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We demonstrate, theoretically, how the insertion of an enhanced epsilon-near-zero (EENZ) mirror in a
laser cavity grants exceptional control over the coherence properties of the emitted light beam. By
exploiting the peculiar sensitivity to polarization of EENZ materials, we achieve superior control over the
spatial coherence of the emitted laser light, which can be switched at will between nearly incoherent and
fully coherent, solely by means of polarization optics. Our EENZ cavity design is expected to be an
efficient, compact, reconfigurable, and easily scalable source of light for illumination and speckle contrast
imaging, as well as any other application that benefits from controlled spatial coherence.
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Coherence is one of the defining properties of light, and
there exist many measurement modalities which take
advantage of either the presence or absence of correlations.
For example, lasers are usually highly coherent sources,
which have many useful properties. One such property is
the unmatched brightness of coherent laser light, being
desirable in most imaging applications. However, the
formation of speckle is a central limiting factor in illumi-
nation. A speckle pattern is generated when a highly
spatially coherent field is imposed with a rapidly varying
phase across its wavefront. Speckle is commonly encoun-
tered, for example, when coherent light is reflected from an
optically rough surface. If the light is of high coherence, the
speckle contrast is also high, causing uneven illumination
and a loss of information in the produced image [1].
Although it results in a lower brightness, the usual
illumination approach is to employ light with a low degree
of spatial coherence. The predominant method in micros-
copy is Köhler illumination [2], which allows for the
uniform lighting of a sample.
On the other hand, speckle can be used for detecting and

imaging flow. This method is called speckle contrast
imaging [3,4], and the central idea is to use coherent light
to produce speckle from a time-varying sample. As a fluid
flows, it will cause the wavefront of the light to attain a
time-varying phase. Thus, where flow is present, each
speckle pattern is different, and averaging over a long

enough detection time results in a clear image of flow areas.
Köhler illumination and speckle contrast imaging are both
useful in medicine and biology. Integrating these into a
single system would be highly beneficial, allowing for
rapid switching between traditional high resolution imag-
ing and flow detection with speckle contrast. Novel laser
design has been centered on generating a low degree of
coherence for imaging [5–8], inertial confinement [9–11]
and free-space telecommunication [12,13] applications, to
name a few. As an extension of these, light sources that
feature switchable coherence properties [14–17] have
gained considerable attention. Although they can achieve
some degree of coherence switching, these methods
employ relatively large 4f imaging systems, which nec-
essarily require mechanical parts.
In the present Letter, we introduce solid-state coherence

switching based on enhanced epsilon-near-zero (EENZ)
material, on which we recently reported in Ref. [18]. The
EENZ consists of two different types of parallel planar
layers of homogeneous media, where one is a dielectric,
and the other one an epsilon-near-zero (ENZ) material. The
EENZ structure amplifies the refractive and/or reflective
properties of the constituent ENZ, and here we present a
possible experimental scheme for coherence filtering and
switching, which is achieved by replacing a normal mirror
with an EENZ mirror inside a laser cavity. Coherence
control is achieved by switching between transverse electric
(TE) and transverse magnetic (TM) polarization, as
the employed metamaterial produces largely different
responses to the different polarizations. This is mainly
due to the plasmon excitations inside the structure, which
only exist for TM polarization. When plasmonic modes are
present, the structure causes significant losses for light that
is not at normal incidence to the EENZ surface. To
analytically model these types of structures, we use the
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theory of stratified media, which is considered in detail in
Ref. [18]. We find that very strong coherence switching is
possible, going from nearly incoherent to completely
coherent with no mechanical parts.
Laser cavities often support mutually uncorrelated

Hermite-Gaussian (HG) modes [19], and the number of
these transverse modes depends on the geometry of the end
mirrors [20]. Therefore, the main challenge for coherence
control is the ability to reduce the number of oscillating
modes at will, without changing the cavity geometry. We
show that this is possible to achieve with the setup depicted
in Fig. 1, where a schematic of the EENZ material (inset) is
shown together with the proposed experimental setup.
To demonstrate how the EENZ can drastically impact
coherence control inside the cavity depicted in Fig. 1, let
us assume that the light emitted from the gain material
first propagates through the linear polarizer oriented along
the x axis, and the polarization rotator, which rotates
the polarization counterclockwise to angle ϕ with respect
to the x axis. It then reflects from the back mirror, and thus,
is filtered by the reflection coefficient of the EENZ,
denoted by

reðkxÞ ¼
�
rTEðkxÞ 0

0 rTMðkxÞ

�
; ð1Þ

where rTE and rTM are complex-valued functions of the
spatial frequency kx. Moreover, we have implicitly assumed
the fields in the cavity to be quasimonochromatic, and
purposely omitted the ω dependence for brevity, since
frequency dispersion was found to be negligible. The light
continues to propagate and goes through the polarization
optics again, finally meeting the outcoupling mirror with
reflection coefficient r, and going back to the gain material,
completing a single round-trip. Afterward, the intracavity
field has the form

EðkxÞ ¼ E0ðkxÞr½rTEðkxÞcos2ϕ − rTMðkxÞsin2ϕ�; ð2Þ
and a detailed derivation of the equation is found in
Supplemental Material [21]. From the relation above we
see that by simply choosing the polarization rotation angle

ϕ properly, it is possible switch between TE and TM
modulations.
For a functioning laser cavity, it is vital to have as low

losses as possible, and only the modes which have larger
round-trip gain than loss will contribute to lasing. With this
in mind, we designed a highly reflecting EENZ mirror with
a maximum reflection of jrTMj2 ∼ 96.8% at the operating
wavelength of 1422 nm. Note that the choice of operating
wavelength is arbitrary, and the structure can be designed
for any wavelength where there are suitable materials. The
EENZ mirror consists of 65 ENZ and 64 dielectric layers,
starting and ending with ENZ, with layer thicknesses of 64
and 225 nm for the ENZ and dielectric, respectively. With
this large number of layers, we seek to find the theoretical
maximum performance of EENZ, and a smaller number of
layers is still feasible for this application [18]. We chose
indium tin oxide as the ENZ with n1 ¼

ffiffiffiffiffiffiffiffi
i0.6

p
, and titanium

dioxide as the dielectric with n2 ¼ 2.5, as they are readily
available materials for possible experimental verification
(see Ref. [18] for more details).
The computed reflectance is shown in Fig. 2, from which

it is evident that the structure has a strong angle and
polarization dependent response. The maximum reflection
for TM-polarized light occurs at exactly normal incidence,
whereas the TE polarization has a broad maximum.
Therefore, we can choose our gain such that the round-
trip losses equal the round-trip gain only for normal
incidence when the rotator angle is set to ϕ ¼ π=2. This
will force single mode operation, regardless of the cavity
configuration (given that the resonator is stable). If the
angle is set to ϕ ¼ 0, the usual multimode action will
resume.
Assuming that the outcoupling mirror has a high

reflectivity of jrj2 ¼ 0.995 and other cavity losses
amount to approximately γi ∼ 0.05 per round-trip, we find
that the total loss for light at normal incidence to the
EENZ is

γ ¼ − lnðjrj2jrTMj2Þ=2 − lnð1 − γiÞ ≈ 0.07; ð3Þ

FIG. 1. Schematic of the proposed near plane parallel laser cavity, inset shows EENZ mirror structure. The device consists of an EENZ
back mirror (n1 and n2 being the refractive indices and D1 the effective aperture), a polarization rotator, a linear polarizer, gain media,
and an outcoupling mirror (with aperture D2 and radius of curvature R). The length of the cavity is L.
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and the gain coefficient G needs to be of at least equal
magnitude. A good candidate for a gain material in an
experimental setting would be chromium doped yttrium
aluminium garnet (Cr4þ∶YAG) crystal, since its emission
can be tuned to our design wavelength and YAG crystals
commonly exceed the required gain coefficient of 0.07.
However, since the reflection coefficient of the EENZ

mirror imparts a small but finite phase to the electric field,
we need to evaluate its effect on the modes oscillating
within the cavity. To do this, we use an adaptation of the
Fox-Li algorithm [22], which is analogous to the iterative
Fourier transform algorithm commonly used in diffractive
optics. The algorithm propagates the intracavity field
between resonator mirrors at z ¼ 0 and z ¼ L, with L
being the cavity length. The mirrors are treated as thin
elements that truncate the field incident on them, and
possibly add a phase term on reflection. We assume that the
modes are separable, such that the field inside the cavity
can be written as ψmnðx; y; LÞ ¼ x̂ψmðx; LÞψnðy; LÞ.
Hence, we can carry out our analysis for the modes in
the x direction, and a similar procedure will hold for the
modes in the y direction.
To illustrate how this method works, let us first consider

a cavity such as in Fig. 1, but with a regular planar mirror
with aperture D1, instead of the EENZ mirror placed in the
plane z ¼ 0. Moreover, we take the second cavity mirror at
z ¼ L to be spherical with a diameter D2 and a radius of
curvature R. To find a (scalar) mode ψðxÞ, we may start
from some initial guess for the field at z ¼ 0. The field is
propagated to z ¼ L− just in front of mirror 2 using the
angular spectrum approach

ψðx; L−Þ ¼
Z

∞

−∞
aðkx; 0Þ exp ½iðkxxþ kzLÞ�dkx; ð4Þ

where kx is the transverse wave vector component along the
x axis,

aðkx; 0Þ ¼
1

2π

Z
D1=2

−D1=2
ψðx; 0Þ exp ð−ikxxÞdx ð5Þ

is the angular spectrum, and kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 − k2x

p
, is the wave

vector component toward the propagation direction.
It is convenient to “unfold” the resonator by considering

it as a periodic system where mirrors are replaced with
lenses. The lens at z ¼ L has a focal length F and the field
after it is

ψðx; LþÞ ¼ ψðx; L−Þ exp ð−ik0x2=2FÞ: ð6Þ
This field is then propagated to mirror 1 with the angular
spectrum method. Since mirror 1 is planar, we continue the
propagation by just truncating the result to get ψðx; 2LþÞ.
This completes a single round-trip, and the next one can be
started with the result of the first one. If we start the
iteration with a smooth guess, we end up with the
fundamental mode ψ0ðxÞ, i.e., TEM00. With more finely
structured initial guesses the propagation will lead to
higher-order modes ψmðxÞ.
The algorithm has to run until the results converge. After

a sufficient number of round-trips n, we obtain a region
where the condition

ψm½x; ðnþ 2ÞL� ¼ γmψmðx; nLÞ ð7Þ
is satisfied. In this region we know the oscillating modes
and also the factors γm, which give the round-trip intensity
losses jγmj2. Only those resonator modes for which the
intensity gain G exceeds the loss are above the lasing
threshold, implying that we can calculate coefficients
cm ¼ G − jγmj2, which have to be positive for lasing
to occur.
The resonator was designed such that (slightly per-

turbed) HG modes are generated, with the design details
given in the Supplemental Material [21]. Assuming a waist
of width w0 at z ¼ 0, the beam width at z ¼ L is

w ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðL=zRÞ2

q
; ð8Þ

whereas the radius of curvature of the field is equal to the
curvature of the outcoupling mirror

R ¼ Lþ z2R
L
; ð9Þ

where zR ¼ πw2
0=λ0 is the Rayleigh range. In the unfolded

model considered above, we now choose the focal length as
F ¼ R=2 so that the HG modes propagate periodically.
The iteration starts from the HG mode at z ¼ L−, with w

and R given by Eqs. (8) and (9), so that within jxj < D2=2
we have

FIG. 2. Top: angular reflectivity and bottom: phase of the
EENZ cavity mirror for TM and TE polarizations. Reflectivity of
the TE response remains above the maximum TM reflectivity of
96.8% over a 6.45 degree angle (a considerably enlarged version
is found in Supplemental Material [21]).
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ψmðx; L−Þ ¼
�

2

πw2

�
1=4 1ffiffiffiffiffiffiffiffiffiffiffi

2mm!
p Hm

� ffiffiffi
2

p
x

w

�

× exp

�
−
x2

w2

�
exp ½iαmðxÞ� ð10Þ

with a phase term

αmðxÞ ¼ k0L − ðmþ 1=2Þ arctan ðL=zRÞ þ
k0x2

2R
; ð11Þ

and k0 ¼ 2π=λ0 is the central wave number.
Let us now replace mirror 1 with the EENZ mirror and

add the polarization optics. To apply this method to our
EENZ cavity, the standard Fox-Li algorithm needs to be
modified for two reasons. First, we need to account for the
polarization elements. Second, it is more natural to model
the EENZmirror in the space-frequency domain rather than
in the spatial domain. Both of these are accomplished
simply by writing the x-polarized mode in analogy with
Eq. (2), which takes on the form

amðkx; 2LþÞ ¼ amðkx; 2L−Þ½rTEcos2ϕ − rTMsin2ϕ�; ð12Þ

after interacting with the EENZ mirror. As there is no need
to Fourier transform to the spatial domain, we can skip that
step and continue propagation to mirror 2.
Once the Fox-Li algorithm has been applied on all laser

modes that exceed the lasing threshold, we form the cross-
spectral density (CSD) of the output field along the x axis in
the form of a Mercer-type expansion

Wðx1; x2Þ ¼
XM
m¼0

cmψ�
mðx1Þψmðx2Þ; ð13Þ

where cm ¼ G − jγmj2 are the mode weights discussed
below Eq. (7), ψmðxÞ refers to the converged Fox-Li mode
having just exited the resonator, andM is the highest-order
mode that can lase. This expansion should not be confused
with the rigorous coherent mode representation of the CSD
[23], in which the coherent modes are eigenfunctions of the
homogeneous Fredholm integral equation. In the non-
degenerate case these modes are then precisely the laser
cavity modes [24]. Rather, Eq. (13) is a phenomenological
expansion, where the modes need not be necessarily
orthogonal. A further point here is that since we consider
narrow linewidth (quasimonochromatic) light, the various
HG modes can be thought of as mutually uncorrelated on
time averaging.
To attain a single numerical value for the coherence of

the field, we employ the overall degree of coherence, as in

μ̄2 ¼
RR

∞
−∞ jWðx1; x2Þj2dx1dx2RR∞
−∞ Sðx1ÞSðx2Þdx1dx2

; ð14Þ

where SðxÞ ¼ Wðx; xÞ is the spatial intensity distribution.
This quantity is bounded to the interval [0, 1], with 0 and 1
corresponding to complete incoherence and coherence,
respectively.
Additionally, to obtain a more in-depth look at

the coherence properties of the field, we record the
full-width-at-half-maximum (FWHM) values for the inten-
sity distribution and coherence width, denoted by w and σ,
respectively. We rotate the correlation function by changing
to average and difference coordinates, x̄ ¼ ðx1 þ x2Þ=2,
and Δx ¼ x2 − x1, where we find the intensity width along
the mean coordinate and the coherence width along the
difference. The intensity width is constant, but the coher-
ence width can vary across the beam, i.e., σðx̄Þ is not
constant, and therefore we compute the intensity weighted
coherence width as in

σ ¼
R
∞
−∞ σðx̄ÞSðx̄Þdx̄R

∞
−∞ Sðx̄Þdx̄ : ð15Þ

For our simulations, we employed the following
cavity parameters: L ¼ 100 mm, R ¼ 10L, D1 ≫ D2,
D2 ¼ 7.5 mm. These choices lead to a stable cavity,
supporting up to 43 HG modes. Although this is entirely
adequate for our purposes, it is feasible to design cavities
which support even more modes, if necessary. The com-
puted overall degree of coherence for both TM and TE
responses as a function of pump power is shown in Fig. 3. It
was found that the TE response of the EENZ mirror only
slightly perturbed the modes within the cavity, and had no
significant effect on the overall degree of coherence, which
attained a minimum of μ̄ ¼ 0.153 with strong pump-
ing, corresponding to w ¼ 5.8 mm and σ ¼ 88.4 μm.
Moreover, the TM response allowed the oscillation of only
the fundamental mode at threshold, thus producing com-
pletely coherent light with μ̄ ¼ 1 and w ¼ σ ¼ 615 μm.

FIG. 3. Overall degree of coherence μ̄ as a function of
increasing pump power, starting from the TE threshold (with
ϕ ¼ 0). The TM mode (ϕ ¼ π=2) has a higher lasing threshold
(denoted by the arrow) due to the finite width of the angular
spectrum of the fundamental mode. The intensity and coherence
widths, w and σ, are shown for the TE response. In the case of
TM, these two quantities remained constant, and equal to the TE
case near threshold.
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The TM response has a higher threshold than the TE
(highlighted with an arrow in Fig. 3), since not even the
fundamental mode could oscillate at the lower pumping
levels. This is because the angular spectrum of the
fundamental mode is wider than the maximum of the
TM reflectivity at lower pumping levels; once the threshold
is reached, only the fundamental mode oscillates.
Moreover, as the pumping is increased, the overall degree
of coherence remains very close to unity, since the TM
response actively modifies the angular spectrum of the
oscillating mode. In our simulations, it was found that
every higher-order mode is slowly modified to correspond
to the fundamental mode as the intracavity field evolves.
However, this evolution was relatively slow, and a full 1
000 000 round-trips was required for the results to approx-
imately converge (corresponding to 333.6 μs of time
evolution). For a mirror with lower ENZ losses, the
reflectivity becomes more narrow, and the modes converge
faster. A detailed discussion on the convergence behavior
of our algorithm can be found in Supplemental Material
[21], and the generated CSDs are presented as a function of
increasing pump power in Supplemental Material videos.
In contrast, the TE response could oscillate starting from

the threshold discussed in connection with Eq. (3), due to
the remarkable flatness of the TE response. Additionally,
since the deviation from a normal mirror was so small, the
HG modes did not need an excessive amount of round-trips
for the result to converge. On the contrary, too many round-
trips caused numerical instabilities to blow up, since the TE
response of the EENZ mirror has minor off-axis peaks.
Therefore, for the TE modes, we propagated the intracavity
field for 1000 round-trips. The only difference to a normal
laser cavity was that the HG modes were about 5% wider.
In the present Letter, we have demonstrated solid-state

coherence switching with polarization optics and an EENZ
mirror. The low coherence state depends on the number of
oscillating modes, thus relying on the cavity geometry. On
the other hand, the high coherence state is generated by
increasing the losses for light that is not propagating along
the normal of the EENZ mirror plane. Consequently, the
system can achieve both single-mode operation and com-
plete spatial coherence regardless of the laser resonator
geometry. Similar results may be attained with other
polarization dependent elements. It is important to point
out that although the analysis carried out within this work is
entirely theoretical, the proposed set of parameters and
specific material values have been carefully chosen to allow
an experimental verification of the coherence switching
induced by the EENZ mirror. The performance of the
EENZ mirror depends only on the losses of the constituting
ENZ layers, and lower losses will improve the operation of
the device.
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