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Abstract—The results of observation of Ramsey oscillations in germanium doped with arsenic donors
detected by photothermal ionization of Coulomb centers are presented. To excite quantum coherent super-
positions of the states at the transition 1s(A;)—2p, the Novosibirsk free electron laser radiation was used. The
results are analyzed using a theoretical model using several key parameters of the experiment.
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INTRODUCTION

Currently, intensive research is underway on the
most suitable objects for creating new nanoelectronic
devices based on the fundamental quantum behavior
of constituent elements. In particular, one can note
the search for a platform for reliable and technologi-
cally advanced approach for implementation of quan-
tum memory, encryption systems, quantum metrol-
ogy, quantum computers, and so on. To date, the ele-
ment base has not been finally created, which would
have good scalability and a high degree of control over
each element of the system separately. Among the
promising areas of research, elementary semiconduc-
tors are distinguished by the fact that they have one of
the most technologically mastered media, such as sili-
con, germanium, and diamond, for which record degrees
of chemical and isotopic purity have been obtained
[1, 2], as well as high-quality single crystals and vari-
ous structures for the purposes of nanoelectronics,
including technologies with atomic resolution [3].

The possibility of using one or another physical
system for recording, storing, and reading the infor-
mation is determined primarily by the times of longi-
tudinal 7; and transverse T, relaxation. In the case of
using the semiconductors, the introduction of zero-
dimensional objects with a discrete spectrum is
assumed, which, in the case of resonant excitation,
makes it possible to implement a two-level model.
Such objects include quantum dots [4] and various

impurity centers (donors, acceptors, and complexes
formed with their participation). As a rule, for all these
cases, we are talking about the use of magnetic dipole
transitions with small matrix elements, which makes it
possible to obtain sufficiently large population relax-
ation times [5, 6]. When using transitions between
states that differ only by spin, as in the case of two
components of the ground state of a donor in a mag-
netic field, in experiments, as a rule, the magnitude of
the magnetic field corresponds to transition frequen-
cies much lower than 1 THz, which requires the use of
temperatures below the temperature of liquid helium.
In this regard, it becomes necessary to search for con-
ditions, systems, and methods under which it is possi-
ble to use higher temperatures, and, consequently,
higher frequencies to control the states of a two-level
system. Very encouraging are the results obtained for
donors in silicon [7] and NV centers in diamond [8],
where near-IR radiation was used. In the case of ger-
manium, work is carried out using quantum dots, but
donors or acceptors are studied much less frequently,
which is associated with a smaller scale of binding
energies of hydrogen-like impurities and excitons.
Nevertheless, donors in germanium have characteris-
tics that make it possible to hope for their use in the
further development of existing technologies. Due to
the rather small effective mass (m,/m, ~ 0.08) and large
permittivity (€ ~ 16), the radii of the ground state of
the donor turn out to be much larger compared to the
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case of silicon, which reduces the requirements for
creating planar arrays with control gates in schemes
having the architecture Kane [9]. When using optical
control methods, an important role is played by the
value of the matrix elements of transitions between
localized states [10], which also favorably distin-
guishes germanium against silicon and diamond. The
obtained experimental data reveal relatively long
(nanosecond scale) relaxation times for the selected
donor transitions in germanium [11]. An additional
factor is the possibility of obtaining isotopically pure
(or enriched) germanium and the possibility of doping
it by nuclear transmutation, which makes it possible to
create a uniform distribution of impurity centers [12].
In the case of using hydrogen-like donors in germa-
nium to control intracenter dipole transitions, radia-
tion sources in the terahertz range are required, which
have recently been developed, including those with a
pulsed structure and a narrow line, such as quantum-
cascade lasers [13] or lasers based on p-Ge [14]. Until
recently, the possibility of creating coherent superpo-
sitions of the states of a Coulomb center has been stud-
ied in sufficient detail with respect to donors in silicon
by quantum optics methods, such as photon echo and
Ramsey fringes [15]. Relatively recently, it was shown
that the lifetimes of donor states in germanium exceed
those for silicon, which gave hope for the possibility of
using existing technical means to study such systems
by quantum optics methods [16]. Subsequently, the
first short report on the detection of Ramsey fringes
for arsenic in germanium was published [17].

This publication is aimed at a more detailed analy-
sis of experimental data based on a theoretical
approach that considers the relaxation of the popula-
tion and coherence in the system, which makes it pos-
sible to obtain a more correct description of the signal
shape.

EFFECT DESCRIPTION

As is known, for Ramsey interferometry two pulses
are usually used [18, 17]. The first radiation pulse at a
frequency close to the intracenter transition frequency
(o ~ m) excites a coherent superposition of impurity
states. It is optimal to use 1t/2 pulse (Fig. 1a), i.e. when
the system is excited at the equator of the Bloch sphere
(an impurity atom in this state has the maximum pos-
sible dipole moment for a given transition). The sys-
tem continues to be in this state even after the end of
the action of the excitation pulse. The second /2
pulse following with some time delay in the case of
exact resonance (® = ®,) transfers the system either to
the upper state of the excited transition (the pole on
the Bloch sphere), if the radiation in the second pulse
is in phase with the excited dipole (¢ = 0), or returns
to the initial lower state of the transition, if the second
pulse arrives in antiphase (¢ = m). In the case of an
arbitrary value of the phase difference @, the system
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remains in a certain superposition of impurity states
with a nonzero value of the dipole moment (the dipole
moment of an impurity is nonzero only in the super-
position of states). Thus, the phase adjustment of the
quantum state of the impurity atom is carried out. In
this case, the phase difference in the experiment is
controlled by the delay time T of the second radiation
pulse relative to the first one (Fig. 1). The detection of
the final state of the system in this work was carried out
by measuring the photocurrent due to the thermal
ejection of carriers into the conduction band from the
upper state of the excited transition. Thus, the value of
the measured photocurrent depends on the final state
of the atom after the action of a sequence of two radi-
ation pulses, which in turn depends on the delay time
between pulses. The resulting dependence is an oscil-
lating function with an oscillation period correspond-
ing to the frequency of the excited transition. This
effect is strongly dependent on the detuning value A,
the difference between the radiation frequency and the
frequency of the impurity transition. Therefore, for an
ensemble of impurities, the magnitude of the inhomo-
geneous broadening of the transition line is of great
importance. The coherence relaxation time in the sys-
tem, which in turn depends on the crystal temperature
T, is also of significant importance. It is believed that the
main mechanism of coherence relaxation is the interac-
tion of the impurity center with lattice vibrations.

The spectrum of excited states of hydrogen-like
donors in germanium is well described within the
effective mass approximation, which gives a fourfold
degeneracy of the excited states, while for the 1s state
the degeneracy is partially lifted by the central cell
potential, and it splits off onto 1s(A,) singlet and 1s(75)
triplet. In Fig. 1b a diagram of arsenic donor levels in
germanium is shown. The position of the ground state
1s(A,) is determined by the value of valley-orbital
interaction, the so-called “chemical shift”. The mass
anisotropy in the conduction band leads to the split-
ting of states with different values of the orbital and
magnetic quantum numbers, which characterize the
envelope of the wave function in the effective mass
method the 2s, 2p,, 2p. states have different binding
energies. Among the traditionally used group-V
donors, the most convenient from the point of view of
research is arsenic, since having the largest chemical
shift, approximately 4 meV, which, in the case of liquid
helium temperature (4.2 K), makes it possible to min-
imize the thermal emission of charge carriers to the
first excited level 1s(7,), which is a factor in reducing
the coherence time of excited dipoles at the transition
between the ground state 1s(A4,) and that excited state.
In the present work, to create coherent superpositions,
we used the 1s(4,) — 2p, transition in arsenic donors
in germanium, as the most optimal in terms of limiting
the thermal ionization of the upper level.
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Fig. 1. Illustration of the impact of a pair of Ramsey pulses on the state of a two-level system (a). Scheme of As donor levels in
Ge (b). The arrow shows the transition at which coherent superpositions are excited. Optical scheme of measurements of the
Ramsey method. M 1-10—mirrors, M4—moving mirror, BS—beam splitter, P1-4—polarizers, Ch—beam chopper, PM 1,2—par-
abolic mirrors, FEL—free electron laser radiation (c). Electrical scheme of experiment (d).
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Fig. 2. Observation of Ramsey oscillations. Top—Ramsey
fringes as a function of the delay time T, bottom—depen-
dence of the amplitude of the spectral component on the
central point of the 30 ps delay interval of the Fourier
transform.

EXPERIMENTAL

The NovoFEL setup at the Siberian Center for
Synchrotron and Terahertz Radiation [11, 16], con-
sisting of three free electron lasers (FELs), was used as
a source. In this experiment we used a terahertz FEL
with a tunable range of A = 90—340 um, a pulse dura-
tion of ~100 ps, and a repetition rate of 5.6 MHz. The
characteristic FEL linewidth is about 1 itm (0.1 meV).
The input radiation pulse was attenuated using a
polarizer and divided into two parts, approximately
equal in intensity, using a polypropylene beamsplitter.
In accordance with the diagram (Fig. 1c¢), one of the
pulses passed through a delay line equipped with a step
motor, which allows varying the delay between pulses
in automatic mode from T = —250 to T =500 ps from
zero path difference. Using a parabolic mirror, the
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radiation was focused on the sample surface into a spot
~1 mm in diameter. The radiation of both beams was
modulated using a chopper at a frequency of 140 Hz,
located in front of the entrance window of the cryostat
with the sample. The average total power of the radia-
tion incident on the sample did not exceed 10 mW.
Basically, the experiment used the wavelength A =
131.3 um, corresponding to the 1s(A4;) — 2p, transition
(9.44 meV), as well as A = 160 um (7.7 meV) for com-
parison with nonresonant photoexcitation. Germa-
nium crystals were grown by the Czochralski method
with an arsenic concentration of 5 x 1083 cm~3. The
concentration of residual impurities, both donors and
acceptors, did not exceed 2 x 102 cm~3. The sample
had dimensions of 0.5 X 5 x 10 mm?>. The angle
between polished faces 5 x 10 mm? was ~1.5°. The
sample was placed into Janis ST-100 liquid helium
flow cryostat with TPX windows (transparent for
wavelengths more than 15 um). Thermal contact and
electrical isolation during mounting of the sample on
a copper table was carried out by applying Apiezon N
cryogenic paste to the rear surface of the sample.

Four Ti/Au contacts were deposited on the sam-
ples at 2 mm from each other. All measurements were
carried out using a four-contact circuit. A current
source was connected to the outer contacts and the
value of the constant current was chosen in the range
from 4 to 20 HA. Under the influence of radiation, the
conductivity of the central part changed, which led to
the appearance of an alternating voltage signal, which
was measured using inner contacts and fed to a lock-in
amplifier with the possibility of subsequent recording
and automatic construction of the signal value as a
function of the position of delay line. The accumula-
tion of the signal by the recording system was carried
out after the stop of the mirror and a subsequent delay
of 300 ms to improve the quality of the recorded signal.
The recorded voltage drop between a pair of middle
contacts turns out to be directly proportional to the
population of the 2p, level, which is caused by the
ejection of electrons into the conduction band due to
both interaction with equilibrium phonons and sec-
ondary absorption of excitation quanta.

RESULTS AND DISCUSSION

Figure 2 shows the dependence of the photocurrent
on the delay time between pulses. The dependence
represents damped oscillations at the frequency of the
impurity transition. The experimental dependences
obtained contain both the realization of the coherent
effect of the interaction of radiation with coherent
superpositions of the states of arsenic donors in ger-
manium (Ramsey oscillations), and the signal that can
be observed upon detection by any receiver and char-
acterizes only the shape of the excitation pulses (auto-
correlation function). This part of the signal can be
due to various reasons, such as non-resonant absorp-
No. 6
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tion of radiation by residual impurities and arsenic
donors in the presence of a population of excited levels
due to thermal population. One of the features indi-
cating the existence of the coherent effect is the delay
of the response compared to the signal with the dura-
tion of the autocorrelation function, as well as the
presence of the 131 um spectral line in this delayed sig-
nal part. The autocorrelation function was measured
using another detector (for example, a Golay cell) or
the sample itself using a wavelength that was not reso-
nant for the investigated transition. Figure 2 shows the
time delay dependence of the amplitude of the spectral
component corresponding to the impurity transition
frequency. Coherent superpositions continue to be
observed when the signal is visually compared with the
noise level. As follows from the experimental data, the
shape of the signal envelope cannot be described as a
simple exponentially decreasing function even for
delays exceeding pulse duration.

THEORETICAL MODEL

The theoretical description was based on a semi-
classical model, in which the impurity atom was con-
sidered as a two-level quantum system, while the elec-
tromagnetic field (two successive pulses of electro-
magnetic radiation at a frequency close to the impurity
transition frequency) was described classically. The
rotating wave approximation was used. The Hamilto-
nian of the system, neglecting the interaction with lat-
tice vibrations, has the form:

H = H, + 1LE, (t)cos(v?)

+ WE, (1 — t)cos (vt + ), =

where H, is the Hamiltonian of the unperturbed sys-
tem, U is the dipole moment of transition, £, ,(7) are
the time-dependent amplitudes of the fields of two
pulses of external radiation, v is the circular frequency
of this radiation, T is the time delay between two
pulses, ¢ is the phase difference of the radiation in the
first and second pulses, determined by T.

If we neglect the relaxation of both population
(longitudinal relaxation) and coherence (transverse
relaxation), then it is convenient to construct a
description of the interaction of an atom with a field in
this case using the probability amplitude method [19],
in which the wave function of the system can be
expressed by the following superposition:

W(t)=a() (Ple_iw]r +a, (1) (Pze_[wa 2)

where @, and ¢, are the wave functions of the atom
unperturbed by the field (eigenfunctions of the opera-

tor H,), w;, w, are the frequencies corresponding to
the energies of the atomic levels. Substituting the wave
function (2) into the Hamiltonian (1), after simple
mathematical operations, one can obtain a system of
equations for the probability amplitudes, which sets
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the system dynamics under the action of a sequence of
two resonant pulses of an electromagnetic field:

ot

a = —éaz (Ql (1)e” +Q,(t—1)e

i(8t+)
) (3

g = —éal (@ (1)e™ +Q,(r=1)e™ ),

where Q, and Q, are the time-dependent Rabi fre-
quencies for the fields associated with the first and
second pulses, respectively, and are given by:

Q],z (t) — MZ]EI,Z (t), (4)
/)

where W,, is the transition matrix element, d is the
detuning value. However, it is extremely difficult to
consider the relaxation in the system with respect to
the probability amplitudes. It is convenient to pass to
the description of the system in terms of real quantities,
such as the level populations and the real and imaginary

parts of the dipole moment of the impurity center'.
N'=-QR, - Q,T,—v,(1+N)

R, = N (Q, + Q,c0s0) + 3R —V,R,

T, = N(Q,cos@+ Q)+ 8T, —v,T; (5)
R = NQ,sing— S8R, -y R

Ty = -NCsing - 37T, -y T

Relaxation terms are additionally introduced into
this system in the usual way, which determine the rates
of longitudinal (7y,) and transverse (Y,) relaxation
(population and coherence relaxation, respectively).
The vectors Ny, R, R,, T|, T, are expressed in terms of
the probability amplitudes as follows:

sk 3k
N =aa, —aay,

% idt % —idt
R =a ae” +aae

. 5t —idt
iR, = a a,e” —adye™, (6)
(81 + —i(dr+
T = a*a,e™? + gate ™™,
. j(r+ —i(dt+
iT, = a"a,e®® — gate ™,

Ut is also possible to solve the equations directly with respect to
the elements of the density matrix, which is equivalent to the
approach used in this work, however, the off-diagonal elements
are rapidly oscillating functions, and the diagonal ones are
smooth functions of time, which complicates the numerical cal-
culation procedure. If we get rid of the rapidly oscillating part,
reducing the system to real parameters that characterize the
population of the states and the amplitude of the dipole
moment, then in the presence of an arbitrary relative phase shift
of the field oscillations in two excitation pulses, the system can-
not be strictly reduced to three real parameters (Bloch vectors),
and we need to introduce more two parameters that take into
account the phase shift.
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Fig. 3. Calculated dependence of the transverse relaxation
rate 'y, upon excitation of coherent superpositions of arse-
nic donor states in germanium at the 1s(4;) — 2p, transi-
tion on the crystal lattice temperature (7).

i.e., Nis the difference between the populations of the
upper and lower levels, and the values R, Ry, T}, T,
characterize the dipole moment excited by a sequence
of two excitation pulses shifted in phase relative to
each other. System (6) is like the equations for the
Bloch vectors [19] and in the case of two excitation
pulses with different phases, the system can be gov-
erned by five equations for clarity or reduced to three
equations. The population of the upper level of a two-
level atom (N,) depends on time, the detuning of the
transition frequency from the frequency of the exciting
radiation and on the phase difference of the radiation in
the first and second excitation pulses, determined by the
delay time (1) between pulses (¢ = (@, — 0;)1), and is
found as follows:

N, (1,8,9) = %(1 +N). 7)

Ramsey fringes were observed experimentally by
recording the current (J) due to the photothermal
ejection of carriers from the upper excited level of the
donor center into the conduction band. Thus, the
electric current, which depends on the time delay
between the pump pulses, is proportional to the popu-
lation of the upper level of a shallow donor, averaged
over the observation time and over the frequencies of
impurity transitions associated with inhomogeneous
broadening in the system. It was assumed that the fre-
quencies obey the normal distribution law with a dis-
persion corresponding to the width of the impurity
transition line.

(3-4)°
|
J () ~ || N, (2,8, A0t)—e 29 dddt. (%)
(9= [[ V2 (18,000
The damping of the coherent part is caused by two
factors, one of which is the relaxation of coherence in
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the system (transverse relaxation), the other is the
desynchronization of dipoles oscillations formed by
donor centers in coherent superpositions of states due
to the inhomogeneous broadening of the lines of
impurity transitions. To estimate the rate of coherence
relaxation, it is assumed that its main mechanism is
associated with the interaction of excited donors with
lattice vibrations. An important part while modeling
various coherent effects is the estimation of the popu-
lation relaxation rates (y;) and coherence (,) in the
system. It is assumed that the main mechanism of both
longitudinal and transverse relaxation is the interac-
tion with phonons. However, the interaction with
phonons also causes thermal transitions between the
levels of impurity centers without changing the popu-
lation of states averaged over the ensemble of donors
but leading to a loss of coherence. The coherence
relaxation rate was estimated using the following
expression:

Tt :Zﬁi(”i(TaEi)+1)+ZVT/‘”/'(T,E/'): 9

where y;, Y4, are the rates of various spontaneous

transitions during interaction with phonons, num-
bered by indexes i and j, down (phonon emission) and
up (phonon absorption) in energy, respectively;
n,,; (T, E, ;) are the lattice temperature (7) dependent
occupation numbers of phonons with energies E; and
E; corresponding to the energies of the / and j transi-
tions. The summation over i and j includes transitions
from both the upper 2p and lower 1s states, which form
superposition (2). In Ge:As, the energy gap between
the ground state and the first excited state 1s(75) is
4.24 meV, and thermal transitions also occur between
these states (the 1s(7)) state has a noticeable popula-
tion at temperatures above 10 K) without changing the
average population, but also destroying coherence.

Using the rates of spontaneous transitions calcu-
lated in [20, 21] and taking into account the experi-
mental data on the lifetimes of excited states of Sb and
As donors in germanium [11, 16], we can estimate the
coherence loss rate by formula (9), which gives higher
values of coherence relaxation rates in comparison

with the longitudinal relaxation rate y,. The tempera-

ture dependence of vy,, assuming that the occupation
numbers obey the Bose—Einstein statistics, in the case
of excitation of coherent superpositions at the
1s(A,) — 2p, transition in Ge:As, is shown in Fig. 3. It
can be seen from the calculations that the coherence
relaxation rate has strong temperature dependence.
Therefore, when implementing an experiment on
observing Ramsey oscillations in germanium, it is
necessary to ensure proper temperature conditions of
the sample under optical excitation. The lower limit of
the coherence loss rate is related to the spontaneous
decay of the excited state via emission of intravalley
acoustic phonons and coincides with the lower limit of
Vol. 87
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relaxation of population and coherence in the system. Parameter designations in the figures: A is the detuning of the excitation
line from the center of the impurity line, € is the value of the inhomogeneous broadening of the impurity line, (y;) and (y;) are

the rates of longitudinal and transverse relaxation, respectively (population and coherence relaxation), P is the power of the excit-
ing radiation pulse, P is the radiation power corresponding to the /2 pulse; y, = 0.125 ns~! isthe experimental value for .
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the longitudinal relaxation rate. Thus, at liquid helium
temperature, the coherence loss time, according to
theoretical estimates, is ~450 ps. At a temperature of
about 20 K (estimated to this temperature, heating can
occur under experimental conditions [11]), the coher-
ence relaxation time drops to approximately 170 ps.

The damping of Ramsey fringes associated with
inhomogeneous broadening is a more complex prob-
lem that requires numerical simulation in a rigorous
approach, since the shape of the envelope of the
received signal can be quite non-trivial. Figure 4 shows
the theoretical dependences of the population of the
upper level of the excited transition on the delay time
between excitation pulses for various parameters. In
particular Fig. 4a shows dependences without taking
into account relaxation processes.

It can be seen from Figs. 4a, 4b that for certain
parameters and certain values of the delay time
between pulses, the oscillation amplitude vanishes.
This behavior is typical when a large number of har-
monics with close frequencies are summed, which, in

fact, occurs when observing Ramsey fringes?. As the
inhomogeneous broadening of the impurity line (Q)
decreases, the vanishing point disappears, which is
caused by an insufficiently large frequency distribu-
tion of harmonics (dipole moments associated with
excited donors) to provide such dynamics. The same
trend is also observed with the decrease of excitation
pulses power. This is due to the fact that, at a low
power, impurities with a transition frequency located
at the edge of the impurity absorption line are excited
weakly and practically do not contribute to the
observed signal, which is equivalent to a decrease in
the linewidth of the impurity transition line. At a suf-
ficiently high value of the pulse power (close to 1t/2)
there is an asymmetry with respect to the horizontal
axis, which disappears while decreasing the excitation
power. The combined effect of relaxation in the system
and detuning of the excitation line from the center of
the impurity line A (Figs. 4c, 4d) is more complex
resulting in appearance of local minimum of Ramsey
fringes. Note that neither relaxation nor detuning lead
to such an effect. However, sufficiently large detuning
values (approaching in value to the width of the tran-
sition line) at a sufficient excitation power (close to
1t/2) appear as a “trough” at a zero value of the delay
time.

Evidently, it is rather difficult to obtain the entire
variety of Ramsey oscillation envelope shapes in an
experiment due to the criticality of the temperature
regime, which requires the use of low values of the
excitation pulse power.

2 The vanishing point of the oscillation amplitude (and its pres-
ence) depends on the frequency distribution of the amplitudes of
these harmonics (in the general case, it does not obey the nor-
mal distribution law), as well as on the relaxation rate.
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CONCLUSIONS

The possibility of observing Ramsey fringes upon
excitation of the 2p, state of an arsenic donor in ger-
manium by pulsed terahertz radiation at cryogenic
temperatures has been experimentally shown. Regis-
tration of fringes in the population of the 2p, state was
carried out due to the presence of a thermal ejection of
electrons into the conduction band, which can be con-
sidered as a demonstration of incoherent readout of a
coherent state. The simulations taking into account
the times of longitudinal and transverse relaxation
show that the observed shape of the envelope of Ram-
sey fringes depends on the width of the impurity tran-
sition line, the detuning from resonance, and the exci-
tation intensity.
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