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at deep sub-wavelengths,[2] leading to a 
variety of applications including nanola-
sers,[3] sensors,[4] bioimaging,[5] surface-
enhanced Raman spectroscopy,[6,7] color 
displays,[8] and others.[9–12]

To improve the performance of 
today’s photonic systems, researchers 
have extensively investigated the funda-
mental relation between the wave vector 
and energy of an SPP wave—named dis-
persion relation. This quantity describes 
the propagation of light within a mate-
rial (i.e., medium), extremely relevant 
for the abovementioned optical devices. 
Therefore, understanding the disper-
sion relation can allow the design of 
optical materials with superior response, 
ranging from 2D van der Waals to oxides 
and metals. Concerning 2D materials, it 
can uncover the origin of tunable polari-
tons in hyperbolic metamaterials based 
on graphene and hexagonal boron nitride 
(h-BN), which is due to the hybridiza-
tion of SPP and surface phonon polari-
tons.[13] As another example, by utilizing 
the band-edge mode of the dispersion 
relation in metallic nanocavities,[3] lasing 

with a 200 times enhancement of the spontaneous emission 
rate of the dye has been reached.[14]

As a class of emerging photonic materials, noble metal alloys 
with permittivity and localized surface plasmon resonances not 
achievable by pure metals[9,15,16] have been proposed as alter-
native candidates for plasmonics[12,17–20] because of their tun-
able dielectric functions, which make it possible to engineer 
the alloy composition to attain optical properties that will meet 
desired resonances. In turn, this tunability could be used to 

Surface plasmon polaritons (SPPs) enable the deep subwavelength 
confinement of an electromagnetic field, which can be used in optical 
devices ranging from sensors to nanoscale lasers. However, the limited 
number of metals that satisfy the required boundary conditions for 
SPP propagation in a metal/dielectric interface severely limits its 
occurrence in the visible range of the electromagnetic spectrum. We 
introduce the strategy of engineering the band structure of metallic 
materials by alloying. We experimentally and theoretically establish the 
control of the dispersion relation in Ag–Au alloys by varying the film 
chemical composition. Through X-ray photoelectron spectroscopy (XPS) 
measurements and partial density-of-states calculations we deconvolute 
the d band contribution of the density-of-states from the valence band 
spectrum, showing that the shift in energy of the d band follows the 
surface plasmon resonance change of the alloy. Our density functional 
theory calculations of the alloys band structure predict the same variation 
of the threshold of the interband transition, which is in very good 
agreement with our optical and XPS experiments. By elucidating the 
correlation between the optical behavior and band structure of alloys, we 
anticipate the fine control of the optical properties of metallic materials 
beyond pure metals.
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Surface plasmon polaritons (SPPs) are defined as travel-
ling electromagnetic waves at the interface between a metal 
and a dielectric, resulting from a waveguiding effect that 
occurs when the wave vectors of both the photons and the 
surface plasmons match. The subsequent electromagnetic 
field propagates along the metal–dielectric interface with a 
much smaller wavelength than the incident light.[1] These 
characteristics give rise to a strong electric field confinement 
near the surface, which allows for the manipulation of light 
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improve the performance of devices for a variety of applica-
tions, such as perfect absorbers,[21] photovoltaics,[22] hydrogen 
storage,[23] metallurgy,[24] catalysis,[25] and electrocatalysis.[26–28] 
However, in contrast to the well-investigated dispersion rela-
tion of pure noble metals (Ag and Au),[29–34] the dispersion 
of SPPs for Ag–Au alloys has rarely been explored.[35] Addi-
tionally, the correlations between the effect of alloying on the 
optical dispersion relation, the threshold of the interband tran-
sition, and the new material’s band structure are still not well 
understood.

In this paper, we experimentally and theoretically demon-
strate the SPP dispersion relation of Ag–Au alloyed thin 
films (AgxAu1−x) and explain the origin of their behavior 
by combining optical and X-ray photoelectron spectros-
copy (XPS) measurements with density functional theory 
(DFT) band structure calculations. The AgxAu1−x alloy rep-
resents an ideal model system to establish the correlation 
between the material dispersion relation and its electronic 
band structure as a solid solution is formed for the entire 
chemical composition range.[36] We map the reflectivity as a 
function of wavelength and angle of incidence for AgxAu1−x 
films using the Kretschmann configuration,[37] and find 
that the dispersion relation can be engineered by changing 
the alloy chemical composition. The physical origin of the 
observed optical response is correlated to the valence band 
spectra (VBS) obtained by XPS measurements. In par-
ticular, the VBS in conjunction with partial density-of-states 
(DOS) calculations reveal a dependence of the binding 
energy onset of the d band and the corresponding energy 
of the transmission resonance peak for a given alloy. This 
dependence indicates the relation between the threshold of 
the interband transition and the energy of the d band. To 
underpin this relation, we further calculate the band struc-
ture for each alloy by DFT to assess the regions in reciprocal 
space where optical transitions occur. A similar change for 
the interband transition is determined, agreeing remarkably 
well with our optical and XPS measurements. Further, we 
reveal the nonlinear specific contribution of each metal to 
the band structure of the alloys. Overall, our results provide 
fundamental insight into the origin of the surface plasmon 
modes in AgxAu1−x alloys and show that the band struc-
ture can be engineered upon changing the alloy’s chemical 
composition. We anticipate the combined experimental + 
computational approach presented here to be extended to 
other materials, including nonmetallic ones. Ultimately, 
their optical behavior is influenced by the electronic prop-
erties (e.g., density of carriers), which urgently requires a 
combined analysis. When merged with a combinatorial 
materials screening, this paradigm can offer a library of 
emerging materials for photonics.

We fabricate the alloyed metallic thin films by cosput-
tering Ag and Au onto glass microscope slides (see Methods 
in the Supporting Information). The samples are rotated 
during deposition to ensure uniform chemical composi-
tion, confirmed by energy-dispersive X-ray spectroscopy (see 
details in Figure S1 and Table S1 of the Supporting Infor-
mation). To evaluate the macroscopic optical properties, we 
measure transmission spectra for each sample, as shown in 
Figure 1. The experimental transmission peaks in Figure 1a 

indicate the plasmonic resonances of the films. These peaks 
shift from 325 nm (pure Ag), to 375 nm (Ag0.75Au0.25), to 
425 nm (Ag0.50Au0.50), to 480 nm (Ag0.25Au0.75), to 510 nm 
(pure Au), indicating the change of the optical response upon 
varying the chemical composition. These measurements 
agree with the color change of the sample (see photographs 
in Figure 1b). Further, we use the Fresnel equations[38] to 
calculate the transmission of the thin films. The spectra in 
Figure 1c show excellent agreement between our calculations 
and the experimentally determined values (also see Figure S2 
of the Supporting Information). The trend seen on the peak 
broadening with increasing Au content happens because the 
interband transitions at both Γ and R critical points occur at 
different energies, 2.5 eV and 4.0 eV, respectively. As a result, 
the transmission peak contains both contributions (at 310 and 
496 nm), which are partially overlaid in the optical measure-
ment. By contrast, for Ag these transitions occur at a degen-
erate energy level: 4.0 eV.[39] Here the permittivity and the 
film thicknesses (inputs of our calculation) are determined 
by ellipsometry measurements (see Table S1 and Figure S3 of 
the Supporting Information).

One approach to assess the dispersion relation of the SPP 
for the AgxAu1−x alloys is by measuring the reflectivity of the 
films. Here, we use the Kretschmann configuration[37] to pro-
vide sufficient momentum to excite SPPs.[40] In our setup, the 
laser passes through a fused silica prism, which is attached to 
the glass substrate using an index matching liquid. The ratio 
of the reflected power to the incident power is then recorded 
at each wavelength and incident angle to obtain the reflectivity. 
Figure 2 displays the reflectivity maps for all AgxAu1−x alloyed 
thin films. The blue narrow band in Figure 2a–e shows reflec-
tivity damping originating from the excitation of leaky modes 
due to destructive interference of reflected and transmitted 
light when using prism coupling.[41] Our measurements show 
that as the Au content increases, the SPP band broadens. For 
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Figure 1. a) Measured transmission spectra of AgxAu1−x alloyed thin 
films. b) Photographs of the alloyed films on glass substrates. c) Calcu-
lated transmission spectra using Fresnel equations. Film nominal thick-
ness: 50 nm. Sample size: 2.54 × 2.54 cm2.
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example, at 600 nm the full-width-half-maximum of the band 
is 0.5° for pure Ag and 1.9° for pure Au. The physical origin 
of the bandwidth broadening as the Au content increases is 
also due to the fact that the interband transition for this metal 
occurs at 2.5 and 4.0 eV for Γ and R, respectively. The change 
of the bandwidth for SPP modes provides a tunable optical 
sensitivity while the chemical stability is kept by the use of 
Ag–Au alloys.[42] In addition, our experiment has excellent 
agreement with the theoretical calculations using the transfer 
matrix method,[43] as shown in Figure 2f–j. The position 
and intensity of the band, as well as the critical angle (cor-
responding to the max reflection), match well between the 
measurements and calculations. To optimize for the largest 
attenuation of reflection power, the films are fabricated with 
a 50 nm nominal thickness as per critical coupling when 
using the Kretschmann configuration (see Table S1 of the 

Supporting Information for the experimentally determined 
thicknesses).[40]

Figure 3 provides the dispersion relation for the AgxAu1−x 
alloys obtained from the SPP reflectivity measurements. The 
wavelength of the light and the incident angle are converted 
to energy and wave vector, respectively, using the following 
equations

λ
=E

hc
 (1)

sinprismε θ=k
f
c

 (2)

where E is the energy of the incident light, h is Planck’s con-
stant, c is the speed of the light in vacuum, λ is the wavelength 
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Figure 2. a–e) Measured and f–j) calculated reflectivity maps for AgxAu1−x alloyed thin films. The reflectivity is recorded by dividing the reflected power 
over the power of the incident light. Transfer matrix method is adopted using the experimentally determined permittivity and thickness for each metal 
and alloy as the inputs.

Figure 3. a–e) Measured and f–j) calculated dispersion relation for AgxAu1−x alloys. The color refers to the reflectivity at each wave vector k and energy. 
The minimum reflectivity corresponds to the excitation of surface plasmon polaritons (SPP).
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of the incident light, k is the wave vector, εprism is the permit-
tivity of the fused silica prism,[44] f is the frequency, and θ is the 
incident angle. The intensity in the dispersion map corresponds 
to the reflectivity at each E and k. Figure 3a shows the meas-
ured dispersion relation of pure Ag with the antisymmetric 
plasmon mode resolved.[45] The symmetric mode requires wave 
vector larger than the prism coupling configuration could offer, 
thus not accessible.[1] We find that the dispersion relation varies 
from Ag to Au and it bends toward a lower frequency region 
for Au-rich alloy (Ag0.25Au0.75), which established the control of 
the dispersion relation by changing the film chemical compo-
sition. To corroborate our experiment, we use the experimen-
tally determined permittivity (see Figure S2 of the Supporting 
Information) to calculate the dispersion maps, as shown in 
Figure 3f–j. An excellent agreement is achieved between the 
experiments and calculations, validating our approach to 
resolve the dispersion.

We experimentally determine the VBS for the alloys with 
XPS measurements to understand the underlying physics 
responsible for the change of the surface plasmon resonance, as 
shown in Figure 4. The overall shape of the VBS for AgxAu1−x 
(Figure 4a) agrees with what has been previously reported in 
the literature.[46,47] Because the electrons of the d band are 
responsible for the electronic transitions within the visible 
range, we extract both the d5/2 peak and its corresponding split-
off d3/2 by fitting Gaussian functions to the raw spectra after a 
Shirley background subtraction (see more details in Methods 

and Figure S4 of the Supporting Information). From the fitting 
analysis, a third contributing peak is found along with the d5/2 
and d3/2 components, as evidenced by a shoulder on the lower 
binding energy side for each alloy. Therefore, the d5/2 does not 
appear at the center of the lower energy peak in the VBS. The 
three fitted curves change position with alloy composition (see 
Figure S4 of the Supporting Information). Based on the partial 
DOS calculation (Figure S5 of the Supporting Information), the 
three peaks are primarily represented by the d band component 
(i.e., largest fractional contribution) at binding energies greater 
than ≈1 eV for each metal or alloy. During the fitting, the peak 
splitting is variable, and we find that the separation between 
the d3/2 and d5/2 bands increases nonlinearly (Figure 4b)  
as the Au content rises.[48] The width of the d bands has been 
attributed to several material characteristics,[46,47] but since the 
overall band structure contains information about additional 
populated states (i.e., the shoulder peak) care must be taken 
when identifying the relaxed energy of excited electrons, and 
ascribing changes in VBS to specific properties. For Ag–Au 
alloy the width of the d5/2 increases with the Au content. This 
change in the d band of the band structure results in the trans-
mission peak and SPP broadening. The onset binding energy 
of the d5/2 band is specifically investigated because it corre-
sponds to the minimum energy needed for an optical excita-
tion. We define the onset as the lower energy value at 5% of 
the peak height in order to distinguish the emergence of the 
peak from the background signal. Figure 4c reveals that this 
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Figure 4. a) Valence band spectra of AgxAu1−x alloyed thin films obtained by XPS. Dashed lines show the peak shift for d3/2 and d5/2, where the d3/2 
and d5/2 peaks are fit by Gaussian functions. b) Energy difference between d3/2 and d5/2 for each alloy. c) Peak energy of d5/2 band (solid squares), 
transmission measurements (hollow diamonds), and the value of the interband transition determined by DFT (hollow triangle). The error bars refer to 
the bandwidth of d5/2 and transmission peak, which is determined by the lower and higher energy values at 5% of its height.
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onset aligns well with the transmission measurement (also see 
Figure S6 of the Supporting Information). For instance, the 
onset of d5/2 for Ag0.50Au0.50 is at 2.05 eV and the transmission 
peak is at 2.40 eV (see Table S2 of the Supporting Information), 
indicating the origin of the tunability for the interband transi-
tion is from the energy shift of the d band. This observation is 
confirmed by our DFT calculations: the change in the energy 
for the interband transition is in semi-quantitative agreement 
with the VBS and optical measurements (see also Figure 4c).

To further investigate the electronic properties of AgxAu1−x 
alloys, we calculate its band structure using DFT,[49] as shown 
in Figure 5. Figure 5a–e displays the band structure of AgxAu1−x 
alloys with the states from the d band below the Fermi level 
and the empty states above the Fermi level. Here we model 
all alloys and pure metals as occupying sites in an fcc lattice 
containing four atoms per unit cell, one in the vertex and three 
on each side of the cube, as shown in Figure S7 (Supporting 
Information). Because AgxAu1−x forms a solid solution,[36] and 
the lattice constant remains roughly the same across the whole 
chemical composition range,[50] four atoms are sufficient to 
fully describe the unit cells. For Ag0.75Au0.25 and Ag0.25Au0.75 
alloys, the cells are constructed by starting with either Ag or 
Au in the vertex, and replacing the adjacent atoms in the cor-
rect proportion (see Figure S7 of the Supporting Informa-
tion). For the case of Ag0.50Au0.50, the 4-atom model leads to 
an anisotropic alloy in one particular direction. Nevertheless, 
the optical transitions occur in the isotropic and symmetric Γ  
and R points, indicating that the 4-atom cell is a good model  
for Ag0.5Au0.5. While the important transitions within the 
visible range of the spectrum occur in the X-point in an fcc 
lattice, which was commonly defined,[39] due to the folding of 
the bands, the critical point corresponds to Γ point in a 4-atom 
cell. Our computational study predicts that at the Γ point the 
position of the d band moves closer to the Fermi level, as the 
Ag content is reduced, leading to a decrease of the energy gap 
between the d band and the first empty state (see Figure S8 of 
the Supporting Information for additional calculations). This 
reduction indicates that the threshold of the interband tran-
sition for AgxAu1−x alloys should shift to longer wavelength 
regions as the Au content rises, agreeing with our optical and 
VBS measurements (see Figure 4c). Moreover, we identify the 
contribution of each metal to the overall band structures: the 
color scale in Figure 5 represents the weight of the pure con-
stituents on each k-dependent electronic state (see details in 
Methods in the Supporting Information). For example, in the 

Ag0.50Au0.50 alloy, Au dominates most of the high-energy states 
in the d band from −2 to −3 eV, see Figure 5c, while Ag and 
Au have comparable contributions on other states across all the 
critical points of the Brillouin Zone (reference to Figure S9 of 
the Supporting Information for the positions of Γ, R, X, and 
M). This nonlinear behavior is a direct consequence of the fact 
that the energy of the d band of Au is ≈1.6 eV higher than Ag.

Here, we report a class of metallic materials based on AgxAu1−x 
with tunable optical response, where we vary the alloy chem-
ical composition to engineer its optical dispersion relation. We 
attribute the tuning of the SPP dispersion relation to a change of 
the band structure resulting from alloying, which is theoretically 
confirmed by DFT calculations. Valence band analysis reveals 
that the optical resonance variation is directly related to a shift 
of the d band position, which is tuned by varying the chemical 
composition. Note that our combined analysis can be expanded 
to other binary mixtures of metals, such as Au–Cu and Al–Mg, 
for photonic devices that operate in the near-infrared and ultra-
violet–visible range of the electromagnetic spectrum, respectively. 
By calculating the band structure of combined metallic elements, 
one can establish a library of possible mixtures with predictive 
optical/electronic response that are currently not available. In 
turn, this data could be used as a guideline for identifying the 
ideal combination of metals for applications ranging from (photo)
electrocatalysts to superabsorbers and hot carrier devices.[26,51–53]

In conclusion, we experimentally and theoretically mapped 
the optical dispersion for AgxAu1−x alloyed thin films. By varying 
the content of Ag and Au, the SPP properties of this metallic 
material were finely tuned in the visible range of the electro-
magnetic spectrum. To corroborate our results, we collected the 
VBS through XPS measurements and deconvoluted the contri-
bution from the d band to the DOS. We found that the shift 
in energy of the d band aligns very well with the transmission 
peak of the alloy. The “degeneracy” of the d5/2 and d3/2 bands is 
broken, as we increase the content of Au in the film. Further, 
the band structure calculated by DFT is in good agreement with 
optical and VBS results when determining the threshold of the 
interband transition, showing a shift to longer wavelength of 
the interband transition when Au content increases. Overall, 
our results helped explain the electronic and optical properties 
of new metallic materials and provide the potential for the fab-
rication of scalable, low-cost thin films for surface dispersion 
engineering. Given that a thorough understanding of the band 
structure and the optical response allows a systematic method 
to obtaining metallic materials with tunable optical response, 
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Figure 5. a–e) Density functional theory band structure of AgxAu1−x alloys, showing empty states (>0 eV) and the d bands (<0 eV). The color scale refers 
to the weighted contribution of Ag (red) and Au (black) to each state.
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we foresee that our work will be useful to advance materials’ 
selection for a wide range of applications including, but not 
limited to, photo-electrochemical water splitting,[54] superab-
sorbers,[21] metasurfaces,[55] and active plasmonic devices.[56]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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