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Ultrafast Fiske Effect in Semiconductor Superlattices

Yuriy A. Kosevich,1,2,* Anne Beate Hummel,3 Hartmut G. Roskos,3,† and Klaus Köhler4
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The current flowing across a semiconductor superlattice in tilted electric and magnetic fields is known
to exhibit resonant enhancement, when Landau states of neighboring wells align at certain ratios of the
field strengths. We show that the ultrafast version of this effect, in which coherent electron wave packets
are involved, has a profound analogy to the Fiske effect in superconductor Josephson junctions and
superfluid weak links, in that the coupling of the tunneling-induced charge oscillations (magneto-Bloch
versus Josephson oscillations) to another oscillator (in-plane cyclotron oscillations versus external
oscillator modes) opens an elastic rectifying transport channel. We explore the superlattice effect both
theoretically and experimentally, and find that the transient self-induced current can be adequately
modeled if the damping of both types of coupled electron oscillations is properly taken into account.
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A fundamental property of a quasiparticle in a periodic
potential subject to an external force is its localization by
Bragg reflection which leads to temporal and spatial oscil-
lations known as Bloch oscillations [1]. They were first
observed as oscillations of electronic wave packets in
semiconductor superlattices [2–7], and later as a periodic
motion of ensembles of ultracold atoms [8,9] and Bose-
Einstein condensates [10] in tilted optical lattices.

When subjected to an additional magnetic field, elec-
trons in an electrically biased superlattice experience an
effective parabolic potential in addition to that of the
periodic lattice, and the additional control parameter gives
access to a plethora of physical phenomena.

If the magnetic and electric fields (B and E) are per-
pendicular to each other, phase space bifurcates into two
clearly separated stable regimes of motion: magneto-Bloch
oscillations for dominating electric field, and cyclotronlike
oscillations for large magnetic field [11–14]. If, on the
other hand, B and E are nonperpendicular, one finds in-
stead a transition from fairly localized to highly extended
electron eigenfunctions for certain ratios of B to E [15–
17]. At these so-called Stark-cyclotron resonances, the
potential drop per spatial period of the superlattice is an
integer multiple of the cyclotron energy allowing coupling
of Landau states of neighboring superlattice sites. The
ensuing wave function delocalization manifests itself ex-
perimentally in an enhanced dc current at the correspond-
ing ratios of B and E [17,18].

The physics associated with this effect is surprisingly
rich. It was shown theoretically for the collisionless case
that the wave function delocalization could be associated
with the existence of chaotic electron orbits [18–20]. But
electron wave-packet dephasing in real semiconductor
superlattices is by far too rapid to permit experimental
access to the multifarious aspects of quantum chaos be-
yond the enhancement of the incoherent dc current.
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Here, we put forth another conceptual aspect of the
Stark-cyclotron resonance by considering the profound
analogy between electron Bloch oscillations in semicon-
ductor superlattices and the ac Josephson effect in super-
conductor junctions or superfluid weak links [11,21]. The
oscillations are in all cases a consequence of a time-
dependent phase difference of the wave functions involved.

Extending this analogy, one can link the existence of the
enhanced current in superlattices in a magnetic field to the
occurrence of a mode coupling which until now has only
been associated with the condensate systems.

This coupling phenomenon, the Fiske effect, is found in
superconductor Josephson junctions coupled to electro-
magnetic resonators [22,23], and in superfluid weak links
coupled to mechanical oscillators [24,25]. The Fiske effect
manifests itself in a resonant enhancement of the dc charge
or mass supercurrent occurring whenever the Josephson
frequency matches the frequency of an eigenmode of the
resonator or oscillator.

In this Letter, we present both theoretical and direct
experimental evidence that resonant mixing between the
magneto-Bloch oscillations and the in-plane cyclotron os-
cillations results in a coherent transient quasi-dc (unidirec-
tional) current and enhanced electric-field screening in a
superlattice. The in-plane cyclotron oscillations take on the
role which the external resonator or oscillator plays in the
case of the condensate systems. The coupling opens an
elastic transport channel, which exists only during the
coherence time of the electron wave packets involved.

Because of the ultrafast wave-packet dephasing in the
superlattice, it is expedient to consider the phenomenon
dynamically. Along this line, we first describe time-
resolved optical experiments, where we trace the buildup
of a pronounced screening field across the superlattice by
the resonant transient current which arises after optical
excitation of electron and hole wave packets. We then
3-1 © 2006 The American Physical Society
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develop the dynamic Fiske-type model and show that it
accounts for the observed phenomena.

Figure 1(a) displays the experimental setup. 100-fs
pulses (bandwidth: 13 nm) at 1.55 eV from a 82-MHz-
repetition-rate Ti:sapphire laser are split in two parts. The
more intense ones serve as pump pulses to excite electron-
hole pairs. With the delayed weaker pulses, we perform
transmittive electro-optic sampling (TEOS) which em-
ploys the electro-optic effect in the superlattice itself in
combination with differential detection of the p- and
s-polarized components of the transmitted light to probe
the change of the internal electric field after the decay of
an interband-polarization contribution [5,26]. The tensor
components of the electro-optic effect are such that the
change of the field component in growth direction
(x-direction) dominates the signal.

Figure 1(b) shows a sketch of the undoped �100�-
oriented superlattice consisting of 35 periods of 9.7-nm-
wide GaAs wells and 1.7-nm-wide Al0:3Ga0:7As barriers
(width of first electron miniband: 20 meV). The substrate is
etched off to allow measurements in transmission. The
sample is held at a temperature of 8 K in a split-coil
superconducting magnet.

A fixed bias voltage is applied between the n-doped
Al0:3Ga0:7As stop-etch layer and a semitransparent
Cr=Au Schottky top contact. The resultant internal electric
field along the x axis is 10 kV=cm. Under these conditions,
the minibands of the field-free superlattice are split into
Wannier-Stark states. The wave functions in the conduc-
tion band are delocalized while those in the valence band
are localized in the individual wells. Spatially overlapping
conduction- and valence-band states can be optically
coupled by interband transitions, some of which (indexed
�1, 0, �1) are indicated in Fig. 1(b).

A magnetic field between 0 and 8 T is applied under an
angle of � � 30� relative to the x axis. It induces an
additional magnetic quantization, leading to magneto-
Wannier-Stark or, synonymously, Stark-cyclotron states.
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FIG. 1 (color online). (a) Experimental setup; (b) sketch of the
electrically biased �100�-oriented superlattice structure. Right
side: coordinate systems; the growth direction defines the x
direction; � is the angle between the electric field in the x
direction and the magnetic field in the x-z plane.

13740
Electron wave packets are produced via simultaneous
excitation of several of the spatially overlapping
conduction-band states by the light pulses, initiating a
quantum interference of these states [2–7,13]. The ensuing
electric-field dynamics is traced by TEOS. Figure 2 dis-
plays measured signals as a function of the delay time
between pump and probe pulses at fixed bias field and
for a magnetic field varied from 0 to 8 T in steps of
0.2 T. Each transient consists of an oscillatory contribution
on a shifting background. As the electro-optic effect pre-
dominantly addresses electric dipole moments in x direc-
tion, only the magneto-Bloch oscillations are visible, not
the in-plane cyclotron oscillations.

We focus on the shifting background signal which re-
flects the buildup of the screening field. Figure 3(a) shows
the measured data in a three-dimensional parameter space.
One can discern the oscillatory signals, but most striking is
the reduction of the signal at later delay times at magnetic
fields around 6 T, where the magneto-Bloch oscillations
and the in-plane cyclotron oscillations are expected to be at
resonance (see below). The signal reduction is attributed to
enhanced field screening indicating the existence of a
resonant quasi-dc Stark-cyclotron (or Fiske) current.

In order to theoretically address these phenomena, we
work in the semiclassical picture which is known to ade-
quately describe quantum coherence phenomena because a
macroscopically large number of carriers contributes to the
coherent response [11,12]. We consider the coupling of the
electron velocity along the x direction, Vx � vmax

x �
exp���Bt� sin�pxd=@�, with the transverse (Hall) velocity
Vy. Here, vmax

x � @=�mxd� is the maximal miniband group
velocity [mx � 0:115me [13] ], d denotes the superlattice
period, px the Bloch momentum, and �B � 1=�B the re-
laxation rate of the magneto-Bloch oscillations. The inter-
action with Vy occurs via both phase and amplitude of the
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FIG. 2 (color online). TEOS transients for fixed electric and
varied magnetic fields (0–8 T in steps of 0.2 T). t � 0 ps: arrival
of pump. At 6 T, the magneto-Bloch oscillations and the in-plane
cyclotron oscillations (not visible) are at resonance (!B � !cx).
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FIG. 4 (color online). Enhanced field screening at late delay
times. Dots: TEOS signals vs B, averaged for t � 1:7–3:8 ps (the
coherent oscillations have almost died out after t � 1:7 ps). Full
line: fit according to Eq. (5), which gives �c � 6 ps and �B �
0:6 ps. The latter is close to the value of �B � 0:5–0:6 ps, given
by the independent fit to the data of Fig. 2 for low magnetic
fields. This indicates the consistency of the model.

FIG. 3 (color online). Comparison between experiment and
theory. (a) TEOS signals of Fig. 2 highlighting the slowly
varying background signal. (b) Numerically calculated displace-
ment �X�t�=XB of coherent electrons in units of the amplitude
of the magneto-Bloch oscillations for !B�B � 8:1, �B � 0:6 ps,
and �c � 10�B.
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magneto-Bloch oscillations [27]:

_p x � e�Ex � BzVy�; (1)

�V y � 2�c _Vy � �!2
cx � �2

c�Vy � �!cz� _Vx � �cVx�; (2)

where �c � 1=�c is the relaxation rate of the in-plane
cyclotron oscillations, and !cx;z � eBx;z=m� denote the
cyclotron frequencies (m� � 0:067me).

The coupling of the two types of motion results in the
change of the electron velocity Vx through its phase:

Vx � vmax
x exp���Bt� sin

�
!Bt� C

�
exp���Bt�

� sin�!Bt��� �
!B exp���ct�

!cx
sin�!cxt���

�

�
1�
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!cx

�
sin�

��
;

C �
m�

mx

tan2�!2
cx�����������������������������������������������������������������

�!2
cx �!2

B�
2 � 4!2

B��B � �c�
2

q ;

� � arccos
�

!2
cx �!2

B�����������������������������������������������������������������
�!2

cx �!
2
B�

2 � 4!2
B��B � �c�

2
q

�
:

(3)

Equation (3) has been derived for the initial conditions
px�0� � 0, Vx�0� � 0, and Vy�0� � 0, realized in the ex-
periment, and is valid for !B 	 �B and !cx 	 �c. It
describes, in addition to magneto-Bloch oscillations with
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the angular frequency !B � �eExd�=@, a unidirectional
drift of the electrons in x direction. The latter component
of the coherent electron velocity is most pronounced when
the magneto-Bloch oscillations and the in-plane cyclotron
oscillations are in resonance. For this case, !B � !cx, one
derives from Eq. (3) the following time dependence of the
transient quasi-dc component of the velocity:

Vqdc
x;res�t� � vmax

x exp���Bt�

� J1
Crj exp���ct� � exp���Bt�j�; (4)

where Cr � !Btan2��m�=2mx�= j �B � �c j is the reso-
nance coupling parameter and J1�x� is the Bessel function
of first order. In the limit of �B � 0, finite �c and t	 �c,
Vqdc
x;res transforms into a constant velocity Vdc

x;res �
vmax
x J1
!B�ctan2��m�=2mx�� and results in a self-induced

dc current fully analogous to that of the Fiske effect in
Josephson junctions. For finite �B and �c, V

qdc
x;res gives rise

to the transient equivalent of the Fiske current.
The quantity measured in the experiment is the

time-dependent internal depolarization field Edep
x �t� �

�4�eNcohX�t�=�1, where X�t� is the time-dependent av-
erage electron-hole separation [X�t� �

R
t
0 Vx�t

0�dt0, see
Eq. (3)], which here is identical to the electron displace-
ment because the optically excited heavy holes do not
perform magneto-Bloch oscillations and remain at the
point of excitation during the relevant time scale; Ncoh

denotes the density of photo-excited coherent electrons;
�1 � 13 is a background dielectric constant.

Figure 3(b) plots the normalized displacement �X�t�=
XB numerically calculated with the help of Eq. (3), XB �
vmax
x =!B being the spatial amplitude of the magneto-Bloch

oscillations, for !B�2��2:16 THz, � � 30�, and as-
suming !B�B � 8:1 and �c � 10�B, which is based on the
fit to the data of Fig. 3(a) for large delay times (see Fig. 4
below), yielding �B � 0:6 ps and �c � 6 ps [see also [13]
and cf. �c � 5 ps for optically excited bulk GaAs [28] ].
With these parameters, we find that Cr�0:8 in our system.
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The agreement with the experimental curves is striking.
The simulations reproduce the enhanced field screening,
thus confirming it as being of coherent nature.

The enhanced screening for large delay times is propor-
tional to the resonant displacement enhancement �X�1�,
which is obtained as the time integral of Eq. (3) minus that
far off the resonance (the latter time integral yielding the
value XB). In the case of Cr < 1, valid here, �X�1� has the
following form:

�X�1� � A
�
2!B��c � �B�

�

�
1

2�B!B
�

�B � �c
!cx
�!cx �!B�

2 � ��B � �c�2�

�

�
�!cx �!B�

2�!cx �!B�

!cx
�!cx �!B�
2 � ��B � �c�2�

�
;

A � vmax
x

m�

2mx

tan2�!B!2
cx

�!2
cx �!

2
B�

2 � 4!2
B��B � �c�

2 : (5)

Figure 4 demonstrates that the magnetic-field depen-
dence of the TEOS signal at late delay times indeed has
the near-Lorentzian line shape predicted by Eq. (5). The
width of the curve along the magnetic-field axis is given
approximately by the sum of the Bloch and cyclotron
damping rates. The displacement enhancement at reso-
nance, �X�1�res � vmax

x tan2��m�=8mx�!B�
2
B�c=��B � �c�

for Cr < 1, is determined, in contrast, by the shorter of
the two relaxation times, equal to �B in our system. As
follows from Eq. (4), �X�1�res remains finite (i.e., the
Wannier-Stark localization persists) in the collisionless
limit ��B; �c� ! 0. For relatively low scattering rates
��B; �c� 
 !B, �X�1��B determines the enhancement of
the incoherent steady-state electron velocity along the
superlattice axis as a function of the E and B fields [12].

It is also worth mentioning that the coupling between the
magneto-Bloch and in-plane cyclotron oscillations in tilted
E and B fields does not considerably change the Bloch-
oscillation frequency, in contrast to the case of perpendicu-
lar fields. The reason is that in the latter case the Bloch
frequency is significantly influenced by the quasi-dc co-
herent Hall velocity [11,13], while the Hall velocity be-
comes oscillatory due to the in-plane cyclotron oscillations
in tilted fields [for !cx 	 �c, see Eq. (2)] and the change
of the Bloch frequency is strongly suppressed (averaged
out) by Hall velocity oscillations [27]. Figure 2 corrobo-
rates this finding experimentally.

In conclusion, we show the appearance of a self-induced
quasi-dc current in an optically excited semiconductor
superlattice in tilted electric and magnetic fields. The
current is substantially enhanced at the resonance between
the magneto-Bloch and in-plane cyclotron oscillations.
The effect has a profound analogy to the Fiske effect in
superconductor Josephson junctions and superfluid weak
links. The self-induced current in the semiconductor su-
perlattice is, however, transient and for its adequate mod-
13740
eling, the damping of both types of coupled electron
oscillations must be taken into account. Similar transient
self-induced current, caused by nonresonant coupling of
damped Bloch oscillations to coherent plasmons [7,11],
can be the origin of the coherent quasi-dc current, observed
in a biased semiconductor superlattice [29].
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