PHYSICAL REVIEW LETTERS 129, 213602 (2022)

First Observation of New Flat Line Fano Profile via an X-Ray Planar Cavity
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A new Fano profile of a flat line is achieved experimentally by manipulating the relative amplitude of the
continuum path, when ¢ takes the pure imaginary number of —i in the x-ray regime. The underlying
mechanism is that the interference term in the scattering will cancel the discrete term exactly. This new
Fano profile renders only an observable continuum along with an invisible response to the discrete state of
atomic resonance. The results suggest not only a different strategy to invisibility studies which provides a
possible tool to identify weaker structures hidden by the strong white line, but also a new scenario to enrich
the manipulations of two-path interference and nonlinear Fano resonance.

DOI: 10.1103/PhysRevLett.129.213602

The Fano formula, describing the ubiquitous interference
between a nonresonant continuum and a resonant discrete
state, is one of the most important formulas in modern
physics to depict the complex physical phenomena in
nuclear physics, atomic, molecular and optical physics,
condensed-matter physics, chemistry, etc. [1-7]. The key
parameter in the Fano formula is the line profile index ¢,
and in Fano’s original treatment, ¢ takes a real number.
According to the values of ¢, the Fano profile can be divided
into two types, i.e., symmetric and asymmetric line shapes.
The former corresponds to the zero (window resonance) and
infinite (Lorentzian-shaped resonance) values of ¢, while the
latter takes other values. Further studies revealed that g
can take a complex number in quantum systems with
decoherence, such as quantum dots [8,9], atomic systems
[6], cavities [10], and plasmonic systems [11]. It is realized
that a complex ¢ is a signature of dephasing and dissipation
in systems and results from the breaking of time-reversal
symmetry [12]. Subsequent theoretical studies on the com-
plex g demonstrate that the imaginary part of g [Im(g)]
makes the original Fano formula be superimposed by an
additional Lorentzian function [12—16]. More surprisingly,
theory predicts a new type of Fano line shape of a flat line
induced by the effect of Im(q) [14], which has never been
verified experimentally due to the difficulties in manipulat-
ing Im(q) over a wide range [12]. In this Letter, by
engineering the relative amplitude of the two paths, the
unobserved new type of Fano profile of a flat line is
demonstrated experimentally with a thin film planar cavity.

We find that the new Fano profile creates an in-
visible illusion of the discrete state, and the interesting
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phenomenon is similar to plasmon-based optical, mechani-
cal and elastic cloaking [17—-19]. In our system, the discrete
state is the core-level intense dipole white line transition in
the hard x-ray regime. It should be noted that due to the
interference between the continuum and specific discrete
paths, only the intensity of the white line transition is
smeared out, and other atomic transition signals could still
exist. Therefore, the elimination of the white line will make
the nearby weak structures be effectively identified, such as
quadrupolar (QR) transitions [20-26], which are of great
significance in deriving the atomic orbital, spin magnetic
moments, local electronic structure, symmetry, valence and
atomic environment [27,28]. Mitigating the obstacle of
the strong dipole transition to the weak QR transitions
is a long-standing topic in core-level spectroscopies [20—
23,29-32]. Therefore, the demonstration of the flat Fano
profile by manipulating Im(g) over a wide range in this
Letter might provide extensive applications for x-ray core-
level spectroscopies and extend the cloaking topic to the
even hard x-ray regime.

Introducing the large space in Im(g) in an experiment is
a challenging task. The changing range for Im(g) caused by
the system dissipation is limited. Here is another possible
way that the complex ¢ space is regulated by the relative
amplitude between the continuum and discrete states
[12,33], which could enlarge the Im(q) range with a fixed
phase. Obviously, controlling the relative amplitude is
inadequate in atomic autoionization excitations [1,2].
The thin film planar cavity, which is an outstanding system
for manipulating the light-matter interaction in the x-ray
regime, casts alternative light into the manipulatable
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two-path interference in both phase and the relative
amplitude. In the past ten years, novel fundamental
phenomena [3,4,34—41], including Fano resonance, have
been realized via x-ray planar cavities with nuclear ensem-
ble systems [3] and atomic systems [4,39]. In particular, the
investigations about the superradiance and the phase
manipulation in Fano resonance indicate that the thin-film
planar cavity provides a versatile platform for the research
of ¢ on a complex plane [42]. The phase of the cavity is
controlled by the incident angle in previous studies
[3.4,39], while amplitude control has not been demon-
strated. In this Letter, the phase is fixed to z/2 with Re(q)
taking zero, and a wide range regulation of Im(g) is
achieved by controlling the relative amplitude.

Figure 1(a) depicts the cavity structure, which is made of
a multilayer of Pt and C with nanometers thickness. The
layers of Pt are used as mirrors, and the layers of C are used
to stack the cavity space. At a certain incident angle, x ray
excites a spectific cavity mode with a broad spectral width
of approximately few hundreds eV, so it can serve as an
“artificial” continuum state. An ultrathin WSi, layer is
employed inside the cavity, and the remarkable white line
around the Lj; edge of W at Ey = 10208 eV with y, =
7.2 eV serves a resonant channel relating to an electric
dipole allowed transition from the inner shell 2p to the
unoccupied 5d energy level [43]. The atomic layer couples
with the cavity mode, and both the scattering amplitudes r,
and r, from the bare cavity itself and the atomic resonance
are detected in the reflection direction, i.e., forming a Fano-
type two-path interference [3,4,39]. As shown in the right
top of Fig. 1(b), the asymmetrical Fano line shape can be
easily manipulated by changing the ¢ factor by modifying
the relative phase of the two paths controlled by the angle
offset [3,4,39]. At @ = 0., where the relative phase is fixed
to /2, the real part of ¢ is 0, and the Fano profile evolution
can be studied by controlling Im(g), which leads to the
emergence of the flat line, i.e., the new type of Fano profile
depicted at the bottom of Fig. 1(b).

The description of the interferometer has been well
established by the quantum model [4,51], and the resonant
scattering r, of the atom and the scattering r.. of the cavity
itself are given in the reflection direction. After fixing the
phase at the mode angle, the two-path interference is given
in Eq. (1) as

ir
ra:_C/y_FCA—&—iF’ ro=-1+¢,

r=ro+r.. (1)

Note here that Eq. (1) is derived from the general Fano
interference (Supplemental Material, Sec. II [44]) with a
fixed phase of z/2. I' = y. + 7o, where y, is the natural
decay rate of the atom, and y,. is the enhanced emission rate
arising from the cavity effect and superradiance. The
energy detuning A = E — Ey. ¢’ = (2kg/k), where « is
the decay rate of the cavity and xy is the coupling strength
of the external classical x-ray field into the cavity mode,
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FIG. 1. (a) The two-path interferometer is built by an x-ray
planar cavity with an embedded ultrathin atomic layer. In the
present Letter, three cavity samples with different 7, values of 0,
1.0, and 2.2 nm are prepared [44]. The inset shows the energy
levels of atom W, E is the incident x-ray energy and E, =
10208 eV is the transition energy of the W atom. (b) Conception
of the two-path interference mechanism. ¢ is the relative phase of
the two paths. If ¢ # 7/2, g is a complex number. The Fano
interference spectra are the asymmetric lines, as shown at the top.
The orange and purple lines correspond to positive and negative
Re(q), respectively. If ¢ = z/2, the parameter g is a pure
imaginary number, and generally symmetric Lorentz line or
window resonance is observed. However, when Irn(q)2 =1, the
spectrum becomes a flat line (the red solid line in the right inset),
which is equal to the intensity of the continuum path.

and they are real numbers when the phase is fixed at z/2.
As we will show below that ¢’ is the key factor in the
present study, whose value can be experimentally adjusted
by changing the thickness of the top Pt layer 7, resulting
in a manipulatable pure imaginary ¢. To clearly show the
manipulability of the two-path interferometer, the ampli-
tude r of reflectivity can be simplified as a universal form
¢ —[i/(e +1i)]. As depicted in Fig. 1(b), c is the relative
amplitude of the ideal continuum state, and a=[—i/(e+1)]
is from an ideal Lorentzian resonance with ¢ = [A/(T"/2)].
Evidently, we can write |r|*> as a Fano profile,

_ lgtef 1
R—0'82+1, qg=1 1—;,

2 /
¢ —=1T

o= 2, c=———, (2)
r ¢y

where R = |r|? is the reflection intensity. It can be seen

clearly that the asymmetry parameter ¢ is a pure imaginary
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and is directly determined by the relative amplitude c
(Supplemental Material, Sec. II [44]), which means that the
profiles are always symmetric. Im(g) can be directly
controlled by the manipulatable experimental factor ¢’
because I'/y, varies slowly. When Im(g) is tailored as
we wish, the Fano profile of R will be strongly modified,

&2 Im(g)?
S — (@)
e+ 1

e +1

The complex g produces the equivalent of superimpo-
sing a Lorentz formula with amplitude Im(g)> on the
original Fano form. As depicted by the two-path schematic
in Fig. 1(b), when Im(q) takes the value of 0, R is the well-
known window resonance with a symmetric spectral dip.
With increasing |Im(q)|, the amplitude of the additional
Lorentz becomes larger, and the window profile be-
comes shallower and shallower and even inverted. When
[Im(g)| > 1, the parameter Im(q) reverses the profile of
window resonance, which means that the window reso-
nance and the Lorentz resonance can be mutually trans-
formed by engineering Im(g). The most attractive situation
is that when Im(q)? takes a magic value of 1, R becomes a
flat line, which is a new type of Fano profile, and the
reflection intensity is equal to ¢? that is just from the ideal
continuum path. This particular case creates an illusion
that the detector did not detect any response from the
Lorentizian resonance path even though the transition does
happen. The three representative situations can be con-
cluded in Eq. (4) and depicted in Fig. 1(b),

3)

ﬁzsz’ Im(g) = 0, Window profile
R/6" = ¢ ¢?, Im(q) = —1,Constant

_1
14€2°

4)

Im(g) = +o0, Lorentz profile.

It should be noted that the reflectivity intensity can
also be expressed as R =o'{c?+[(-2¢)/(e* + 1)]+
[1/(¢2 4+ 1)]} [44], where ¢? and [1/(&? + 1)] are the
intensities from the contributions of the ideal continuum
path and Lorentzian discrete path separately, and
[(=2¢)/(e* +1)] represents the interference conjugate
item. When the value of Im(q) is —1, ie., ¢ =1, the
conjugate item [(—=2c)/e? 4+ 1] will exactly cancel out
[1/(¢* 4 1)], that is, the discrete state of atomic resonance
is invisible, which could provide a novel strategy to the
modern invisibility cloaking topic [17,18] and suggest a
new method to eliminate the influence of the intense white
line on the weak peaks. Note here again that the relative
phase between the discrete and continuum states is fixed for
the present scenario, which is different from previous
studies [3,4,39].

To more clearly show the key role of Im(g), the
numerical results of Eq. (4) are shown in Figs. 2(a) and
2(b), where with Im(g)? increasing the transformation from
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FIG. 2. (a) Numerical reflectivity as a function of energy
at different amplitudes of ¢’. (b) A numerical 2D map of the
reflection spectrum vs the energy and Im(g)? (c’). The reflectivity
becomes a constant when Im(g)?> =1 (¢’ = 1.351). Herein,
7o ="72,7. =7.6,and E, = 10208 eV are used from the sample
of t,,, = 1.0 nm (Supplemental Material, Table S2 [44]). (c) and
(d) The cavity properties of Pt (#,,)/C (19.8 nm)/WSi, (2 nm)/C
(20.2 nm)/Pt (15.0 nm)/Si (substrate) simulated by the Parratt
formalism with #,,, varying from 0.0 to 2.2 nm (more details are
shown in Fig. S5 and Supplemental Material, Sec. III [44]).
(c) The fitted  and kg as a function of f,, and (d) the ¢’ derived
from (c).

the window profile to the Lorentz profile, including the flat
line, is clearly depicted. To experimentally observe this
interesting phenomenon of a new type of Fano profile, the
most difficult challenge is to design ¢’ with remarkable
variations since Im(q) is directly connected with ¢’. As
mentioned before, ¢’ = (2kz/k), where kz depends on the
thickness of the top mirror layer ,y, i.€., the thinner the top
mirror layer is, the easier the x-ray coupling into the cavity
mode, so the larger the value of k. « is also related to #,
but it varies more slowly compared to kg, as shown in
Fig. 2(c). Therefore, the factor ¢’ monotonically decreases,
as shown in Fig. 2(d). This suggests that although x and «
cannot be adjusted separately, the key parameter of ¢’ can
be controlled directly by changing the thickness of the top
mirror layer, i.e., Im(q)? can be adjusted well. The thick-
ness manipulation of the top mirror layer was very recently
suggested to perform the inverse design of artificial two-
level systems by Diekmann et al., which was brought to our
attention [52].

The measurement was performed at the B16 test beam
line of the Diamond Light source, which has a double-
crystal monochromator (Si-111) with an energy resolution
of approximately 1.0 eV at 10 keV. To experimentally
control the relative scattering amplitude of the continuum in
the x-ray planar cavity system, three cavities were deli-
cately designed and prepared with different values of 7, of
0, 1.0, and 2.2 nm to ensure remarkable variations for factor
¢/, and cross-sectional transmission electron microscopy
(TEM), atomic force microscopy (AFM), and energy
dispersive x-ray spectroscopy (EDX) were carried out to
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FIG. 3. The 2D maps of the reflectivity spectra vs the energy
and angle offset. (a)—(c) Reflectivity spectra of the samples with
fiop values of 0, 1.0, and 2.2 nm. The zero angle offsets of the y-
axis are located at 0.222°, 0.216°, and 0.216°. Panels (d)—(f) show
the experimental results of (a)—(c), with the absorption edge being
subtracted. Panels (g)—(i) show the calculations by the quantum
optics model with the experimental parameters in Table S2 [44]
used. From the left to the right panels, the conversion from
valleys to peaks is clearly observed at the corresponding mode
angles (dashed lines).

confirm the compositions and structures of the cavity [44]
(Supplemental Material, Sec. I). The off-resonance 6 — 20
rocking curves were first measured to find the first order of
the cavity mode and were fitted to determine the multilayer
structures for the three cavities (Supplemental Material,
Fig. S1, Table S1 [44]). In the measurement for each cavity
sample, the angle offset was slightly changed around the
first cavity mode, and the incident photon energy E was
scanned from 10161 to 10261 eV across the resonant
energy E to record the reflectivity spectra.

The experimental reflectivity spectra for the three cavity
samples as a function of the incident x-ray energy E and
angle offset are shown in Figs. 3(a)-3(c). It should be noted
that some complexities arise under nonideal experimental
conditions. For instance, we can see that the nonbalanced
intensities in the high-energy and low-energy sides of the
resonance appear in the reflectivity spectra at all angles
because the absorption edge overlaps with the white line at
higher energy. The absorption edge is very difficult to be
considered in the quantum model, while it is easy to be
removed in mathematics. To remove the influence of the
absorption edge, the experimental reflectivity spectra were
fitted by combining the quantum formula with a Heaviside
step function H(E), which is used to consider the steplike
contribution of the absorption edge [44] (Supplemental
Material, Sec. IV). Then, the clean Fano profile evolution is
extracted as shown in Figs. 3(d)-3(f). Now, the dispersion
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FIG. 4. (a)—(c) The experimental and fitted reflectivity spectra
at model angles of the three samples with different 7,,, as a
function of incident photon energy. The dots are the experimental
results, and the pink solid lines are the fitted results. (d)—(f) The
extracted results after discarding the contributions of the absorp-
tion edge.

relation and the intensities in the high energy and low
energy sides far from the resonance are almost the same.
Figures 3(g)-3(i) show the reflectivities of the resonance
response according to the quantum model. The quantum
model simplifies the analysis of complex physical proc-
esses without taking the inhomogeneities of the sample, the
experimental measurement instability, etc. Even so, the
features of the measured data in Figs. 3(d)-3(f) are
identified with the quantum model theory very well. We
can see from Figs. 3(d)-3(f) that the interference of the two
paths of the reflectances of cavity and atomic resonant
scattering leads to the typical Fano profile evolution from
asymmetric to symmetric and back to asymmetric, with
asymmetry controlled by the angle offset (i.e., the phase
between the paths of the continuum and discrete). This can
be well predicted by the quantum optics model and is
observed in all three cavity samples [44] (Supplemental
Material, Sec. II). Because the phase depends on the cavity
detuning A, i.e., the angle offset, the phase is fixed to z/2
when @ is very close to the mode angle 6. (angle offset is
zero, as labeled by the dashed lines in Fig. 3), which
corresponds to the zero value of Re(g) and the symmetric
line shapes (Supplemental Material, Sec. II [44]). In this
case, by changing the pure imaginary number Im(g), the
Fano profile conversion from a symmetric peak to a
symmetric window dip can be revealed, and the observation
is achieved by changing the thickness of the top layer Pt, as
shown at the corresponding mode angles in Figs. 3(d)-3(f).
Moreover, we can see a nearly perfect flat line at the mode
angle in Figs. 3(e) and 3(h), as predicted by the theory
above.

To more clearly exhibit the conversion between the
symmetric dip and symmetric peak, the reflectivity spectra
along with the absorption edge subtracted ones at the mode
angles are shown in Figs. 4(a)-4(c) and 4(d)—4(f), respec-
tively. Figures 4(a)-4(c) show that the fitted results agree
well with the experimental results, and only an edge is
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observed in Fig. 4(b) without a resonant profile. After
subtracting the absorption edge, the same behavior as dis-
cussed in Figs. 2(a)-2(b) is exhibited in Figs. 4(d)—4(f).
When Im(g)? increases from 0.118 of 7, = 0.0 nm
[Fig. 4(d)] to 8.824 of f,, = 2.2 nm [Fig. 4(f)], the re-
flectivity spectra change from a spectral dip (window
profile) to a spectral peak (Lorentz profile). The new
Fano profile of the flat line is realized when 7,,, = 1.0 nm
[Fig. 4(e)] at Im(q) = —1.036 with Im(g)? = 1.073, which
is extremely close to the ideal flat line case of Im(g) = —1,
and the reflection spectrum only shows a very tiny peak. On
the other hand, the window and Lorentz profiles show
slight asymmetry, which is caused by a tiny angle deviation
from the cavity mode in the experiment due to the accuracy
and stability of the goniometer [3,4].

In conclusion, the new type of Fano profile of the flat line
is realized experimentally for the first time based on the
pure imaginary ¢ modulation. The Fano interferometer
used here is built by an x-ray planar cavity, in which the
amplitude regulation of the continuum path enlarges the
Im(q) space. With the large range of Im(g), the window-
Lorentz profile conversion is observed experimentally, and
the new Fano profile of the flat line emerges when the value
of Im(g) approaches —1. The new Fano profile has an
interesting behavior in which the interference term cancels
the discrete path exactly, and it creates an invisible illusion
of the discrete state, which could open a novel strategy to
the object invisibility topic [17,19], even in the hard x-ray
regime. The invisible illusion can identify weaker struc-
tures near the intense white line in the x-ray spectrum,
which may merge the cloaking topic with x-ray core-level
spectroscopies. Furthermore, enlarging the complex ¢
space based on amplitude regulation would bring new
opportunities for decoherence studies [12]. Multipaths
interference is a common effect in extensive quantum
systems, e.g., waveguide-transmon qubits [53], coupled
microcavity resonators [54], metamaterials [55], etc., and
this Letter could contribute to a better understanding of the
complex spectra of such quantum devices.
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