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We study the role of impurity scattering on the photoluminescence(PL) emission of polarized magnetoex-
citons. We consider systems where both the electron and hole are confined on a ring structure(quantum rings)
as well as on a type-II quantum dot. Despite their neutral character, excitons exhibit strong modulation of
energy and oscillator strength in the presence of magnetic fields. Scattering impurities enhance the PL intensity
on otherwise “dark” magnetic field windows and nonzero PL emission appears for a wide magnetic field range
even at zero temperature. For higher temperatures, impurity-induced anticrossings on the excitonic spectrum
lead to unexpected peaks and valleys on the PL intensity as function of magnetic field. Such behavior is absent
on ideal systems and can account for prominent features in recent experimental results.

DOI: 10.1103/PhysRevB.70.155318 PACS number(s): 71.35.Ji, 78.67.Hc

I. INTRODUCTION

A charged particle moving in a magnetic field acquires a
phase proportional to the applied magnetic flux due to the
quantum interference between different closed paths, giving
rise to the long-studied Aharonov-Bohm effect(ABE).1 This
effect is specially important if the particle’s configuration
space has a ringlike topology, since the interference effects
will create flux-dependent phasedifferencesof characteristic
size, which can be clearly identified in experiments.2

An interesting issue appears when one considers a system
of bound charged particles, forming acompositeneutral ob-
ject. An example of such system is a ring-confined exciton,
an optically active electron-hole bound state with experimen-
tally accessible characteristics.

The optical manifestations of such excitonic Aharonov-
Bohm effect in semiconductor quantum-ring structures has
received great attention from both theoretical3–15 and
experimental16–19groups. Whereas one could imagine that no
ABE should be expected for neutral particles, a small but
nonvanishing ABE in neutral excitons confined in one-
dimensional rings was theoretically proposed.5–7 In such
systems, the exciton’s finite size allows for an internal
polarization of the positive and negative charges in such a
way that the magnetic flux phases acquired by the electron
and hole do not cancel each other. The ABE amplitude in
one-dimensional systems is shown to depend on the tunnel-
ing amplitude of either electron or hole to the “opposite
side” of the ring and is exponentially suppressed when this
tunneling amplitude decreases.6,7 An enhancement of the
ABE is also predicted when an in-plane electric field is
applied.8

The ABE is further suppressed when a two-dimensional
(2D) “ring stripe” is considered and both electron and hole
are confined by a finite width potential.9,10 However, if
different confining potentials for the electron and hole are
considered in the structure, a strong effect is expected on
the photoluminescence intensity(PLI).11–13 In this case, a

net radial polarization of the exciton naturally exists
and the ABE could be strong enough to be detected by pho-
toluminescence(PL) experiments. The optical emission is
predicted to oscillate as the ground-state angular momentum
changes, generating a series of “dark” and “bright” PL emis-
sion regions as function of the magnetic flux. The same un-
derlying principle applies in the study of the PL response in
semiconductor quantum dots with type-II band
alignment.13,14,20

The ABE on charged17 and neutral excitons18 has
been reported in recent beautiful experiments and found to
be in general agreement with expectations. Although the
above mentioned “dark windows” have not been experimen-
tally reported for the case of neutral excitons confined
in self-assembled quantum rings,19 experimental evidence
of the ABE was found in photoluminescence experiments
using type-II quantum dots samples.18 Some of the findings,
however, remain not completely understood and interesting
questions remain open. For example, the experimental
field-dependent PL intensity does not fully agree with the
expected result in quantum rings.18,21 Moreover, as the
PL signal is collected from an ensemble of dots/rings over a
large area, the role of impurities cannot be neglected.

In this paper, we discuss the effect of impurity scattering
on the optical properties of quantum rings and study the
influence of perturbative defects in the optical Aharonov-
Bohm effect in these systems. Previous treatments of disor-
der effects in magnetoexcitons in quantum-rings have fo-
cused attention on the underlying dynamics of the electron-
hole dipole moment.24 We choose a different approach,
concentrating on the effects of symmetry-breaking in the op-
tical emission intensity.

Our main results can be summarized as follows: even
though impurity scattering leads to mixing of angular mo-
mentum states, signatures of the Aharonov-Bohm effect on a
neutral exciton remain for significant impurity strengths. We
further find that finite temperatures not only produce the
monotonic smoothing of spectral features, but also induce
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additional characteristics in the PLI that can be attributed to
impurity effects. In fact, this suggests the use of disorder-
induced ABE features as a tool to probe into the impurity
potentials and extract information on the confining strength
and localization length of the hole and electron wave func-
tions. Additionally, we will discuss how our results can ac-
count for recent experimental data on the PLI of type-II
QDs.18

The paper is organized as follows: a general description of
the studied systems and the theoretical models is given in
Sec. II. Results for the spectrum are given in Secs. II A and
II B. The PL emission, the core result of the paper, is pre-
sented in Sec. III, while our overall conclusions are given in
Sec. IV.

II. THEORETICAL MODEL

The systems to be modeled display a polarized neutral
exciton confined on a 2D ringlike geometry and subjected to
a perpendicular magnetic field. The confining radii can be
different for electrons and holes due to sample strain and
different carrier masses, giving rise to a net radial polariza-
tion of the electron-hole pair. A natural assumption is that the
radial confining widthw is small sR/w@1d for at least one
of the carriers.

If both electrons and holes are strongly confined in the
radial direction, the corresponding dynamics is essentially
one dimensional and can be described by two concentric
rings as on the left panel in Fig. 1(a) (henceforth referred to
aspolarized quantum ring).

On the other hand, if only the outer carrier is strongly
confined radially, then the inner carrier’s wave function has a
more extended character and the system will have a type-II
quantum dot characteristic distribution of carriers[Fig. 1(b)].
In this situation, the confining potential profile is such that
one of the carriers is confined inside the dot while the other
is kept spatially separated on the outside. For disklike quan-

tum dots, the outside carrier is kept on a ring trajectory due
to the Coulomb attraction between the carriers. In both cases,
the polarized nature of the neutral exciton gives rise to os-
cillations on the ground state energy as the magnetic flux
through the ring changes, due to the accumulation of a net
Aharonov-Bohm phase on the electron-hole pair wave
function.11–13

The parameters used in the remaining of the paper
model the experimental system described in the work of
Ribeiro and collaborators.18 Namely, we set the effective
masses me

* =0.073me, mh
* =0.255me, and ring radii

Re=16 nm andRh=19 nm in our calculations. Those values
for Reshd come from direct imaging of the structures as
well as from fitting the observed spectral features. We also
consider the experimental value for the size dispersion in
the dots:DR<0.8 nm, an important element in comparison
with experiments. Notice that we consider only the heavy
hole exciton, as strong vertical quantization in the dots
(or rings) break the light-heavy hole degeneracy found in
bulk materials.

In addition, we consider the effect of scattering impurities
on the ring trajectories. For such structural parameters,
typical single-particle confinement energy scales are
0.1–0.5 meV. It is clear from the outset that if charged im-
purities with strong trapping potentials of orderU,5 meV
were present, the corresponding wave function localization
would be so large that the Aharonov-Bohm oscillations
could not survive. We then consider perturbative impurity
effects, with weak potential strengths that may arise
from local strain effects due to lattice mismatches,
distant charge centers and other lattice defects near the
InP/ InAs interfaces.21 For concreteness, we use the impurity
potential strength asUh

imp= +0.015 meV, and Ue
imp=

−0.023 meV for holes and electrons, respectively, unless oth-
erwise stated.

One should notice that even though our energy and
length scales are set for comparison with the experiment,
the validity of our results is not restricted to those param-
eters. In fact, as we will see, our predictions hold as long as
Uimp!"2/2m* R2.

A. Polarized quantum ring

We first consider the case where the confining width
for both carriers is small compared to the ring radius
and include single and multipled-scattering impurities
along the confining region. The impurities are located
on fixed angular positionsui

0 (which can be different for
electrons and holes). The Hamiltonian for the polarized
quantum ring reads

H =
Spe −

e

c
Asr edD2

2me
* +

Sph +
e

c
Asr hdD2

2mh
* + Vring

+ o
i j

Ue
impdsue − ui

0d + Uh
impdsuh − u j

0d + Vehsr e,r hd,

s1d

wheremeshd
* are the electron(hole) effective masses,A is the

FIG. 1. Schematic representation of a polarized neutral exciton
in a quantum ring(top) and in a type-II quantum dot(bottom)
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vector potential, andUeshd
imp are the electron(hole) impurity

strengths. The last term is the Coulomb electron-hole inter-
action.

Following the preceding discussion, the effective Bohr
radius for our reference system will be of orderaB

* ,10 nm.
Therefore, even thoughR/aB

* ,2, we have w/aB
* !1

if the radial confining widthw is smallsR@wd. An estimate
for the confining and Coulomb energies gives"2/2m* w2

,60 meV and e2/«raB
* ,10 meV, respectively, for

w,3 nm andaB
* ,10 nm. Since our main interest resides on

the impurity effects in strongly confined noncharged excitons
sw/aB

* !1d, the attractive interactionVeh has a perturbative
effect in the level structure and its main effect is to provide
weak correlation effects and a constant binding energy shift
Eexct

B , which we can safely ignore.22 We should mention that,
for strong interactions, an interesting coherent drag effect
may reveal itself in the flux dependence of the photolumi-
nescence, akin to the case of electronic systems.23

The unperturbedsUeshd
imp =0d Hamiltonian is separable and

can be solved analytically. The angular energies and eigen-
functions are given by

Ei
s0dsleshdd =

"2

2meshdReshd
2 Sleshd 7

Feshd

F0
D2

, s2d

wi
eshdsud =

1
Î2p

eil eshdu ; kr uleshdl, s3d

whereReshd and leshd are the electron(hole) confining radius
and angular momentum value, respectively,Feshd=pReshd

2 B
are the individual fluxes andF0=h/e is the unit quantum
flux. The energy levels of electron and hole on the ring are
shown on the top panel of Fig. 2.

In this model, the excitonic states are given by a superpo-
sition of electron and hole statesuCexctl= ulel ^ ulhl. These
states have well-defined angular momentum values given by
L= lh+ le, and energies given byEexct=Ee

s0d+Eh
s0d. The ground

state angular momentum changes whenever eitherFe/F0 or

Fh/F0 is a half-integer. In a unperturbed system, momentum
changes of the ground state result in sharp dark↔bright
transitions in the PL of the QR.11

The impurities are included by numerical diagonalization
of Hamiltonian(1) in this huCexctlj basis. The single-particle
matrix elementskl8uUimpull can be calculated analytically,
giving

kl8uUimpull = SUimp

2p
Do

j

eiDlu j
0
, s4d

whereDl = l − l8, andu0 is the angular position of the impu-
rity, as shown in Fig. 1(b). From Eq.(4), one can readily see
that the impurity potential breaks the rotational symmetry of
the system since it couples allhullj states. Thus, the excitonic
states will no longer have definite angular momentum but
rather be a linear combination of the form

uCk
exctl = o

lh

Clh,k
h Cle,k

e uwlh
h l ^ uwle

el. s5d

The effect of such symmetry breaking on the energy
levels is seen in Fig. 2 in the case of a single impurity.
All the level crossings at magnetic field values where
Feshd /F0=n/2, present in the unperturbed system(top
panel), becomeanticrossingswith width proportional to
Ueshd

imp, as shown in the bottom panel. It is worth mentioning
that the spectrum remains unchanged under angular displace-
ments of the single impurity, sinceu0→u0+Du only gives a
phase to the matrix elements(4).

As a consequence of impurity scattering and of the attrac-
tive Coulomb interaction, both the hole and electron wave
functions tend to be localized aroundui

0. This effect is shown
in Fig. 3 for the hole probability densityuchsudu2 for one
impurity, as well as for the case of two impurities separated
by a distanceDu at B=0. In the latter case, the wave function
is pinned atu0 and u0+Du when Uimp,0 and is repelled
from these angles forUimp.0. We find this pinning to be
only weakly dependent on magnetic field.

FIG. 2. (Color online) Electron(red thick line) and hole(black
thin line) energy levels as function of magnetic field for the unper-
turbed(top) and impurity-distorted(bottom) cases.

FIG. 3. (Color online) Hole probability ground-state distribution
for attractive(red line and insets) and repulsive(black line) impu-
rities at u0=p /2 (top panel) and two impurities atu0=p /2 and
u0=3p /2 (bottom panel). Dashed line shows the uniforms2pd−1

probability density for the unperturbed case.
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B. Type-II quantum dots

The Hamiltonian for the type-II ring-confinement model
reads

H = HDot +
1

2mh
* Sph +

e

c
Asr hdD2

+ Vring + o
i

Uh
impdsuh − ui

0d

+ Ve−hsr e,r hd, s6d

where HDot describes the electron confined in a parabolic
dot with a characteristic frequencyv0 and under the
influence of a magnetic field. In the absence of spin-orbit
interactions, the electron energies are given by the Fock-
Darwin levels,

Enls
e = s2N + ul u + 1d"V +

l

2
"vc + gmB

Bs

2
, s7d

where N is a positive integer,l is the angular momentum,
vc is the cyclotron frequency andV=Îv0

2+vc
2/4 is the ef-

fective electron frequency. The Zeeman splitting term does
not alter our results qualitatively and is disregarded in the
following calculations.

We focus on impurity effects on the hole outside the
QD. Notice that(i) the effects of impurity scattering are
stronger on the 1D hole confinement as compared to the
electronic 2D confinement and(ii ) the ABE reflects the
phase acquired by the hole wave function and would not be
significatively affected by scattering processes inside the
quantum dot.

The excitonic energy levels obtained from(6) in the
strong confinement regime are shown in Fig. 4, for the
cases with one and two impurities. The low-lying states cor-
respond to the combination of the first electronic statessle
=0d with low-lying hole states. As in the polarized QR case,
the impurity potential induces anticrossings on the whole
spectrum.

When two impurities in a symmetrical configuration are
present, some of the crossings are recovered as the
p-rotational symmetry is recovered in the system. In this

case, the coupling given by Eq.(4) vanishes wheneverDlh is
an odd number. In terms of symmetry, such arrangement is
equivalent to having anelongatedring instead of a circular
one. As a consequence, the anticrossings atFh/F0=n/2 with
odd n disappear while the ones at evenn remain, as seen in
the right-hand panel of Fig. 4.

III. PL EMISSION INTENSITY

Once the spectral characteristics of the system are ob-
tained, the photoluminescence emission intensity can be cal-
culated. We consider optical interband transitions near theG
point of the solid. Since the photon angular momentum is
taken up by the conduction-valence band transition matrix
element, the emission intensity is proportional to the prob-
ability of finding the exciton on theL=0 state and also to the
overlap between the electron and hole wave functions. The
optical emission occurs then only ifle=−lh. This represents
the selection ruleson the electron emission.11–13 If the exci-
ton is on stateuCi

exctl, the emission intensityI i is then given
by

I i ~ uAiu2Pi
L=0, s8d

with

Pi
L=0 = UE Ci

L=0sr ,r ddrU2

, s9d

and whereCi
L=0 is the projection of the excitonic state in the

L=0 state, given by

Ci
L=0su,ud = o

lh

Clh,i
h Cle,i

e wlh
h sudwsle=−lhd

e sud ⇒E Ci
L=0su,uddu

= o
lh

Clh,i
h Cles=−lhd,j

e . s10d

In Eq. (8), uAiu2 is the electron-hole overlap radial integral.
As discussed in Sec. II A, the wave functions tend to be
localized near the impurities due to the electrostatic impurity
trapping and to the Coulomb interaction between the carriers.
Such localization modifies the overlap integraluAu2, and
therefore the emission intensity. However, once the wave
functions are localized on the angular variable, the radial
overlap has only a weak dependence with field, as long as
the radial confinement is strong. Since we are interested on
how the intensity changes with magnetic field, we takeuAu2
constant for simplicity since it does not alter our field-
dependent results qualitatively.

The total emission intensity at a temperatureT will be
given by the thermal population average over the emission
from different states,

IPL =
o I ie

−bEi
exct

o e−bEi
exct , s11d

whereb=skBTd−1 andEi
exct is the energy of theith excitonic

state.
When impurities are considered, the total angular momen-

tum L is no longer a good quantum number since the

FIG. 4. (Color online) Excitonic energy levels as function of
magnetic field on a type-II quantum dot for one impurity(left-hand
side) and two symmetrical impurities(right-hand side). Some level
crossings are restored in the symmetrical configuration, as indicated
by arrows.
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impurity scattering mixes the angular momentum states.
Therefore, a finite emission intensity is expected for all
magnetic field values, unlike the situation in the unperturbed
system which exhibits sharp transitions to bright exciton
states.

A. Quantum rings

When both the hole and the electron are confined on a
ring structure, the overall picture differs from the type-II
quantum dot case. For the unperturbed case and at zero tem-
perature, the PLI displays sudden drops whenever the exci-
tonic ground state angular momentum goes toLÞ0 states,
i.e., wheneverFhsed /F0 is a half-integer. This leads to a se-
ries of dark and bright exciton windows in magnetic field,11

shown as a dashed line in the top panel in Fig. 5. For higher
temperatures, the thermal occupation of higher excitonic
states smoothes out the transitions.

Impurity scattering changes this picture qualitatively in
this spectrum as well, and introduces new field-dependent
features on the PL intensity. As one impurity is added to the
system, the PLI is nonzero for all magnetic field valueseven
at zero-temperature, with a mean-value larger than in the
unperturbed case(dashed line in the bottom panel in Fig. 5).
This is a direct consequence of angular momentum mixing
since the ground state will always have anuL=0l component
for all values of magnetic field.

For higher temperatures, a pronounced peak appears at
Fe/F0=1/2 sB<2.6 Td due to a ground state anticrossing
(see Fig. 2). Additional peaks and valleys can be seen for
higher temperatures due to anticrossings in the excited states,
in a similar fashion as to the type-II quantum dot case. How-
ever, an important difference is that peaks are seen for mag-
netic field values whereeither Fe/F0 or Fh/F0 is a half-
integer. The features for electrons are sharper due to their
smaller mass and steeper level dispersions.

These findings could contribute to the understanding of
recent experimental results on photoluminescence of neutral

excitons in InP/GaAs type-II quantum dots.18,21Modulations
on the PLI are found at magnetic values which are delayed
with respect toFh/F0=n/2. These magnetic field values
would correspond well to changes inFe/F0 had the electron
been on a ring structure with a radius equal to the estimated
QD radiusRDot. Our results show that the presence of impu-
rities and the effective QR structure would give rise to fluc-
tuations at these magnetic field values.

A similar modulation of the PL intensity could be ob-
tained if the electron wave function in the dot is more local-
ized near the dot’s edges than on its center. Such localization
may occur if the bottom of the conduction band is not uni-
form but deeper at the edges, an effect which could be attrib-
uted to built-in strain in the sample.25,26Along with the Cou-
lomb attraction between the electron and the hole, this would
give rise to an effective ringlike configuration for the elec-
tronic wave function, similar to the one treated in this sec-
tion.

Such features on the PL intensity could also be used
to have an experimental access into the characteristics of
the disorder potential. The size of the energy gaps in
the spectrum(Fig. 2) are directly related to the impurity
strength Uimp. The results presented in this section use
Ue

imp<0.02 meV andUh
imp<0.04 meV, which yields gaps of

aboutDEe<0.08 meV for electrons andDEh<0.06 meV for
holes. Although fine tuning of those parameters is clearly
possible, it is interesting that such relatively small values
lead to strong modifications of the exciton spectra.

There is an additional important consideration. The results
so far consider a single polarized QR and a pertinent inquiry
is what would be the effect of the size distribution of the
structures used in experiments. We can consider these effects
assuming a ring ensemble with Gaussian distributed radii
(Fig. 6). As a general trend, a broad size distribution tends to
blur the impurity effects, specially at higher magnetic fields.
However, if the size distribution is as found in experiments
sDR/R0<4%d, these impurity-related effects are still seen
for magnetic field values of orderF /F0,1 sB<4 Td. We
should especially mention that peaks in the PLI at certain

FIG. 5. Photoluminescence intensity as function of magnetic
field for unperturbed(top) and single impurity-distorted(bottom)
cases at different temperatures:T=0 K (dashed line), T=0.5 K
(circles), T=1 K (triangles), T=2 K (diamonds), andT=4 K (thick
line). The vertical lines in the bottom panel are guides to the eye,
displaying the magnetic field values forFhsed /F0=n/2.

FIG. 6. PL intensity as function of magnetic field for the
impurity-distorted case forT=2 K. Diamonds denote the intensity
for fixed Rh=19 nm andRe=16 nm. Thick and dashed lines denote
size-averaged intensities, with Gaussian dispersionsDR=0.8 nm
andDR=2 nm, respectively.
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flux values are quite robust to ensemble average, even as the
dark/bright exciton transitions are made smoother.

We summarize this discussion by saying that the system-
atics of this behavior, robustness to ensemble average and
temperature effects, and even qualitative agreement with ex-
periment, definitively point out for an effective QR geometry
of the system.

B. Type II quantum dots

The plots in Fig. 7 show the photoluminescence intensity
as function of the magnetic field for the type-II quantum dot
magnetoexciton. For the unperturbed case(shown in the in-
set), a clear drop is seen afterFh/F0=1/2 (B<1.8 T for
Rh=19 nm), when the hole ground-state angular momentum
lh changes from 0 to 1. This is a consequence of the emission
selection rules. For low temperatures, the emission comes
mainly from the ground state and therefore the drop is more
abrupt. For higher temperatures, theL=0 excited states con-
tribute to the emission and the drop in intensity is smoother.

The presence of impurities changes this behavior qualita-
tively. The cases of both single and double symmetric defects
are shown in the top and bottom panels of Fig. 7, respec-
tively. The excitonic states are linear combinations of states
with differentL, so that a nonzeroL=0 component is present
on the ground state even aboveFh/F0=1/2. Therefore, the
low temperature drop in the intensity is much less abrupt
than in the unperturbed case, as expected.

It is interesting, moreover, that at higher temperatures new
PLI features arise whenFh/F0=n/2 sn=1,2,3, . . .d. In the
single impurity case, anticrossings occur atn=1,3,5, . . .(in-
volving the ground state and first excited state), and also at
n=2,4, . . . (between the first excited state and the second
excited state) as shown in the left-hand panel of Fig. 4. At
these anticrossings, theuL=0l components of the crossing
states switch. If one of the crossing states had largeuL=0l
component(i.e., “L=0 character”) before the crossing, it will
likely have a smaller component after the crossing. These

changes in character for the first excited states give rise to
small peaks or dips on the overall PLI at higher tempera-
tures. Atn=1, for instance, as the ground state changes from
“L=0 character” to “L=1 character,” the opposite happens to
the first excited state. This “L=1→L=0” character transition
on the excited state will give a positive second-order contri-
bution to the intensity. Most importantly, atn=2, even
though there is no ground state crossing, the second excited
state has a “L=2→L=0” change in character, which also
manifests itself as a peak on the PLI forT.2 K (see spec-
trum in bottom panel of Fig. 4). On the other hand, this
state’s character changes “L=0→L=3” at n=3, which in
turn gives a negative contribution, seen as a sharp dip on the
PLI at Fh/F0=3/2.These variations in PLI versus magnetic
field at well-defined multiples of the AB flux provide then
unique features that one can relate to the role of impurity/
defect potentials affecting the exciton.

For the special case of two symmetrical impurities
in the ring, an additional symmetry is introduced in
the system and the coupling between adjacent angular
momentum states vanishes. The effect on the intensity is
that a plateau near zero intensity is seen for low temperatures
between B<2 T (Fh/F0<1/2;l =0→1 transition) and
B<5 T (Fh/F0<3/2;l =1→2 transition), before the PLI
grows again forB*5.5 T.

IV. CONCLUDING REMARKS

We have considered the effects of disorder on the
Aharonov-Bohm effect in the optical emission of type-II
quantum dots and quantum rings. As a general trend, the
scattering potential breaks the rotational symmetry, thus cou-
pling the angular momentum states. The effect of weak im-
purities does not preclude the Aharonov-Bohm oscillations in
the optical spectrum, but rather induces additional features
on the photoluminescence intensity at certain magnetic field
values. Experimental systems have routinely high mobilities,
yet some disorder is present and these PLI features could
provide additional information on the structure of the impu-
rity potential. They can also be used to probe the symmetries
of the quantum rings, allowing, for example, one to discern
between a circular structure and an elongated one.

Furthermore, our results could give insights on unex-
plained experimental results seen on the Aharonov-Bohm ef-
fect in neutral InP type-II quantum dot excitons.18 Our analy-
sis suggests that the unexpected magnetic field behavior of
the intensity seen in the experiment could be explained if
disorder and specific confinement of electrons and holes are
taken into account.
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FIG. 7. Photoluminescence intensity as function of magnetic
field for a electron-hole pair on a type-II QD with one(top) and two
symmetric impurities (bottom). Curves for T=0.5 K (solid),
T=2 K (diamonds), T=4 K (filled circles) are shown. Vertical lines
are guides to the eye, representingFh/F0=n/2. Inset, intensity
curves for the no-impurity case.
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