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Optical detection of magnetic fields using giant magnetoresistance
in undoped coupled quantum wells
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We show that undoped coupled quantum well structures of GaAs and InGaAs have a magnetoresistance
effect which leads to a wavelength shift of the optical spectrum. This effect allows the optical emission to be
used to detect magnetic field in the range 0–0.5 T.
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I. INTRODUCTION

When thinking of a giant magnetoresistance effect, o
normally thinks of materials with magnetic properties. In t
experiments discussed here, however, we have observ
giant magnetoresistance effect in undoped quantum well
GaAs and InxGa12xAs. The resistance changes by up to
factor of three as the magnetic field varies from zero to 0.5

The system in which we see this effect is a set of coup
quantum wells with outer barriers, with electric field an
magnetic field both applied perpendicular to the wells,
illustrated in Fig. 1. As reported in several other studies,1–4

the electric field causes a tilting of the bands which leads
spatial separation of electrons and holes into adjacent w
The excitons formed from these spatially separated elect
and holes are known as ‘‘indirect’’ excitons or ‘‘dipole’’ ex
citons. An important feature of the luminescence from t
type of structure is that the the luminescence shifts to lo
energy with increasing electric field, in what is known as t
‘‘quantum confined Stark effect.’’ The spectral position of t
luminescence from the wells therefore gives a direct m
surement of the local electric field.

In 1999, we reported5 a strong redshift of the lumines
cence from excitons in GaAs coupled quantum wells in
weak magnetic field. A similar, weaker effect was also
ported by Krivolapchuket al.6 We have also reproduced th
effect in In0.1Ga0.9As coupled quantum wells. Figure 2 show
typical spectra from an In0.1Ga0.9As coupled quantum wel
structure, consisting of 60 Å wells with a 40 Å barrier b
tween the wells made of pure GaAs, with Al0.3Ga0.7As outer
barriers, separated from the wells by 50 Å of pure GaAs. T
outer barrier on the substrate side is 200 Å thick, and
barrier on the top side is 1000 Å thick. The GaAs substr
and the GaAs capping layer are heavily doped, which allo
the electric field to be applied across a relatively thin reg
of the sample.
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As seen in Fig. 2, the shift of the luminescence line w
magnetic field is much larger than the linewidth even at re
tively weak magnetic fields. We have observed similar b
havior in GaAs coupled quantum wells, at the same w
width and at different widths, including 80 and 100
widths. The energy shift of the luminescence is proportio
to B2 in all cases at low magnetic field. Figure 3 shows t
line position of the luminescence from a GaAs coupled qu
tum well structure structure as a function of magnetic fie
at very low magnetic fields. The solid line is simply a fit to
B2 dependence.

Figure 4 shows the shift in a GaAs coupled quantum w
structure over a wider range of magnetic fields. At high
field, around 1.0 T, the shift saturates, and at even hig
fields, greater than 2–3 T, the luminescence line shifts
higher energy nearly linearly. The magnitude of the sh
depends on the electric field. As discussed in Ref. 5,
linear blueshift at high magnetic field and high electric fie
can be understood simply in terms of the Landau shift of
electrons and holes. At high electric field, the electrons a
holes are pulled to opposite sides of the wells, decreasing
exciton binding energy. When the Landau level energy
large compared to the exciton binding energy, the electr
and holes act nearly independently, and the luminesce
energy is simply the sum of the indirect band gap plus
Landau level energy for an electron and a hole.

These effects are in sharp contrast to the magnetic fi
shifts of excitons in bulk semiconductors or in unbias
quantum wells. In unbiased systems, the exciton lumin
cence shifts monotonically upward, proportional toB2 at low
magnetic field.7,8 This shift in single quantum wells is wel
understood as arising from the diamagnetic response of
excitons. The difference in this case must come from
spatial separation of the electrons and holes in the cou
quantum wells.
©2002 The American Physical Society04-1



-
o

tu
re
iv
n

is
ru
re

bl
w

o
tio

r-

ent
del,
e
s-
this
e

f the

et

um
s
aA
pl

d
Å

nc-
m

-
Å,
d

d
of

the
e of
at

S. DENEVet al. PHYSICAL REVIEW B 66, 205304 ~2002!
II. MECHANISM OF THE SHIFT-POSITIVE
MAGNETORESISTANCE OF THE TUNNELING BARRIER

At low field, the Landau level energy is negligible com
pared to the exciton binding energy. Therefore we must lo
for some effect other than a change of the exciton struc
to explain the large energy shift. We have found that this
shift at low field can be understood as arising from a posit
magnetoresistance of the structure, which leads to a cha
in the effective electric field felt by the excitons. This
confirmed by measurement of the current through the st
ture. Although there are thick barriers in these structu
there is a dc current of the order of 50mA at high electric
field, because the tilting of the bands allows a non-negligi
tunneling rate through the barriers, and we use a sample
large surface area, approximately 4 mm2. Figure 5~a! shows
a comparison of the measured current and the spectral p
tion of the luminescence in an InGaAs structure as a func

FIG. 1. Model of the bands of the coupled quantum well h
erostructure used in this study.

FIG. 2. Indirect exciton luminescence from a coupled quant
well structure with In0.1Ga0.9As wells and GaAs barrier, for variou
magnetic fields. The fringes are due to interference from the G
substrate, which is transparent at these wavelengths. The sam
placed in liquid helium atT52 K and illuminated with a low-
power (;10 W/cm2) laser with wavelength 847 nm. The applie
electric field is approximately 69 kV/cm or 3.8 V across the 5500
of undoped material.
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of magnetic field. Figure 5~b! shows the change of the ove
all resistance implied by these data.

The relationship of the spectral position and the curr
can be understood in terms of a simple two-resistor mo
shown in Fig. 6~a!. Electric field is applied across the entir
sample, while the electric field which affects the lumine
cence is only the field across the wells. The resistance of
region Rw is controlled by the tunneling rate through th
inner barrier between the wells. The second resistanceR0
includes the contact resistance as well as the resistance o

-

s
e is

FIG. 3. Photon energy of the luminescence maximum as a fu
tion of magnetic field for indirect excitons in a coupled quantu
well structure consisting of GaAs quantum wells and Al0.3Ga0.7As
inner barrier. The solid line is a fit to aB2 dependence. The struc
ture consisted of two coupled GaAs quantum wells of width 60
with an Al.3Ga.7As barrier between the wells of width 40 Å, an
outer barriers consisting of 200 Å of Al.3Ga.7As.The sample is
placed in liquid helium atT52 K and illuminated with a low-
power (;10 W/cm2) laser with wavelength 632 nm. The applie
electric field is approximately 30 kV/cm, or 2 V across 6500 Å
undoped material.

FIG. 4. Photon energy of the luminescence maximum for
same structure and conditions as Fig. 3, but over a wider rang
magnetic field, and for applied electric field of 15 kV/cm. Note th
the horizontal scale is logarithmic.
4-2
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outer barriers, which is much larger than the resistance of
inner barrier. IfRw increases with magnetic field, then th
voltage acrossRw will increase. Because of the quantum
confined Stark effect, an increase of the voltage across
wells will lead to a red shift of the indirect luminescen

FIG. 5. ~a! Open circles: the luminescence line position as
function of magnetic field for the same structure as used for the
of Fig. 2 ~left axis.! Triangles: the current measured through t
sample under the same conditions~right axis!. ~b! The resistance
implied by these data.

FIG. 6. ~a! Two-resistor model of the system of the wells1
barriers. When the resistance of the well increases, the total cu
through the structure drops and the voltage across the wells
creases.~b! The resistor model in which the inner barrier resistan
Rw is replaced by two parallel resistors, representing the differ
tunneling rates due to disorder, andR0 is represented by two resis
tors in series, corresponding to the two outer barriers of
structure.
20530
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line. When the voltage across the wells is decreased,
maximum red shift with magnetic field also decreases,
cause the voltage acrossRw is proportional to the total volt-
age across the coupled well system, as in a simple volt
divider circuit.

The effect of the line shift with magnetic field is therefo
understandable in terms of a positive magnetoresistanc
the structure. At first glance, however, it is not obvious w
magnetic field should have any effect on the resistance,
cause there are no magnetic materials in this system, and
applied magnetic field is parallel to the applied electric fie

The mechanism which we propose for the magnetore
tance is qualitatively similar to the mechanism proposed
Lee et al.9 to explain the magnetoresistance of superlattic
The effect occurs at much lower magnetic field in our ca
however.

Although the electric field and the magnetic field are p
allel, a current exists in the system which flows perpendi
lar to the magnetic field. Because the resistance in the pla
of the wells is much lower than the effective resistance of
barriers, the carriers will undergo diffusion in the wells in th
direction perpendicular to the electric and magnetic fiel
This diffusion constant in the wells can depend on the m
netic field, since the carriers must move perpendicular to
magnetic field to diffuse.

In all quantum well structures, there is some disord
This disorder can be seen in the inhomogeneous line bro
ening of the luminescence. In our samples, the inhomo
neous broadening is between 1 and 3 meV~as seen in Fig. 1,
the inhomogeneous linewidth decreases with increas
magnetic field, an effect also seen by Lee and Bajaj.10! By
comparison, the energy change in the quantized elec
states for one monolayer variation of the well width is
meV, which means that these quantum wells consist of
islands which are monolayer perfect over tens to hundred
microns. Therefore the disorder which leads to the inhom
geneous broadening does not come from well width va
tions; most likely it arises from random fluctuations in th
alloy concentration. In the GaAs quantum wells, the barri
consist of AlxGa12xAs alloy, while in the InxGa12xAs wells,
the wells themselves have the the alloy fluctuations and
adjacent barriers are pure GaAs.

The fluctuation of the barrier height, especially of th
thin, 40 Å barrier between the two wells, leads to spa
variation of the tunneling rate through the barriers. Theref
if the carriers have a high diffusion constant, they can diffu
into regions with lower tunneling time. This will then lowe
the effective resistance of the barrier to tunneling curren

When magnetic field is applied, the electron and hole
bits become constrained. Even if the radius of the free-car
Landau orbits is large compared to the excitonic Bohr rad
the effect of the magnetic field will be to deter the carrie
from moving to the regions of lowest potential energy; the
fore they will feel an average of the well potential instead
local fluctuations. This will slow down the tunneling rat
since the free carriers cannot migrate to regions with h
tunneling rate.
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III. THEORETICAL MODEL OF THE
MAGNETORESISTANCE

The theory of the magnetoresistance due to this mec
nism can be developed in the same way as it has been
for superlattices by Miller and Laikhtman.11 In this model,
the potential at the first contact isU, the potential in the well
separated from this contact by the first barrier isf1(r), the
potential in the second well isf2(r), and the potential of the
second contact is2U. The potentials inside the wells de
pend on in-plane coordinater because of the nonuniformit
of the barriers. Magnetic field is applied in the growth dire
tion (z direction!. If the local conductances of the first, se
ond ~intermediate! and third barriers areS1(r), S2(r), and
S3(r), respectively, then the current densities across the
riers are

j z1~r!5S1~r!@U2f1~r!#, j z2~r!5S2~r!@f1~r!

2f2~r!#, j z3~r!5S3~r!@f2~r!1U#. ~3.1!

The current conservation law in the first and second w
reads

j z22 j z15¹ŝ¹f1 , j z32 j z25¹ŝ¹f2 , ~3.2!

where¹ is the in-plane gradient. The in-plane conductiv
tensor of both wells is assumed the same. It is antisymme
sxy52syx and the dependence of the diagonal compone
on the magnetic field is

sxx5syy[s i5
s0

11~mB/c!2
, ~3.3!

wheres0 and m are the conductivity and mobility at zer
magnetic field. Elimination ofj z1 and j z2 from Eqs.~3.1! and
~3.2! leads to the equations for the potentials

S2~r!@f1~r!2f2~r!#2S1~r!@U2f1~r!#5s i¹
2f1 ,

~3.4a!

S3~r!@f2~r!1U#2S2~r!@f1~r!2f2~r!#5s i¹
2f2 .

~3.4b!

The measured current density can be defined as the cu
density across the intermediate barrier averaged over
fluctuations

^ j &5^ j z2&5^S2~r!@f1~r!2f2~r!#&. ~3.5!

If the resistance fluctuations of the barriers can be neglec
S15S3[S05const, S25const then Eqs.~3.4! and ~3.5!
lead to

f152f25
S0

2S21S0
U ~3.6!

and

j 5
2S0S2

2S21S0
U. ~3.7!

This expression corresponds to total resistance equal to
sum of the barrier resistances (1/S0)1(1/S2)1(1/S0).
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Due to the large width of the outer barriers compared
the intermediate one,S2@S1 ,S3. This inequality allows us
to neglectS1 andS3 compared toS2 in Eq. ~3.4!, and it is
reduced to

S2~r!@f1~r!2f2~r!#2S1~r!U5s i¹
2f1 , ~3.8a!

S3~r!U2S2~r!@f1~r!2f2~r!#5s i¹
2f2 . ~3.8b!

The difference of these equations gives

2S2f2s i¹
2f5~S11S3!U ~3.9!

wheref5f12f2. According to Eq.~3.5!

^ j &5^S2f&, ~3.10!

so Eq.~3.9! is enough to find the average current. Accordi
to this equation the current is linear in fluctuations ofS1 and
S3, so these fluctuations are averaged out and Eq.~3.9! is
reduced to

2S2f2s i¹
2f52S0U. ~3.11!

The average current̂j & can be easily calculated whe
fluctuations ofS2 are small. In the experiment, however, th
resistance of the structure changes by a factor of 3 or m
so that conductance fluctuations are significant. In this c
the solution of Eq.~3.11! presents a serious problem, aggr
vated by the fact that the statistic properties of the fluct
tions are not known. Therefore, instead of analytical inve
gation of Eq.~3.11!, we make use of a simple model. W
replace the whole structure with the circuit shown in F
6~b!, which is slightly extended from the model of Fig. 6~a!.
Herer 0 is the resistance of the outer barriers,r b is the aver-
age resistance of the inner, intermediate barrier, andr 1 is the
sum of the minimal resistance of the second barrierr m and
the in-plane resistance. The in-plane resistance can be
proximated asl 2/s i , wherel is a characteristic length scal
of the barrier conductance fluctuations. Then the resista
of the intermediate part of the structure that does not inc
the resistances of the outer barriers is

R5F 1

r b
1S r m1

l 2

s i
D 21G21

. ~3.12!

With the help of Eq.~3.3!, this can be written as

1

R
5

1

r b
1

1

r m1r i
F11

r i

r m1r i
~mBc!2G21

, ~3.13!

wherer i5 l 2/s0.
At low magnetic field, @r i /(r m1r i)#(mB/c)2!1, Eq.

~3.13! gives

1

R
5

1

r b
1

1

r m1r i
2

r i

~r m1r i!
2
~mBc!2, ~3.14!

and the minimal resistance, which is reached at zero m
netic field, isRmin5rb(rm1ri)/(rb1rm1ri). At high magnetic
field, @r i /(r m1r i)#(mB/c)2@1, and
4-4



on
er
T
of

se

s
he

er
a
le

m

o
ill
lie
le
t

io
e

th

th
n
e

c
e
e
gl

tive
sis-
ergy
the
ds
ells

ger

er
hat
the
in-
of
ted
v-

tec-
ser
eeds
es-
ace,
t in
etic

vs
in

id
.
d in
r at

OPTICAL DETECTION OF MAGNETIC FIELDS USING . . . PHYSICAL REVIEW B66, 205304 ~2002!
R5
r br i

r i1r b~c/mB!2
, ~3.15!

and the maximum resistance is thereforeRmax5rb .
Equation~3.13! has the apparently anomalous implicati

that if r m5r b , i.e., if there are no fluctuations in the barri
resistance, there is still a magnetoresistance effect.
model clearly breaks down in this limit, but we can think
this limit in the following way: the value of (r b2r m) gives a
characteristic distance over which carriers must travel to
a substantial reduction in the barrier resistance; as (r b2r m)
decreases, the characteristic distance increases. For Gau
fluctuations, there will always be a large fluctuation if t
size of the system is big enough. Asr m approachesr b , the
average distance that the carriers must travel in the lat
direction to see a reduction in the barrier resistance
proaches infinity. Therefore one can say that, in princip
there will still be a magnetoresistance effect even in the li
r m approachingr b , except that this will occur only in the
case of an infinite sheet of current with an infinite amount
time to diffuse. This implies that the theoretical model w
break down when the distance to a large fluctuation imp
by Gaussian statistics is larger than the size of the samp

Figure 7 shows fits of this magnetoresistance theory
two different structures. To fit the data, we use the relat
E5E02IR, where E is the indirect exciton luminescenc
energy from the well,E0 is the unshifted energy,I is the
current ~assumed constant, since, as shown in Fig. 7,
fractional change of the total current is small! and R is the
resistance. Using Eq.~3.13!, we have

IR5a
11bB2

11cB2
, ~3.16!

wherea, b, andc are fit parameters.
The fit of Fig. 7~a! implies E051.615 eV, and

a5 0.023560.00024, b5 17.860.97, and c5 10.060.49.
The fit of Fig. 7~b! implies E051.447 eV, anda5 0.0046
60.00017, b5 26.362.5, and c5 7.360.55. These fits
imply

r b

r m1r i
50.7860.18

for the GaAs quantum well structure and

r b

r m1r i
52.660.61

for the InGaAs quantum well structure. In the case of
InGaAs quantum wells, the lattice mismatch of the GaAs a
InGaAs alloy leads to dislocations, which increase the pot
tial fluctuations.

IV. CONCLUSIONS

We have seen that the large red shift of the indirect ex
ton luminescence with weak magnetic field arises becaus
a magnetoresistance effect of the tunneling barrier in th
coupled quantum well structures. The effect is surprisin
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large, corresponding to a factor of 3 increase of the effec
resistance, so that it may be termed a ‘‘giant’’ magnetore
tance effect. This effect is observable because the en
position of the indirect excitons is a sensitive measure of
local electric field, and this electric field in turn depen
linearly on the current through the sample, because the w
which contain the excitons are in series with a much lar
resistance.

Applications. Although this effect does not have great
sensitivity to magnetic field than other methods, the fact t
the magnetic field gives a direct optical signature leads to
possibility of novel applications. Because the method
volves a thin film which can be deposited on many types
surface, large surface areas could be optically interroga
without moving the medium. For example, instead of mo
ing a magnetic recording medium past a single-point de
tor, the medium could be held fixed, and a focused la
beam could be scanned across its surface at very high sp
using electro-optical scanning methods. Since the lumin
cence signal arises only where the laser excites the surf
the spectral signature of the light emission at each poin
time as the laser scans the surface would provide magn

FIG. 7. ~a! The photon energy of the luminescence peak
magnetic field for indirect excitons in the same structure as
Fig. 3, for an electric field of approximately 15 kV/cm. The sol
line is a fit to the magnetoresistance theory discussed in the text~b!
A fit of the same theory to the data from the same structure use
Figs. 2 and 5. The sample is illuminated with a low-power lase
850 nm.
4-5
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field readout without need for pinpoint imaging of the lum
nescence. Alternatively, this type of optical detection co
allow parallel readout of many channels through normal
tical imaging methods. It would be possible to illuminate
entire surface and record an image of the light emission fr
the epitaxial layer, which would provide a direct, real-tim
map of a magnetic field distribution.

These results have been obtained at low tempera
T52 K, but because the effect does not depend crucially
low-temperature or excitonic effects, this effect can in pr
ciple be extended to room temperature. At very high te
perature, the diffusion constant of the carriers may be so
due to phonon scattering that the magnetic field effect m

*Present address: TRUMPF Inc., Farmington Industrial Pa
Farmington, CT 06032.
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make little difference. Further studies are needed to de
mine if this effect can be observed at room temperature.
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