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A concept for microwave (MW) amplification and maser generation in compact planar waveguides
embedding a thin layer of paramagnetic color centers is presented. The ground state of the color
centers can be optically or electrically spin-polarized, while population inversion is attained by
Zeeman shifting of one spin sublevel below the populated state. A signal traveling along the
waveguide, if resonant with the spin transition, can be amplified, or a self-sustained MW oscillation
can be generated. A general analysis of the conditions for amplification and self-oscillation is
developed for nitrogen-vacancy-rich diamond films, together with practical examples of impedance
matching and resonator design. The proposed architecture combines near-unity filling factors with
relatively low electromagnetic quality factors, enabling operation in strongly coupled configurations
and broad frequency tunability through the external magnetic field. The same formalism naturally
extends to compact lumped-element resonators operating at a few gigahertz while preserving
millimeter-scale dimensions. Compared with the present state of the art of diamond masers, the
approach offers reduced size, simplified integration with external electronics, and relaxed requirements

on cavity quality factor.

DOTI: 10.1103/ydkI-pjfx

L. INTRODUCTION

Maser amplification has long represented a key tech-
nology in applications requiring low-noise amplification
of extremely faint microwave (MW) signals: for in-
stance, in space communication [1], radio astronomy [2],
and radar systems. In all these cases, the maser’s
employment required bulky resonant cavities and
involved cryogenics, due to the necessity of maintaining
inversion populations in quantum systems whose energy
difference spans in the peV range. This circumstance
limited the employment of maser technology due to
the complexity of the system and motivated research on
low-noise semiconductor amplifiers.

Nowadays, amplification techniques directly operating
on electric signals at room temperature—e.g., low-noise

“Contact author: stefano.lagomarsino @ino.cnr.it
‘Contact author: mario.agio@cnr.it

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

2331-7019/26/26(3)/034028(15)

034028-1

amplifiers (LNAs) based on pseudomorphic high-electron-
mobility transistors and parametric amplifiers—have
become widely used [3]. However, Josephson and
kinetic-inductance parametric amplifiers reach the quan-
tum limit only when cryogenically cooled [4,5], while
solid-state LNAs at room temperature [6-8] typically
exhibit noise figures in the order of approximately
0.5-2 dB (equivalent to tens-hundreds of Kelvin). For
these reasons, and considering that room-temperature
maser devices based on solid-state technology could
mitigate the requirements in terms of bulk and services,
since 2012 a concept for a solid-state maser using an
organic molecular crystal has been proposed [9].

More recently, the use of negatively charged nitrogen-
vacancy (NV7) centers in diamond as a gain medium for
solid-state masers has been studied, operating from room
temperature to cryogenic temperatures [10—14]. The spin
polarization of the system is ensured by optical excitation
via intersystem crossing (ISC), and the population inver-
sion is obtained by shifting one of the m; = £1 spin
sublevels of the ground state below the m, = 0 sublevel
via application of a suitable magnetic field (>100 mT).
A similar polarization mechanism is also offered by
other paramagnetic defects, like silicon vacancies (VSi)

Published by the American Physical Society
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FIG. 1. Geometrical arrangement of two devices, each con-
sisting of a thin rectangular diamond slab sandwiched between
two metallic layers. Embodiment (a) represents an amplifier, in
which the electric signal is magnified while traveling along the
waveguide. Embodiment (b) is a generator, in which the signal is
collected by a tapered section. In these embodiments, the phase
electrode is deposited on a paramagnetic thin layer, while the
ground electrode is uniformly deposited on the backside. The
polarizing magnetic field B, is perpendicular to the electrodes
and the current flow and parallel to the Z axis, while the current is
parallel to the X axis.

in 6H- or 4H-SiC [15], also allowing continuous-wave
maser generation due to the suitable dissipation character-
istics. In the case of V3 defects in 4H-SiC, maser
amplification or generation at about 30 MHz is also
possible at zero magnetic field, since the preferentially
populated sublevel, in this case, is the higher
m, = +3/2-state. This kind of device, though operating
at relatively high temperatures, has maintained the neces-
sity of a quite bulky and complex high-quality resonant
cavity, along with waveguides for input and output signals.

In this article, we develop a concept based on a
resonant planar waveguide encompassing a paramagnetic
thin layer. The waveguide works as a resonant cavity for
the oscillation of the magnetic moment of the para-
magnetic centers and, simultaneously, extracts a fraction
of the energy as an electric signal. Alternatively, an
electric signal is injected into the line, and it is amplified
during propagation in the waveguide to be extracted from
the second end of the line. The taper of the waveguide is
designed in a way not only to resonate at the proper
frequency but also to assure the impedance matching with
the external lines.

Figures 1(a) and 1(b) represent the geometric arrange-
ment of two devices that work as an MW amplifier and an
MW generator, respectively. From their inspection, the
advantages of using a compact, planar device that operates
directly with electric signals should be apparent, as it could
pave the way for the implementation of the maser concept
in full on-chip architectures. Compared with the current
state of the art in solid-state diamond masers, the proposed
arrangement provides much higher filling factors
(approaching unity, versus typically below 0.1) and can
therefore operate with substantially lower electromagnetic

quality factors (below 10%). This relaxes the usual require-
ment for thick low-loss metallization and opens the
possibility of employing partially transparent thin metal
layers. Besides providing optical access for pumping, such
layers may be incorporated into planar Fabry—Pérot-like
structures that enhance the absorption of the pump
radiation [16]. In this architecture, a reduction of the
electromagnetic quality factor may therefore be partially
or even fully compensated by an increase in the achievable
inversion density. The radiative and, especially, resistive
losses of the device are not negligible at room temperature.
Nevertheless, the near-unity filling factor allows the maser
effect to remain viable with NV~ concentrations of only
several parts per million and spin-coherence times (7,) of
the order of microseconds or less.

Despite the implementation of the concept described
here requiring only standard thin-film fabrication tech-
niques, critical aspects emerge regarding the shaping and
doping of suitable diamond samples. Preparation of
millimeter-sized single-crystal samples, at a thickness
level of tens of microns, requires careful attention and
has high failure rates, while NV-doping density at the tens
of ppm is still an open research subject (see Ref. [17] and
related references). For these reasons, our theoretical study
can be useful for the dimensioning of devices that are
challenging the state of the art of diamond films.

In the following, in Sec. II, we first write the equations for
the evolution of the electric current, for the magnetic moment
of the material, and for the inversion population density. In
Sec. I11, we calculate the conditions for the amplification of a
signal along a waveguide of any given shape, and we develop
an example with convenient matching conditions with
external electronics. In Sec. IV, the Maxwell-Bloch equa-
tions for the self-generation of an MW signal in a planar
waveguide are developed, and two practical models are
introduced, the first based on a nearly uniform transmission-
line resonator, while the second adopts a lumped-element
configuration. The latter enables operation at frequencies
approximately one order of magnitude lower while preserv-
ing the compact dimensions of the device.

II. ELECTRIC CURRENT, MAGNETIC MOMENT,
AND POPULATION INVERSION ALONG A
PLANAR WAVEGUIDE

We consider a planar waveguide deposited on a thin
diamond single-crystal, embedding an ensemble of NV~
centers, but this approach is valid for other paramagnetic
color centers, such as Vg; or VV in silicon carbide [18,19].
If a polarizing magnetic induction field By, is applied, the
m, = £1 sublevels of the ground state of each center will
be shifted apart by 2AE,, with AE, = —2ugBcos0,
where 6 is the angle formed by the particular (111)
symmetry axis of the NV~ center with the external
magnetic field. Fixing the magnetic field intensity, the
energy difference between the m; = 0 sublevel and one of
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FIG. 2. Scheme of the possible orientations of the external field B, with the corresponding number G of the NV~ orientations
simultaneously tunable to a given frequency. The factor S in Eq. (17) measures the efficacy of the coupling between a waveguide
perpendicular to By and a set of NV~ centers all forming the same angle with the field. The coupling directions simultaneously tunable
to the same frequency are marked with the same color (red or blue, respectively).

the others (say my; = —1) can be tuned to the waveguide
resonant frequency. In this case, the color centers, pre-
viously spin-polarized (for example, through optical
pumping via ISC), can relax to the lower m, = —1
sublevel through stimulated emission.

There are two relevant conditions to consider when
coupling the magnetic moment of the NV~ centers with the
current flowing in the waveguide: the first is the orientation
of the external magnetic field, which can be chosen to tune
from one to four quarters of the available NV~ centers to
the waveguide frequency. Particularly, the number of the
NV~ orientations tunable to the same frequency can be
G =4, 3, 2, or 1 if the magnetic field is parallel to one of
the (100), (111), and (110) directions, or none of them,
respectively (see panels (a), (b), or (c) in Fig. 2). The
second relevant direction is the orientation of the wave-
guide itself, whose magnetic coupling with NV~ centers
depends on the projection of the NV~ axis onto the plane
normal to the waveguide and containing the direction of
propagation of the signal along the waveguide.

In the following, we shall assume an external magnetic
field B, = Bz directed along a line perpendicular to the
diamond layer, while the crystal lattice could have several
orientations with respect to the crystal surfaces, given that
in commercial samples the most common are the (100) (by
far), the (111) and the (110).

In this work, the evolution of the electric current along the
propagation direction X of a planar waveguide is studied,
considering it as a one-dimensional distributed-constant
circuit. In this way, we deliberately neglect the radiative
losses due to boundary effects and the nonuniformity along
the transversal direction ¥ emerging at high frequencies.

Nevertheless, we verified in a separate study [20] by 3D
Comsol® simulations that, for devices whose size and shape
resemble those employed in this work, the one-dimensional
approach is fairly accurate up to the tens of GHz relevant for
this study. Moreover, it provides an intuitive tool for the
design phase of this kind of device, useful for a fast
exploration in the configurations space of the system.

We will consider (referring to Fig. 1) a current flowing
in the waveguide whose intensity /(x, ¢) varies in time and
along the X direction. The width of the waveguide will be
given by w(x), and it will be made by two faced metal
strips of conductivity ¢ and thicknesses thqunq and /1ppac,
respectively. The two strips are deposited on a diamond
layer of thickness d, they can be specularly reflected or,
alternatively, one of them can be diffused on the entire
back surface of the diamond layer, also if the field
confinement is not as good as in the first case at low
frequencies (much below resonance), as stated also in [20].

With these assumptions, a lossy telegrapher’s-like equa-
tion [21] for a tapered transmission line coupled to the
magnetized medium can be derived, emerging from the
coupled differential equations for the current / and for
the potential difference V between two faced points of the
electrodes:

v I uodl oM,
A S S L' 1
ox c-th-w wor Mo (1a)
aV d

—_— == 1. 1b
ot €9E,W (1b)
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The coupling with the medium has been taken into
account by calculating the electromotive force given by
the time derivative of the magnetic flux, bound to the
magnetization density according to B = puo(H + M) =

Uo (lv(,)(“)':)) ¥ + M(x, 7)). By derivation of Egs. (1a) and (1b),
with respect to time and space, respectively, and by
subtraction member to member, after some algebra, we

find the resulting equation for the current along the line:

1 %1
v? or?

o°l 10l 1ol  wd’M,

== 2
Dot v? o’ @

where v is the speed of an electromagnetic wave in the
diamond layer, D = (d - th - 6)/(gge,) is a diffusion con-
stant, and A(x) = ;%5 This equation differs from a
conventional lossy telegrapher’s equation (see Ref. [21])
in two respects. First, the space derivation of Eq. (1b) has
produced a space-dependent term 19 taking properly into
account the variation of the line width w(x) along the line,

with no assumptions about variation adiabaticity. Second,

. . 0*M,
there is a forcing term 255
coupling with the magnetized medium.

The spatially dependent parameter A(x) may be
exploited not only for impedance matching and boundary-
condition engineering but also as a design tool for tailoring
the electromagnetic mode profile (see chapter 7 of
Ref. [22]). In particular, periodic modulations of the
waveguide width lead to telegrapher equations with
periodic coefficients, for which Bloch-type solutions are
expected, opening the way to slow-wave implementations.
Alternatively, suitable variations of the cross section may
be used to realize compact lumped-element resonators
whose physical dimensions are substantially smaller than
the wavelength.

The latter approach becomes particularly attractive at
frequencies of a few gigahertz, where a conventional
uniform resonator would be impractically large. In the
present work, however, our primary interest is the inves-
tigation of near-field planar waveguides operating at
frequencies of several tens of gigahertz, for which the
cross section remains nearly uniform over most of the
device. For this reason, slow-wave implementations are
not analyzed in detail here. Nevertheless, in the final part
of the paper, we present a first lumped-element slow-wave
resonator, demonstrating how the operating frequency can
be reduced by approximately one order of magnitude while
maintaining millimeter-scale dimensions.

The amplification or the generation of an electrical
signal along the waveguide, in Eq. (2), depends entirely
on the oscillating magnetization of the material M. To
study this quantity, we will consider the evolution of the
density matrix,

taking into account the

- (% )
oy 2

of an ensemble of NV~ centers all having the symmetry
direction (j), among those (for j=1---G) tuned to a
specific frequency wy, according to: Aw, = E, — E,. Here,
E, is the energy of the m; = 0 sublevel and E,, that of the
my, = —1 sublevel of the ground state of the NV~ center.
For convenience, we fix Tr(p)) = NU), the volume density
of the centers having the symmetry direction (j). With this
convention, AlV) = pgj) - p(g]; is the population inversion
density related to the direction (), and the magnetization of
the system is M) = —24p Tr(SYp)), where § is the
vector operator corresponding to the angular momentum,
divided by #, calculated between the spin states |g) and |e),
and up is the Bohr magneton.

In the following, we will adopt the rotating wave
approximation (RWA), thinking of the off-diagonal terms
pg]) as rapidly rotating vectors in the complex plane with
angular velocity w, with only a slow drift of the phase and

the intensity. In this approximation, we define M) (¢) =

—2iug V2 pdei® and admit that MY < @MU). With
this convention, it turns out that, in a x’y'z reference
frame with %’ parallel to the particular (j) direction of the
NV~ axis, we have

_ﬂB(A(j) — NWU))
M) — %M(/)(t)e—"(“’”'”/z) +cc. |. 3)
IMU (e +c.c.

Equation (3) is immediately interpreted as a nearly
constant magnetization parallel to the symmetry axis of the
NV~ center, which is maximum when AY) = —NU) (that
is, when all the centers are in the ground state m; = —1),
and it is zero when they are all in the excited state m; = 0;
plus a component laying on the plane perpendicular to X/,
only depending on the off-diagonal terms of the density
matrix. In the RWA, we can think of the y'z’ component of
MU) as a (rapidly) rotating vector whose modulus and
phase change slowly compared with the period 27/w. The
rotating wave approximation is verified a posteriori,
determining the natural pulsation w of the system and
assessing the slow variation of M) (7).

To use the magnetization in Eq. (2), we must express its
y component (perpendicular to the direction of the propa-
gation along the waveguide but parallel to the diamond
surface) in terms of the x'y’z’ components of Eq. (3). The
nearly constant term dependent on AY) will be neglected in
the second time derivative with respect to the components
dependent on e, Figure 3 shows that the x' axis is
parallel to the direction of the (j)-th symmetry axis of one
of the NV~ centers, which are tuned to the resonance by an
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z

FIG. 3. The two reference systems relevant to the present
discussion: xyz has the x axis parallel to the propagation
direction along the waveguide and z perpendicular to the
waveguide itself and parallel to the polarizing magnetic field
By. The x’ axis is parallel to the axis of the NV~ center under
consideration, and y’ lies along the xy-plane. The x'y’'z’ system
can be obtained from the xyz by rotation of an angle « around the
z axis (here positive in the clockwise direction) and another
rotation of an angle f around the y’ axis. The angle y in the figure
is formed by the x" axis with its projection m on the xz-plane.

external magnetic field, and that a convenient choice for
the orientation of y’ and z’' is such that y’ lies on the
xy-plane, forming an angle a/) with the y axis, and 7/
forms an angle A1) with the z axis. With these conventions,
it turns out that the M, component of the magnetization
in Eq. (3), coming from the rapidly rotating terms, is
given, summing up all the relevant directions of the
NV~ centers, by:

G .
i N
M=y {_5 MOTO ot 4ce | @)

Jj=1

where

') = cosal) + isinall) sin pU).

The evolution in time of the magnetization M)
depends on the current flowing in the waveguide and on
the population inversion density AY) according to the

Schrodinger equation:

ihpl) = [HU), pU)], (5)

where

HU) — E,  V2uBY
\/E,UBB(_]) Ee

with Bg) = By +iB,. Expanding Eq. (5), and adding
two decay terms to account for the open nature of the
system and for its interaction with the thermal bath and
with the pumping process, the evolution equations for AV)
and MU) read:

AU — _% (M) Bt 1 M) (BOY =i
— (Al — A(()J')), (6)

2
s A G)BU) vt —y MO,

MY = i(w — wg) MY + 7
(6b)

Here, the constant AE{) depends on the pumping inten-
sity and represents the equilibrium population inversion
in the absence of coupling with the magnetic field. The
recovery rate y|, in absence of any population inversion
mechanism, is determined by thermal processes and
typically spans the interval from 1 to 103 Hz [23], but
under effective optical illumination, well below saturation,
itis given by y| = Ipump Cabs Priipy Where Iy, is the photon
flux of the pumping radiation, o, is the photon absorption
cross section of the color centers (ranging from 3 to
10 x 1077 ¢cm?, depending on the environmental condi-
tions [24,25]). The factor pg;, is the spin-flip probability
per excitation event, typically evaluated between 0.05 and
0.4 depending on the sample type [26]. Saturation occurs
only when [I,m,0.sPrip approaches the slowest rate
involved in the pumping process, which is of the order
of several tens of MHz and can be reached only for
unrealistically high photon fluxes. Finally, in Eq. (6b), the
parameter y | depends on the dephasing time affecting the
off-diagonal terms of the density matrix.

Equations (6a) and (6b) are coupled to the current /
through the magnetic field BY). To make this dependence
explicit, it is convenient to express the current flowing
along the waveguide as:

I(x,t) = %Z(l)u(x)e"'“” + c.c. (7)

This representation decouples the spatial and temporal
dependences of the current and expresses the time depend-
ence in a form suitable for the rotating wave approxima-
tion, consistently with the magnetization dynamics.

With these assumptions, the potential difference
between two facing points of the waveguide at position
X is
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V(x, t):l (1) ou

3 @ax €_iwt + c.c. (8)

Equation (2), combined with Egs. (4) and (7), and within
the rotating wave approx1mat10n I < owl, T<wT,

MY « oMU, MY « o MD), reduces to

2iw 1 @ iw
_Z’ n__ ) - z'
o u—+ (u Au + <v2 D> ) F, O

where the forcing term J depends on the magnetization
MU) according to

NIS

G
Z (10)

To study the conditions for amplification or self-gener-
ation of an electrical signal, the dependence of the magnetic
field BY) on the current / in Egs. (6a) and (6b) must also
be made explicit. Starting from B = puo(H+ M) =
uo(I/wy + M) and expressing the field in the reference
frame associated with the j-th (111)-axis, one obtains

. 1 1
B(/):MO[( Iur —IM ) —l(l)l+ I* *F() iwt ,

n

while BY = (BU))*,
Substituting Eq. (11) into Egs. (6a) and (6b) and
averaging out the rapidly oscillating terms, one finally

Qo . .
a 2” £ the rate per unit population

obtains, keeping x =
inversion density:

AV) = ~ 57 (MUZ*w T +cc.) —y (A — A,
(12)
M) = i(w—d)éj))/\/l(j) ANTZur* —y, MU
(13)
where 6)8 ) = wy + 2kAY) For realistic values of AV) (tens

of ppm or less), 6)(()] )
tens of MHz.
Equations (12) and (13), together with Eq. (9) and the
appropriate boundary conditions, are all we need to solve
both the problem of amplification of an externally intro-
duced signal, and the problem of self-generation of
electromagnetic MW oscillations in a planar waveguide,
which are addressed in the following two sections.

differs from @, by no more than a few

III. AMPLIFICATION OF A CURRENT SIGNAL
ALONG A LINEAR WAVEGUIDE

A faint signal introduced at one end of a suitably
designed waveguide can be amplified by stimulated
emission during its travel along the line. Here we study
the conditions for the onset of the amplification, assuming
to operate off-resonance, avoiding spontaneous oscilla-
tions along the line whose conditions will be studied in the
next paragraph.

Suppose to connect the two ends of a linear waveguide
of length L with a source of signal and with a load with real
or complex impedance Z,,,. Moreover, suppose the signal
at the first end to be described by

[(x=0,1) = %Ioe’i“” +c.c.

The implication is that in Eq. (7), we can replace
Z(t) =Z, and u(0) = 1. Moreover, in Eq. (9), the term
depending on 7 vanishes. Now, we can write Eq. (9) in
terms of the stationary solution u(x) only by replacing M)
with the expression to be found from Eqs. (12) and (13).

In the limit of faint signals, Eq. (12) has the stationary
solution AU = AY). Replacing in Eq. (13), we find the
equilibrium solution for M), which is

K

M) — AV TouT* (14)

7o ilw—ay)

By substitution of Eq. (14) in Eq. (9) with Eq. (10),
we have the following equation for the stationary wave
function u(x):

P ? 1 1 B
u —Xu +F{1+1<Q—C—Qm>}>u—0. (15)

In Eq. (15), Q. = co > 1s the cavity quality factor, while
Q,, is the magnetic quahty factor of the gain medium [12],
which is connected to the geometry of the device and to the
medium characteristics by:

1 G

K'Aéj ) cos? y(f ) 1

—. (16
0

1

1—1i
In Eq. (16), the constant

cos? 0|2 = cos? al’) + sin? @) sin? pU)
U =

is the cosine of the angle formed by the direction of the
NV~ axis with the xz-plane (see Fig. 3).

If the pumping conditions can be considered practically
isotropic, all the terms A((,/ are equal (say to A), as well as

the values of (I)éj ) (say @). In this case, Eq. (16) assumes a
simpler form according to the value of
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G
S = Z cos? yU), (17)
j=1

depending on the orientation of the crystal with respect to
the polarizing magnetic field. In this case, the inverse
magnetic quality factor of the gain medium is

1 o K'SAO 1

Qm 7L

where 5 = % is the detuning normalized to the
linewidth.

The sign of the real part of the difference between the

quality factors in Eq. (15) determines the nature of the

propagation of the signal along the waveguide: if it is negative,

the intensity increases along the propagation direction;
otherwise, it decreases. This term can be expressed as:

, 18
1—in (18)

1 1 1-C
R (— - —) = : 19)
Q. On Q.
where C is the so-called cooperativity of the system [14],
defined by:

C— K;gAO )

S (L+n7)7" (20)
oD/ L

If C > 1, the signal is amplified along the waveguide.

It is apparent that the general information on the
coupling between the magnetic moment of the color
centers and the external magnetic field is included in
the factor S of Eq. (17), depending on the reciprocal
orientation of the field and of the lattice axes. This factor
can be calculated in the most significant cases as follows.

We have assumed B perpendicular to the plane of the
waveguide, thus oriented along the z axis. If the main faces
of the diamond layer are perpendicular to the (100)
direction [panel (a) in Fig. 2], we have G = 4, and proper
calculations show S in Eq. (17) to be § = 8/3, irrespective
of the orientation of the waveguide along the diamond
crystal. If the direction of z is (111) [panel (b) in the same
figure], then G = 1 or G = 3, depending on which of the
NV~ centers are tuned to the waveguide frequency: if it is
the NV~ parallel to the z axis or the others, respectively. In
these cases, if G = 1, then S = 1, while if G = 3, then
S = 2. Finally, if the direction is (110) [panel (c) in
Fig. 2]), then G =2, and S, differently from the other
cases, depends on the angle « between the x axis and the
(001) direction, being

=242 cos?
==+ -cos”a.

37350

Now we can set the solution to the equation for the
stationary wave function [Eq. (15)]. The boundary

conditions for u(x) are to be fixed at the two ends of
the waveguide. They are the already mentioned condition
u(0) =1 and I(L, t)Zy = V(L, 1), that is [according to
Egs. (7) and (8)]

1 ou
T e W Ao (L) =Zow M(L)
i 5" ox

In fact, we assume the waveguide to be fed by a fixed
input current and to be terminated by the impedance Z.
The solution of the equation gives the input impedance in
terms of

1 ou

in = ma (0).

d

It could be useful, both to consistently match the device
to external electronics and in view of the possible employ-
ment of two or more such amplifiers in series, to fix the
output impedance such that Z;, = Z,. The calculation of
the suitable Z,,, can be performed by replacing Z;, to Z,
in the boundary conditions, solving the equation, obtaining
a new value of Z,,, and iterating such a procedure,
eventually obtaining the same value of the input and the
output impedance. The taper can also be designed in a way
that for a wide range of frequencies, the impedance of the

device is real and has a convenient value.
The stationary wave function u(x), solving Eq. (15),
with the appropriate boundary conditions, gives the current

amplification factor of the waveguide as:

u(L)
A = = |u(L)|,
1 M(O)‘ |M( )|
and the gain (in decibels) is
20
=—— InA,.
B 1o

To treat a simple example (but renouncing real imped-
ance matching), we consider a rectangular guide
(1/A =0) in resonant conditions (w = @;). With this
configuration, the gain is positive if the imaginary term
in Eq. (15) is negative, that is, if the coperativity C defined
in Eq. (20) is greater than one. This happens, in particular,
if A, surpasses the threshold A, with

A, — Ocr1 _ Uzh
07 kxS  kd,DS’

21

Note that the quality factor, here only dependent on the
internal losses, will also be dependent on the external load
in the case of self-oscillating cavities, treated in the next
paragraph.
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If the (complex) impedance is matched with the external
lines so that only the progressive wave must be considered
in the solution of Eq. (15), u(x) takes the form

u(x) = exp (i@ﬂ+x> exp (ﬁl_x)
v v

with

1 C—1\2 1
fr— —_— l:l:_.
S\ <Qc>+ 2

The gain (in decibels) is

The bandpass Aw at —3 dB can also be calculated by
Eq. (15), and provided that y| < @, it is

c-1
Aw
_ 5 20,

vl G —3\2 2 '
\/[2(233@0 ) —1} —1-1
mio v L

It can be easily verified that Aw is of the order of the
off-diagonal terms’ decay rate y |, slightly decreasing for
increasing gain.

The input and the output impedance are both equal to

1 ou

=— =74, —id_),
iw(ege,w)/d u ox oAy —id-)
where
d
Zo=2 Ho
w\ eoe,

is the line impedance at zero gain. For high gain, voltage
and current tend to differ in phase by 1/8 of the period.

Although the rectangular configuration is not conven-
ient for matching the external lines, due to the relevant
imaginary part of the impedance, it provides useful rule-
of-thumb formulas to dimension the device. For instance,
given the diffusion constant

d-th-
D= ‘.
EoE,

with gold electrodes, the threshold for the onset of the
amplification is

2 _ v (MHz)
Ao (ppm) = 3200 f(GHz)?h(nm)d(pm)S’

while the gain is

(&g — Ao)(Ppm)S
y.(MHz) °

Ggg = 0.19 f(GHZ)L(mm)\/

and the absolute value of the impedance is

1Z] =95 @ d(pm) i/[(Ao — Ay)(ppm

w(pm) v1(MHz)

According to these formulas, with y, of the order of
1 MHz, assuming A, ~ N/4, being N the overall density of
the NV~ centers, one can achieve a positive gain at 10 GHz
or more with an NV~ density above some ppm, provided
that the thickness of the diamond layer is some tens of
micrometers and the thickness of the electrodes is a few
tens of nanometers (enough to exploit the semitranspar-
ency of gold to customarily pump the sample by illumi-
nation from above). Above this threshold, high gains (tens
of dB) can be achieved if the NV~ density reaches some
tens of ppm, with a waveguide length of a few mm. Within
this range, the width of the guide can be fixed in a way to
obtain about 50 € impedance.

On the other hand, a convenient impedance matching
can be obtained with a tapered waveguide. In this case, a
numeric solution of Eq. (15) is obtainable for a general
profile. Nevertheless, an advantageous way to arrange the
taper is to assume the scale A to be constant on each of the
disjoint intervals of a connected union, so that on each
interval the taper has the analytical form

)S]Z +7.6.

w(x) = wy e"/A,
(A can also be negative), and the function u(x) is of
the type

M(X) =u, el+xeikx +u_ el,xe—ikx’

where [, £ ik are the two complex roots of the equation:

1 w? 1 1
P+ 14i[———)| =0
A Hz{ +’<Qc Qmﬂ

The solution of Eq. (15) over the entire waveguide
requires the constants u to satisfy the boundary condition
for each interval, which is the continuity of the function and
its derivative at the boundary between adjacent intervals and
the conditions u#(0) = 1 and m% (L) = Zgy u(L).

As a matter of example, we consider here the taper
whose shape is described in Fig. 4, made of four parts,
whose geometrical parameters are specified in the caption.
We assumed gold electrodes with an equivalent thickness
of 30 nm, deposited on a 200 pm-thick diamond layer.
Such thin electrodes are suitable for optical pumping by a

034028-8



GENERATION AND AMPLIFICATION OF MICROWAVE ...

PHYS. REV. APPLIED 26, 034028 (2026)

x (mm)

FIG. 4. The profile of a waveguide 5 mm long, along with the
behavior of the real and the imaginary part of the spatial function
u(x) describing the amplification of the system at the frequency
of 20 GHz. The vertical and the horizontal scale of the taper are
the same, and the scale A are 0.56 and —0.56 mm in the first and
the last section, while it is 21000 mm in the central part, at the
left and at the right of the center (cross section practically
constant). The input and the output impedance of the system are
51 Q at this frequency.

laser or LED source above the planar device, with no
complication by lateral illumination. With these parame-
ters, and for frequencies in the interval 1-100 GHz,
the threshold value of the population inversion for
positive amplification is low (AyS = 0.017 ppm at
21 GHz). With an effective population inversion such that
(Ag — Ay)S = 10 ppm, at 21 GHz of frequency, the real
and the imaginary part of u(x) are also plotted in Fig. 4,
assessing the amplification of the signal along the wave-
guide. The inversion population density has been fixed in a

)z ¥z

FIG. 5.

way not to overtake the threshold for spontaneous oscil-
lation whose behavior in dependence of the parameters is
studied in the next paragraph. In these conditions, the
impedance is almost purely real and equal to 46 Q. In
Fig. 5 (left panel), for the same value of (A, — A()S, the
real and the imaginary parts of the impedance are plotted in
ohms as a function of frequency, along with the power
amplification in dB. For the frequency of 21 GHz, in Fig. 5
(right panel), the same quantities are shown as a function
of the overall length of the waveguide.

Until now, it has been shown that a planar device, in
the millimeter length range, can be coupled to external
electronics by means of standard connectors and nearly
50 Q transmission lines, allowing the amplification of
electric signals in the tens-of-decibels regime by exploiting
the maser effect in an optically pumped paramagnetic
medium, specifically an NV-rich diamond layer. The
exploitation of NV~ centers as recombination centers in
doped diamond junctions could also allow for electrical
pumping of the population inversion, superimposing a
continuous voltage supply onto the microwave signal. The
next paragraph will show how the same effect can be
exploited by overcoming a more stringent threshold for the
generation of microwave signals in a waveguide connected
to an external load.

IV. SIGNAL GENERATION IN A WAVEGUIDE
TERMINATING ON A RESISTIVE LOAD

Suppose to terminate a tapered waveguide on a resistive
load, or equivalently on a passive transmission line. We
intend to write the equations for the evolution of the
current /() in Eq. (7) with the aim to find the conditions to
trigger the self-oscillations and to calculate the output
power of the device.

As to the spatial part u(x) of the current I, we will
assume that it satisfies the equation:

©) 'z ¥z

(Left panel) For the device whose characteristics are specified in Fig. 4, the behavior in terms of power amplification (in dB)

and impedance (real and imaginary parts, in ohm) is plotted against the frequency. On a very large bandwidth, the impedance is almost
purely real, and at the center of such bandpass, the gain is about 10 dB. (Right panel) At 20 GHz, the gain and the impedance are plotted
against the length of a waveguide with the initial and the final tapered sections shaped in the same way described in Fig. 4. The
impedance is sensibly equal to 46 Q (real), and the amplification is proportional to the length of the waveguide for lengths greater than

about 2 mm.
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1 j 2
u — Ku/ _ <M) u=0, (22)
v

where the constants v, and w, have to be fixed in a way to
fit the boundary conditions u(0) =0 (or «’'(0) = 0 for a
short-circuited line) and

1 ou
B o (L) =Ru(L),
being R the resistive load connected at the end x = L. With
these conditions, the pulsation @, is one of the natural
oscillation frequencies of the cavities, while v, gives
account of the damping due to the loss through the external
impedance R.

With Egs. (22) and (9) for the evolution of /() becomes,

assuming @, + ® ~ 2w and defining @2 = @2 — v}:

. . _ v?
Tu=ilw—o.)Lu— <2D+1/R>I
08
bt Dy, 2
+2;M w (23)

Considering the normalization condition [ ||u|* dx = 1,
and by multiplication of Eq. (23) by the complex conjugate
u* before integration in dx, if we define the integrated
magnetization

(r) = / F MO e Rdx 24
0

and the average diffusion constant

o ([HIE

then Eq. (23) can be written in terms of purely time-
dependent quantities:

G
IT=ilw—a.)T—0gT + > Ez Ty, (26)

where Up = % + vg.
By multiplication of both members of Eq. (13) by u*w,
after integration in dx, defining the time-only dependent

variable
) L
5(1)(¢) = / Al
0

(integrated inversion population density), one also finds
an equation for the evolution of the integrated magneti-
zation m/):

D (x, 1) ||u(x)||? dx (27)

) = i(w — @i ym) + ksVITU* —y ml).  (28)
We are close to finding a system of first-order equations
in the time-dependent quantities Z, m'/), and 81/), describ-
ing a proper average value of all the flelds of interest.
To write an equation for 8) from Eq. (12), we need a
supplementary assumption, supposing the integral

L X .
/ AD(x, w2 (x)dx = y© 89 (1):
0

that is, the integral to be proportional to the time only
dependent variable 8/, according to ® = [l w?(x)dx, a
constant dependent on the geometry with a d1mens1on of a
volume and a dimensionless factor y equaling 1 if the
population inversion AU) is constant everywhere.

With this assumption,

B = f/:; 5T TV ez (80 —s). (29

Equations (26), (28), and (29) are the Maxwell-Bloch
equations for a loaded planar waveguide embedding a
paramagnetic medium.

We are looking for nontrivial stationary solutions of
Eqgs. (26)—(29). Posing ) = 0 in Eq. (28), solving for
mU) and replacing in Eq. (26) with Z =0, we have a
condition for the integrated equilibrium inversion popu-
lation densities 5):

i gw S(J) COSZ }/(J)
s —ilw— o) [og — i(0 — @,)]

=1. (30)

Being 6/ real, Eq. (30) is satisfied only for the specific
value of w making the imaginary part of the expression
vanishing.

From here on, we assume the simplifying condition,
reasonable in case of isotropic excitation, that 5) and d)(()’ )
are independent of the orientation () of the color centers,
as done in Sec. III. Thus, Eq. (30) becomes

%wSS

[y = i@ —@)][og = i(0 — o))

=1, (31)

where S = 375, cos?yU/) is the constant, depending only
on crystal orientation, discussed in Sec. IIl. The pulsation
w, in order for 6 to be real, is given by

V10 + Updy

- (32)
Y1+ UR

With this frequency, and denoting now by n = [;1 +‘;’;

the detuning normalized to the overall linewidth, the

034028-10



GENERATION AND AMPLIFICATION OF MICROWAVE ...

PHYS. REV. APPLIED 26, 034028 (2026)

(integrated) equilibrium inversion population density & is
written as:
5=

2y, 0g <1 n (@ — @c)z> oyl (33)

kS (y.+or)?) xS Q. '

where the cavity quality factor is now defined on the sum
of external and internal loss rate: Q, = 2“1’/R .

It is now possible to calculate the equilibrium value of
the current Z. In Eq. (29), let us sum over the G different
orientations (/) of the color centers posing § = 0. Then, we
express the sum of Eq. (26) as a function of Z (having
assumed 7 = 0). Finally, by substitution in Eq. (29)
summed over j, one finds

GhyOwy|

T2 =
7P =5

(80 — ). (34)

By inspection of Eq. (34), we note that self-generation
of MW oscillation is possible only if §, overtakes a
threshold given by & in Eq. (33). This fact defines the
condition for the onset of self-oscillation, C > 1, stated on
the cooperativity C defined in Eq. (20) [provided that in
Eq. (20), the constant value A, is replaced with the
averaged value o, calculated as in Eq. (27)].

It is worth noting that, given the relatively high losses
implied by the concept presented here, the linewidth Uy is
sufficiently broad to accommodate large detunings. As a
result, the self-oscillation frequency can be tuned over a
wide frequency range by varying the external magnetic
field while preserving maser action.

In the case &, > 6, Eq. (34) can be expressed in a more
convenient form assuming that the pumping level Ay(x)
depends on the position x according to Ay = AMf(x),
where f(x) is a positive function (without optical or
electrical pumping the two sublevels are equally populated
and A = 0) whose maximum equals one. If we define a
filling factor

¢ = éAL Fl)w?(x)dx <1, (35)

(the equality holds only for f(x) = constant = 1), Eq. (34)
reduces to

Ghop®
M AM, (36)

11 ==
HoVR

The significance of Eq. (36) derives from the factor AY,
the peak pumping intensity in the waveguide, and
from the filling factor ¢, describing the fraction of the
cavity involved in the pumping process. The main advan-
tage of the device introduced in this article is the filling
factor easily approaching 1, one or two orders of magni-
tude higher than the state of the art of a solid-state maser

employing NV~ centers, and permitting a workable
electromagnetic quality factor below 10°.

From knowledge of || Z||?, the electric power dissipated
in the external load (or, equivalently, injected in the
external line) is P = 1||Z||*||u(L)||*R, which is linear in
the pump &, above the threshold &, as stated by Eq. (34) [or
linear in A}, according to Eq. (36)].

The calculation of the output power P requires the
explicit calculation of u(x), the space-dependent part of
the current /. Here, we are especially interested in the case
in which internal losses are much lower than the power
transmitted through the external line (i.e., v*/(2D) < v,
that is Dp ~wvg), but the load is high enough to
assure vp <K @,.

In this case, we can assume that the function u(x),
solution of Eq. (22), is expressed at the first order in vz /@,
by a sum of the kind

w(x) = uo(x) + iR uy (x). (37)

Replacing u in Eq. (22) and neglecting higher-order
terms, we have the two equations for the real quantities u,,
and uq:

1 ?
MS—KM6+72CM0:0, (38)
? @?
u/l/_xu/l—i_?; u :21}726 Ugp. (39)

The boundary conditions for u, are uy(0) =0 (or
uy(0) =0, in the case of a short-circuited line) and
ug(L) = 0. The last condition is consequence of the fact
that, when v, = 0, the line is open at the end x = L, and
the output current is null. With these conditions, Eq. (38) is
an eigenvalue equation satisfied for a discrete set of values
(equaling @, = mvn/L if the waveguide is rectangular).
Here we will assume that the threshold § is trespassed only
for one (especially the lowest) of these frequencies.

The first-order term u;, on the other hand, satisfies the
same condition of u#, in x = 0, but its value in x = L has to
be chosen in a way that the physical boundary condition

L2 (L) = Ru(L) is valid for vy real. Replacing the

m)oTr ox

first-order expression for u(x), we have

1 v v
otz (L) + 12 ()] = R |uo() + (1)
d

c

The reality condition for v implies u) (L) = 0, which,
along with the already mentioned uy(L) =0, at the
resonant frequency @ = @,, results in
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Up =

With  Cg = 0% (— ”1<L>>. (40)

RC d \"uy(L)

eq

The two conditions u;(0) =0 (or u}(0) =0) and
u} (L) = 0 are satisfied for suitable values of the integra-
tion constants in Eq. (39), and the right choice of these
constants allows for the solution of the problem and for the
calculation of the output power, given a level of population
inversion &.

In Eq. (40), C,q is an equivalent capacity of the line as
seen by the end at x = L. The damping rate of the system,
in other words, is determined by the time constant of the
capacity of the line connected to the output impedance.

The simpler analytic solution for the system of Egs. (38)
and (39) is obtained for a rectangular guide of constant
width w. In this case, u(x) could be calculated exactly by
Eq. (22) in terms of the sum of complex exponentials.
At the first order in vp, this solution coincides with the
solution of Egs. (38) and (39) and can be written as in
Eq. (37) with

Here ¢ is the normalization constant, equaling /2/L
at the lowest order in vg. With these values, the capacity,
stated by Eq. (40), is Ceq = “5~ L, which is simply the
low-frequency capacity of the line. Notably, if the line is
oscillating in its n-th resonant mode, the equivalent
capacity is Coq = 5L, and vg results to be multiplied
by the order of the mode, as well as @,.

The output power for such a rectangular guide, in the
limit of &, > 6 [and of Eq. (36)] is

| 1
P =S IZPJu(L)PR = S hor gVGAY. @)

In Eq. (41), ¢V = ¢pwLd is the volume embedded by the
waveguide multiplied by the filling factor ¢. This volume,
times GA), is the number of color centers actively
interested in the self-generation of the MW oscillation.
The energy hw is the energy of each emitted photon, while
7|» below saturation, at say 1 W/ mm? of power density,
is around some kHz for spin-flip probabilities around
0.05-0.4. For an MW frequency of 16 GHz, we assume
L=4mm, w=1mm, and d=0.1 mm, so that
V = 0.4mm?>. Thus, with GAY of 10 ppm and a nearly
uniform pumping intensity, we can count on an injected
power reaching 20 pW [consider that the threshold for the
onset of amplification &, from Eq. (25), with our assump-
tions, is only about 0.1 ppm].

This is a quite high-power level compared with the
current state of the art [7,27]. Undoubtfully, this favorable
prevision, despite the low quality factor Q = w,/vg =~ 200
obtained with R =50 Q, depends on the high filling
factor, approaching unity, distinguishing this system with
respect to maser geometries based on diamond crystals
housed in high-quality-factor cavities of some cm?® of
volume (filling factors at most of the order of some
percent). The low quality factor also allows a higher
frequency stability (not depending on cavity thermal noise
at very high Q) and permits the use of smaller magnets and
more compact geometries.

Moreover, these favorable conditions allow the tuning of
the cavity also for frequencies quite different from @,. In
fact, being vz ~ 1.25 GHz vs y | of the order of some MHz

or less, the oscillation frequency w = % is almost

entirely determined by the external polarizing magnetic
field, and the condition 8, — & > 0, according to Eq. (33),
can be satisfied also for high values of the detuning (up to
several vy units, that is several GHz). In other words, the
frequency of this kind of oscillator is easily adjustable,
also off-resonance, by variation of the polarizing mag-
netic field.

Equations (21) and (33), along with Eq. (40), allow to fix
a set of thresholds to distinguish in what conditions of
population inversion attenuation, amplification or self-
oscillation occurs, respectively, according to the frequency
of oscillation, determined by the external polarizing mag-
netic field. In a Cartesian w-A plane, one can identify
regions where attenuation, amplification, or single or
multiple mode generation occurs. According to the size
and shape of the waveguide, a different plot must be drawn.

Figure 6, for instance, reports the case of a 4-mm-long,
I-mm-wide rectangular waveguide, with an equivalent
thickness of the metal layer of 30 nm and a 100 pm-thick
diamond layer, connected to a 50 € load. It results, for
instance, that a population inversion of 10 ppm is enough
to assure self-oscillation with a bandwidth of about 7 GHz
around the resonant frequency of 15.7 GHz. Another
interval about 16 GHz wide is found around the second
harmonic at 31.4 GHz, partially overlapped with the third
harmonic interval. Between the first two intervals, a
rectangular cavity can work as an amplifier at frequencies
between 20 and 25 GHz, approximately. The rectangular
shape is not the most suitable to match external electronics.
In Fig. 7, the profile of a waveguide open on one of its
sides and tapered on the other is shown, along with the
behavior of the functions u(x) and u,(x). The equivalent
capacity C¢q of the device (with a diamond thickness of
50 pm) is 1.28 pF, to be compared with the 1.44 pF of
geometrical capacity gye,A/d. The resonant frequency of
the device is nearly equal to that of the rectangular
waveguide of equivalent length (16.4 vs 15.7 GHz).

For frequencies above 10 GHz, a rectangular waveguide
can support stationary oscillations in diamond single
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FIG. 6. wA diagram for attenuation, amplification, or oscil-
lation conditions in a rectangular guide of 4 x 2 mm? size,
connected to a 50 Q load.

crystals of realistic size, but for lower frequencies of the
order of a few GHz, the size of a rectangular cavity would
be unpractically large, e.g., about 2 cm at 3 GHz. At these
frequencies, some form of slow-wave engineering [22]
becomes necessary to implement the maser concept in
mm-sized diamond membranes. In the following, we
follow the lumped-element slow-wave resonator approach
by shaping the taper in a way that two sections of the
waveguide work as inductance and capacitance, respec-
tively. This principle has been envisaged in the fabrication
of near-field planar antennas specifically designed for
optically detected magnetic resonance (ODMR) [20].
Here we apply the same concept in reception instead of
transmission mode.

80

60 >
40

£ 20 . g/
0 «-aa--
u(x)
=20
~40
0 1 2 3 4

x (mm)

FIG. 7. Gray area: Profile of a resonant waveguide oscillating
at 16.4 GHz (the scale is stated by the horizontal axis), tapered on
the right side to match an external connection [the same profile is
also shown in Fig. 1(b)]. The black curves represent the functions
ug(x) (solid line) and u; (x) (dashed line), solutions of Egs. (38)
and (39). For comparison, the same functions calculated for a
perfectly rectangular waveguide are shown in dark gray.

s VT S
t(x) /
10
0
0 1 2 3 4
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FIG. 8. Gray area: Profile of a resonant inductance-

capacitance-like (LC-like) waveguide oscillating at 3.2 GHz,
tapered on the right side to match with an external connection
and short-circuited on the other side. In the plot, the functions
ug(x) (solid line) and u;(x) (dashed line) are solutions of
Egs. (38) and (39).

In Fig. 8, the profile of a 4-mm-long antenna oscillating
at 3.2 GHz is shown, consisting of an inductive and a
capacitive section, with the inductive one short-circuited at
one end. The functions uy(x) and u,(x) are plotted along
the waveguide. Also, with only the capacitive section
subject to pumping, a filling factor of about 90% is
realistically obtained. The effective capacity is about
50% higher than the geometrical one (4.3 vs 2.6 pF),
but even so, the corresponding vy at R = 50 Q is about
4.7 GHz, about one quarter of the resonant @,. To apply
the lower-order approximation in vg/@., we had better
match the impedance of a conventional 50 Q line by means
of an external tapered line, for the oscillator to see a higher
impedance load. With a value of y| of a few kHz, the
output power of such a device would be several pW.

V. CONCLUSION

We have shown that a suitably designed, compact planar
waveguide embedding a paramagnetic medium can serve
both as a microwave signal amplifier and generator,
operating with standard transmission lines for connection
to input or output electronics. Compared with the present
state of the art of high-quality-factor resonant cavities
employing diamond or silicon carbide paramagnetic
defects, the high filling factors (approaching unity) of
such an arrangement assure high gain despite relatively
poor quality factors (below 103). This favors the exploi-
tation of thin metal layers partially transparent to light,
allowing uniform and effective illumination from an
external source for population inversion. Moreover, the
two metal layers of the waveguide can be employed to
obtain continuous-current electrical pumping across a
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bipolar junction, exploiting the properties of some para-
magnetic defects as recombination centers.

The low quality factor also favors frequency stability
and makes the oscillation or amplification frequency of
such devices easily tunable over an interval of the order of
a few GHz around the resonance frequency of the wave-
guide by variation of an external magnetic field in the
range of hundreds of mT. The small dimensions of the
available samples, especially diamond, limit the employ-
ment of rectangular waveguides to high-frequency gen-
eration (typically tens of GHz), but the waveguide can be
shaped in a way to resonate at low frequencies, and we
have shown that the GHz range is easily reached also with
samples of a few millimeters in size.

Moreover, the whole concept of a maser device operat-
ing in a planar configuration favors integration within
electronic systems and next-generation quantum plat-
forms, offering a promising pathway toward scalable
on-chip maser devices.

ACKNOWLEDGMENTS

This work received funding from the European Defence
Fund (EDF) under grant agreement No. 101103417—
project ADEQUADE. Funded by the European Union.
Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the
European Union or the European Commission. Neither
the European Union nor the granting authority can be held
responsible for them.

Patent Pending 102025000018688.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

[1] P. Hlawiczka, The maser and its application to satellite
communication systems, J. Brit. LR.E. 22, 219 (1961).

[2] J. Giordmaine, L. Alsop, C. Mayer, and C. Townes, A
maser amplifier for radio astronomy at x-bands, Proc. IRE
47, 1062 (1959).

[3] M. W. Pospieszalski, Extremely low-noise amplification
with cryogenic FETs and HFETs: 1970-2004, IEEE Mi-
crow. Mag. 6, 62 (2005).

[4] N. Bergeal, F. Schackert, M. Metcalfe, R. Vijay, V.E.
Manucharyan, L. Frunzio, D. E. Prober, R.J. Schoelkopf,
S. M. Girvin, and M. H. Devoret, Phase-preserving ampli-
fication near the quantum limit with a Josephson ring
modulator, Nature (London) 465, 64 (2010).

[5] B.H. Eom, P.K. Day, H.G. LeDuc, and J. Zmuidzinas,
A wideband, low-noise superconducting amplifier with
high dynamic range, Nat. Phys. 8, 623 (2012).

[6] S.D. Lacey, B. T. Hughes, and J. C. Vokes, A low-noise
room-temperature 12-GHz parametric amplifier, IEEE
Trans. Microw. Theory Tech. 22, 1329 (1974).

[7]1 H. Zhang, G. Qian, W. Zhong, and C. Liu, A 3-15 GHz
ultra-wideband 0.15-pm phemt low noise amplifier design,
Proceedings of the IEEE International Conference on
Communication Systems (ICCS) (Shenzhen, China, 2016),
p. L.

[8] Y.-L. Tang, N. Wadefalk, M. A. Morgan, and S. Weinreb,
Full ka-band high performance Inp Mmic Ina module, in
Proceedings of the IEEE MTT-S International Microwave
Symposium Digest (San Francisco, CA, USA, 2006), p. 81.

[9] M. Oxborrow, J.D. Breeze, and N.M. Alford, Room-
temperature solid-state maser, Nature (London) 488, 353
(2012).

[10] J. D. Breeze, E. Salvadori, J. Sathian, N. M. N. Alford, and
C.W.M. Kay, Continuous-wave room-temperature dia-
mond maser, Nature (London) 555, 493 (2018).

[11] L. Jin, M. Pfender, N. Aslam, P. Neumann, S. Yang, J.
Wrachtrup, and R.-B. Liu, Proposal for a room-temperature
diamond maser, Nat. Commun. 6, 8251 (2015).

[12] A. Sherman, O. Zgadzai, B. Koren, I. Peretz, E. Laster, and
A. Blank, Diamond-based microwave quantum amplifier,
Sci. Adv. 8, eade6527 (2022).

[13] M. Ohta, C.-P. Lee, V. P. M. Sietses, 1. Kostylev, J. R. Ball,
P. Moroshkin, T. Hamamoto, Y. Kobayashi, S. Onoda, T.
Ohshima, J. Isoya, H. Takahashi, and Y. Kubo, A near-
quantum limited diamond maser amplifier operating at
millikelvin temperatures, arXiv:2505.05705.

[14] C. W. Zollitsch and J. D. Breeze, Quantum theory of the
diamond maser: Stimulated and superradiant emission,
Phys. Rev. A 111, 053714 (2025).

[15] H. Kraus, V. A. Soltamov, D. Riedel, S. Vith, F. Fuchs, A.
Sperlich, P. G. Baranov, V. Dyakonov, and G. V. Astakhov,
Room-temperature quantum microwave emitters based on
spin defects in silicon carbide, Nat. Phys. 10, 157 (2014).

[16] S. Ogawa and M. Kimata, Metal-insulator-metal-based
plasmonic metamaterial absorbers at visible and infrared
wavelengths: A review, Materials 11, 458 (2018).

[17] S. Lagomarsino, N. Markesevi¢, Z. Rashid, A. M. Flatae, S.
Migdefessel, S. Herndndez-Gémez, G. Bianchini, F. Sledz,
N. Gelli, L. Giuntini, M. Massi, S. Sciortino, C. Corsi, V.
Cimalla, P. Knittel, M. Kunzer, M. Bellini, N. Fabbri, and
M. Agio, Enhanced activation yield of nitrogen-vacancy
and silicon-vacancy diamond color centers by proton and
carbon irradiation, Diam. Relat. Mater. 158, 112632 (2025).

[18] M. Fischer, A. Sperlich, H. Kraus, T. Ohshima, G V.
Astakhov, and V. Dyakonov, Highly efficient optical pump-
ing of spin defects in silicon carbide for stimulated micro-
wave emission, Phys. Rev. Appl. 9, 054006 (2018).

[19] O. Bulancea-Lindvall, N. T. Son, I. A. Abrikosov, and V.
Ivédy, Dipolar spin relaxation of divacancy qubits in silicon
carbide, npj Comput. Mater. 7, 213 (2021).

[20] S.Lagomarsino and M. Agio, Near-field planar antenna for
microwave excitation of paramagnetic quantum emitters,
Phys. Rev. Appl. 26, 034029 (2026).

[21] R.E. Collin, Foundations for Microwave Engineering
(McGraw-Hill, New York, 1966).

[22] A.E. Siegman, Microwave Solid-State Masers (McGraw-
Hill, New York, 1964).

034028-14


https://doi.org/10.1049/jbire.1961.0116
https://doi.org/10.1109/JRPROC.1959.287134
https://doi.org/10.1109/JRPROC.1959.287134
https://doi.org/10.1109/MMW.2005.1511915
https://doi.org/10.1109/MMW.2005.1511915
https://doi.org/10.1038/nature09035
https://doi.org/10.1038/nphys2356
https://doi.org/10.1109/TMTT.1974.1128490
https://doi.org/10.1109/TMTT.1974.1128490
https://doi.org/10.1038/nature11339
https://doi.org/10.1038/nature11339
https://doi.org/10.1038/nature25970
https://doi.org/10.1038/ncomms9251
https://doi.org/10.1126/sciadv.ade6527
https://arXiv.org/abs/2505.05705
https://doi.org/10.1103/PhysRevA.111.053714
https://doi.org/10.1038/nphys2826
https://doi.org/10.3390/ma11030458
https://doi.org/10.1016/j.diamond.2025.112632
https://doi.org/10.1103/PhysRevApplied.9.054006
https://doi.org/10.1038/s41524-021-00673-8
https://doi.org/10.1103/rhmf-tf2r

GENERATION AND AMPLIFICATION OF MICROWAVE ... PHYS. REV. APPLIED 26, 034028 (2026)

[23] A.Jarmola, V. M. Acosta, K. Jensen, S. Chemerisov, and D. [25] T. Plakhotnik and H. Aman, NV-centers in Nanodiamonds:

Budker, Temperature- and magnetic-field-dependent longi- How good they are, Diam. Relat. Mater. 82, 87 (2018).
tudinal spin relaxation in nitrogen-vacancy ensembles in [26] L. Robledo, H. Bernien, T. van der Sar, and R. Hanson, Spin
diamond, Phys. Rev. Appl. 108, 197601 (2012). dynamics in the optical cycle of single nitrogen vacancy

[24] R. Chapman and T. Plakhotnik, Anomalous saturation centres in diamond, New J. Phys. 13, 025013 (2011).
effects due to optical spin depolarization in nitrogen [27] Y. Varshavsky, O. Zgadzai, and A. Blank, Solid-state maser
vacancy centers in diamond nanocrystals, Phys. Rev. B with microwatt output power at moderate cryogenic tem-
86, 045204 (2012). peratures, AIP Adv. 15, 115009 (2025).

034028-15


https://doi.org/10.1103/PhysRevLett.108.197601
https://doi.org/10.1103/PhysRevB.86.045204
https://doi.org/10.1103/PhysRevB.86.045204
https://doi.org/10.1016/j.diamond.2017.12.004
https://doi.org/10.1088/1367-2630/13/2/025013
https://doi.org/10.1063/5.0273317

	Generation and amplification of microwave signals via planar waveguides with embedded paramagnetic color centers
	I. INTRODUCTION
	II. ELECTRIC CURRENT, MAGNETIC MOMENT, AND POPULATION INVERSION ALONG A PLANAR WAVEGUIDE
	III. AMPLIFICATION OF A CURRENT SIGNAL ALONG A LINEAR WAVEGUIDE
	IV. SIGNAL GENERATION IN A WAVEGUIDE TERMINATING ON A RESISTIVE LOAD
	V. CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


