied minibar{dgich
the Fermi wave numbgrve finally obtain correspond to closed and open Fermi surfaces, respedtively
can easily be achieved, were studied in order to confirm the
_27Z&Nim, LT hog influence of the shape of the Fermi surface on the VLMR.
02,=C 2 aaa’(kzF’lergTz tanhz, <. (13 As mentioned above, the peculiar shape of the Fermi sur-

face of a SL is responsible for the VLMR discussed here. In
This model possesses all the essential features of the electrerder to confirm that there were no contributions of the ef-
system considered here. Clearly, the conductivity decreaséécts of the localization of electrons to the measured VLMR
with increase of the magnetic field due to the increase of thesimilar to those observed in Ref. J12ve explored the tem-
inter-Landau-level separatior {;). Moreover, as follows perature dependence of the current across the SL’s. Contrary
from Eqg. (13), at Nj,,,=N, the conductivity increases with to the activation character of the transport found in Ref. 12,

increasing electron density &tﬁm. a decrease of the current with increasing temperature caused
by the scattering of electrons by phonons was observed in all
Il. CHARACTERIZATION OF THE SAMPLES the samples studied here. In addition, measurements of the

thermostimulated currenfTSC), a well-known method for

In order to find the VLMR predicted above, we investi- detecting localization of carriers in semiconductors, revealed
gated structures consisting of a 20-period SL with 224 A ng presence of trapping. The results of these measurements
[80 monolayersML)] of GaAs wells and 8.4 A ML) of  are plotted in Fig. 2; they allowed us to conclude that in the
Al Gy 7As barriers grown by molecular-beam epitaxy on asamples under investigation the transport of electrons has
(100 n”-type GaAs substrate. The SL's were doped with SiBloch miniband character. Therefore, in a strong enough
to achieve a desirable position of the Fermi lel@ove a magnetic field we expected to find VLMR caused by the
miniband; they were sandwiched between two highly Si- quantization of the electron energy along the layers in the SL
doped 1000 A thick GaAs contact layers. One high mobil-with an open Fermi surface.
ity undoped SL with the intrinsic electron concentratisp In order to confirm the shape of the Fermi surface of the
~5x10"*cm 3 was studied as well. The resulting structuresSL'’s studied here, we measured the transverse magnetoresis-
were etched to yield mesas with a diameter of 0.5 mm. Theance, which is known to exhibit a strong variation when the
Ohmic contacts were prepared by depositing Au-Ge-Ni alloyorientation of the magnetic field is changed relative to the
annealed at 450 °C for 120 s. In order to measure the thegxis of the undulating cylindethe SL axig. In the case of a
mostimulated current, a Schottky contact was formed at thetrong magnetic field the magnetoresistance for such a Fermi
top of the superlattices by the deposition of a 100 nm thicksurface was calculated in Ref. 18 and it takes the form
gold layer; these structures were used to control the electron
concentration byCV measurements. B1B?%cog ¢

In addition, a structure consisting of a doped p= m
GaAs/Aly Ga, ;As 40-period SL with the thicknesses of the 0
wells and barriers equal to 21045 ML) and 8.4 A(3ML),  wheree and ¢ are the angles between the current direction
respectively, grown on a semi-insulatif00 GaAs sub- and thex axis (which lies in the plane of the magnetic figld
strate without a highly doped cap layer was used to fabricatand between the cylinder axis and the plane of the magnetic

C(n)+A, (14)
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§_ 4 FIG. 4. Dependence of the resistanBg, across the doped
= 3t (GaAsky(Aly Ga, /AS); superlattice withN,=1.4x10cm™3 on
O 2 [ magnetic fields with different orientations relative to the superlat-
(IQ (b) tice surface measured @t=1.5 K. The dashed line shows the cal-

1 culated VLMR.
0 N Aot

tance(the curve withd=0°) is revealed. However, a small
but finite electron scattering actually resultsée 0, which
Temperature (K) causes the saturation of the transverse magnetoresistance ob-
served experimentally. The dashed line in Fig. 3 shows the
FIG. 2. Temperature dependence of the current across thgest fit obtained from the formulél4) with the scattering
(GaAs)(AloGay.As); superlattice measured at the voltaye  gngle 9=30°. This result confirms that the shape of the

=1V (@) and of the thermostimulated curref). The thermo- £ surface in the superlattices studied here is of the un-
stimulated current was measured at different values of the revers&maﬂng cylinder type considered above

voltage(shown in the figureapplied to the Schottky contact fabri-
cated at the top of the superlattice.

0 50 100 150 200 250 300

IV. RESULTS AND DISCUSSION

field, respectivelyA, B,, and\ are smooth functions of the A typical dependence of the resistance measured across
angles, C(n) is a smooth function of its argumeny  the doped SL as a function of an applied magnetic field with
=(w70) ", with C(0)=C(»)=1, and the magnetic field djfferent orientations is shown in Fig. 4. In a transverse mag-
B, is associated with the conditian.7=1. According to the  netic field (normal to thez direction we observed a weak
formula(14), in the singular directio=0 (open orbitsthe  positive VTMR. The Shubnikov—de Haas oscillations are
resistivity depends on the magnetic field B& whereas in  clearly seen in this case. Their period did not depend on the
all other directiongclosed orbits it saturates at the fiel8  doping of the SL’s; therefore, they were attributed to the
=By /0. highly doped contact layers. Thus, we conclude that both the
The vertical magnetoresistances measured in the undopesi_ and the contacts contribute to the observed VTMR.
superlattice with different orientations of the magnetic field An increase of the positive vertical magnetoresistance
are shown in Fig. 3. In this case, even at relatively weakyas observed on increasing the angleetween the direction
magnetic fields, the high field conditions holBX%By) and  of the applied magnetic field and the surface of the SL. This
the quadratic dependence of the transverse magnetoresifcrease of the magnetoresistance was accompanied by a de-

crease of the amplitude of the Shubnikov—de Haas oscilla-
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FIG. 3. Dependence of the resistariRg, across the undoped
(GaAsky(Alg :Ga ;AS); superlattice on magnetic fields with differ- FIG. 5. Dependence of the resistariRg along the layers of the
ent orientations relative to the superlattice surface measurdd at doped (GaAs)(Aly3Ga 7AS);  superlattice  with Ng=2
=1.5 K. The dashed line shows the resistance calculated according10'”cm 2 on magnetic fields parallel and perpendicular to the
to Eq.(14) for #=30°. growth direction measured at=1.5 K.

165307-4



VERTICAL LONGITUDINAL MAGNETORESISTANCE CF. .. PHYSICAL REVIEW B 63 165307

3.26 W <6 . . 12
=65 me =
z 3241 % ©=90 & 10}
e L ﬂ:N
S 3.22 S o8l
N 3.201 <
o o 06F .
3.18¢ e
N
3.16} no%4r
0.010} c oz2p
[ ]
/E\ 00 1 1 1 1 1 1 1
= 0.008¢ 0 1 2 3 4 5 6 7
o N, (x10" cm®)
%0.006}
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0.004} toresistance in the (GaAgAlyGa AS); superlattices on the
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B (Tesla) relative vertical longitudinal magnetoresistandér,(B
FIG. 6. Dependence of the resistariRg across the doped wide =12 T)—R;{0)]/R;/(0) on the concentration of the elec-
miniband  superlattices GaAs/@a_,As with N,=50 trons, plotted in Fig. 7.
x107cm 3 (closed Fermi surfage(a) and No=1.7x10%cm 3 As a matter of fact, in a SL subject to a strong enough
(open Fermi surfade(b) on magnetic field measured 8=1.5 K. ~ magnetic field perpendicular to the surfa@ich asfiw,
>hl7), as a consequence of the vanishing vertical conduc-
tivity, the state of the three-dimensional electron gas re-
tions, which disappeared with the magnetic field parallel tosembles the quantized Hall state of a two-dimensional elec-
the growth direction, when the measured VLMR originatedtron gas. This means that in appropriate conditions such a
completely from the SL, while the contact regions did notmagnetic field forces the three-dimensional electron system,
contribute. In this case the longitudinal magnetic field, quanwhere it is not possible to observe the QHE, to acquire a
tizing the motion of electrons parallel to the layers, elimi- state favorable for the observation of the QHE. It should to
nates the contribution of the open Fermi surface to the verbe stressed that, although the nature of the VLMR observed
tical conductivity. The dependence of the resistancéhere seems to be similar to that of the QHE, there is an
presented in Fig. 4 by the dashed line was calculated accoréssential difference: the quantization of the in-plane electron
ing to Eqg.(13) as a value equal ta;zl with #/7=12 meV, energy is responsible for the QHE, while both the quantiza-
and it agrees well with the experimental data. tion and the specific shape of the Fermi surface of the super-
The effect of the magnetic field on the in-plane motion of lattice determine the VLMR. As we observed, the VLMR
electrons occupying the open Fermi surface of a SL is demdoes not depend as strongly on temperature as do the QHE
onstrated in Fig. 5. As expected, the longitudinal magneti@nd the conductivity caused by chiral surface states; there-
field revealed no significant effect on the in-plane transportfore, it was detected at rather high temperatures when no
while the transverse magnetic field caused a strong positiveigns of the QHE or surface states were found.
magnetoresistance accompanied by Shubnikov—de Haas os-
cillations, now originating from the SL. V. CONCLUSIONS
The dependence of the VLMR on the shape of the Fermi
surface was explored in the wide miniband SL’'s where
Wg >#/7 and therefore the SL with Fermi level located
inside the minibandclosed Fermi surfagecan be easily dis-
tinguished from the SL with Fermi level above the miniban
(open Fermi surfage The experimental results plotted in

To conclude, we found vertical longitudinal magnetore-
sistance originating from the unusual shape of the Fermi sur-
face of a semiconductor superlattice. It was shown that the
dquantization of the in-plane motion of electrons is respon-
sible for the observed effect. The absence of the VLMR in
superlattices with closed Fermi surfaces and when the cur-

Fig. 6 clearly ShO.W the absence of the VLMR n the SL with gfent was measured parallel to the layers confirmed this con-
the closed Fermi surface and a strong VLMR in the case Liusion

the open Fermi surface. These SL's were grown without the
contact layers, which therefore did not contribute to the mea-
sured magnetoresistance.

Good agreement was found between the experimental Financial support from the Brazilian agencies FAPESP
(data points and calculatedsolid line) dependencies of the and CNPq is gratefully acknowledged.
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