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ABSTRACT: Plasmon resonances arise from the collective
oscillations of free electrons in conductive media, enabling strong
light−matter interactions. In contrast to semiconductors, the
plasmonic response of metals is regarded as intrinsically fixed by
their large carrier density and electronic structure and therefore
relatively insensitive to external perturbations such as mechanical
strain. Here, we show conclusive experimental evidence that
plasmon resonances in metals can be actively tuned through strain
engineering. Using epitaxial ultrathin titanium nitride (TiN) films,
we demonstrate that in-plane tensile strain produces a pronounced
blue shift of both unscreened and screened plasmon modes relative
to unstrained films of identical thickness, with the magnitude of the
shift closely tracking the local strain distribution. First-principles calculations reveal that strain modifies the local defect landscape,
which alters the electronic structure, governing the plasmonic response. These results establish strain as an effective control knob for
plasmonic properties in metals, enabling mechanically reconfigurable plasmonic and nanophotonic platforms.
KEYWORDS: Strain engineering, Plasmon resonance, Electron energy loss spectroscopy, Alternative plasmonic materials,
Density functional theory

Plasmon resonances originate from the collective oscil-
lations of free electrons in conductive media, enabling

strong confinement and enhancement of electromagnetic fields
far below the diffraction limit.1 These collective excitations
support a broad range of nanoscale optical phenomena and
technologies, including subwavelength photonic circuitry,2

ultrasensitive spectroscopy,3,4 photothermal energy conver-
sion,5,6 and metasurface-based optical control.7,8 At the heart
of the plasmonic behavior lies the plasma frequency, which,
within the Drude description, is generally determined by the
free-carrier concentration and effective mass9 of the material.
Consequently, plasmon resonances in metals are generally
assumed to occupy fixed spectral positions once the material
composition is defined. Although nanostructuring or dielectric
engineering can be utilized to tune plasmonic resonances in
metals, these approaches primarily modify the electromagnetic
environment rather than the intrinsic plasma frequency itself.10

Consequently, direct modulation of the plasma frequency
through mechanical deformation has remained largely unex-
plored. Achieving external control over plasmon resonances in
metals would therefore represent a significant advance,
transforming plasmonics from a largely static platform to an
active and dynamically tunable one.
Conventional plasmonic platforms are dominated by noble

metals such as gold and silver11 because of their high carrier
densities and comparatively low optical losses in the visible and
near-infrared spectral ranges. However, despite these advan-

tages, the practical deployment of noble-metal plasmonics at
the nanoscale faces persistent limitations. Noble metals exhibit
poor thermal and chemical stability, are prone to degradation
under high optical or electrical excitation, and remain
incompatible with standard complementary metal-oxide semi-
conductor (CMOS) processing.12 Moreover, when reduced to
ultrathin or nanostructured geometries, noble metals often
grow in a discontinuous or island-like manner, resulting in
weak intergrain connectivity and enhanced electron scattering
at surfaces and grain boundaries. These effects lead to
increased optical damping and severely constrain the device
performance, scalability, and long-term reliability.13

To address these limitations, refractory transition-metal
nitrides have emerged as a technologically compelling
alternative class of plasmonic materials.14,12 Among them,
titanium nitride (TiN) has attracted particular attention due to
its metallic conductivity and plasmonic response15 comparable
to that of gold across the visible-to-near-infrared spectrum,16

while offering superior mechanical hardness, chemical inert-
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ness, and thermal stability.17,18 TiN is corrosion-resistant,19

maintains structural integrity at elevated temperatures,20 and is
fully compatible with CMOS fabrication workflows,21,22

making it especially attractive for scalable and durable
plasmonic technologies.23 Importantly, TiN can be grown
epitaxially with high crystalline quality,24 enabling precise
control over the film thickness,25 lattice strain,26 and defect
structure,27 parameters increasingly recognized as powerful and
independent levers for tailoring functional properties in low-
dimensional material systems.28,29

TiN thin films deposited on single-crystalline substrates
exhibit a robust plasmonic response, characterized by an
epsilon-near-zero (ENZ) crossover near ∼500 nm and a
characteristic gold-like optical appearance.16 Epitaxial ultrathin
TiN films can also be grown on lattice-matched (001) MgO
substrates with thicknesses down to just a few monolayers,30

providing an ideal platform for exploring plasmonic behavior in
the extreme confinement regime.31 Even films as thin as ∼2
nm retain a discernible plasmonic response.32 However, strong
quantum confinement in this ultrathin limit gives rise to
pronounced thickness-dependent plasmon resonances, man-
ifested as a systematic red-shift of the resonance energy with
decreasing film thickness.30 In related refractory nitrides such
as HfN,33 where electronic confinement is even stronger,
ultrathin films exhibit complete suppression of plasmon
resonances at comparable thicknesses. Despite these advances,
the influence of lattice strain, an intrinsic and widely tunable
parameter in epitaxial thin films, on the plasmonic properties of
TiN and other ultrathin metallic systems experimentally
remain unexplored.
Strain engineering has been widely and successfully

employed in semiconductors to tailor the band structure,34

carrier transport,35 and optical transitions,36 forming the basis
of many modern electronic and optoelectronic technologies. In
some insulating materials, strain can also directly influence
collective electronic excitations such as bulk plasmons through
modifications to the electronic structure.37 In contrast, metals
are generally assumed to be largely insensitive to lattice
deformation because their high carrier densities and broad
electronic bands are thought to render key electronic
parameters and hence plasmonic properties effectively strain-

invariant. This conventional view, however, neglects the
pronounced sensitivity of ultrathin and epitaxial metallic
films in which strain can substantially modify the electronic
structure, defect landscape, and carrier scattering mechanisms.
Moreover, in transition-metal nitrides such as TiN, strain is
expected to exert a particularly strong influence on the
plasmonic behavior, due to their partially filled d bands and
strong electron−lattice coupling, as well as strain-induced
modifications to vacancy formation, grain boundaries, and
dislocation densities that directly impact plasmon damping and
resonance energies.38 Exploiting strain in such systems thus
presents an untapped route to actively modulate plasmonic
responses in metals. Here, we demonstrate direct experimental
evidence that plasmon resonances in metals can be tuned
through mechanical strain.
To unambiguously isolate the influence of lattice strain on

the plasmonic properties of TiN, two epitaxial TiN thin films
with identical thickness (10 nm) but distinct strain states were
prepared. Both films were grown via magnetron sputtering in
an ultrahigh-vacuum chamber (base pressure ∼ 1 × 10−9 Torr)
at 850 °C. One TiN film was deposited directly on a (001)
MgO substrate, whose rocksalt crystal structure and closely
matched lattice constant (4.21 Å) to that of TiN (4.24 Å) are
expected to yield a nearly strain-free epitaxial film (Figure 1a).
To introduce controlled tensile strain, a second TiN film is
grown on a 65-nm-thick epitaxial r-Al0.3Sc0.7N buffer layer
deposited on (001) MgO. The Al0.3Sc0.7N layer adopts a
rocksalt structure with a larger lattice constant (4.44 Å),39

corresponding to a theoretical in-plane tensile strain of ∼4.7%
in the overlying TiN. The structural quality, strain state, and
plasmonic response of both films were systematically
characterized using high-resolution X-ray diffraction
(HRXRD), high-resolution transmission electron microscopy
(HRTEM), and electron energy loss spectroscopy (EELS).
High-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) imaging of nominally unstrained
TiN/MgO and strained ultrathin TiN/r-Al0.3Sc0.7N/MgO
heterostructures (Figure 1b) reveals coherent, layer-by-layer
epitaxial growth with a high degree of lattice-plane continuity
across the interface. Geometric phase analysis (GPA) strain
maps40 of εxx (in-plane) for TiN grown directly on (001) MgO

Figure 1. Strain engineering of epitaxial TiN heterostructures and its impact on the plasmonic response. (a) Schematics of a (001)-oriented TiN
film grown on (001) MgO and on r-Al0.3Sc0.7N/MgO. The rocksalt crystal structure and closely matched lattice parameters of (001) TiN and
(001) MgO result in an essentially strain-free TiN/MgO heterostructure. In contrast, the larger lattice parameter of r-Al0.3Sc0.7N imposes biaxial
tensile strain on the overgrown (001) TiN film. (b) HAADF-STEM images of nominally unstrained TiN/MgO and strained TiN/r-Al0.3Sc0.7N/
MgO heterostructures, together with GPA maps of the in-plane strain component, εxx. The TiN/MgO interface is lattice-matched and exhibits
negligible strain, whereas TiN grown on r-Al0.3Sc0.7N shows a uniform tensile strain of ∼2.35% relative to unstrained TiN. (c) EELS measurements
of the screened plasmon excitation acquired at five marked locations in the HAADF-STEM image. Unstrained TiN on MgO exhibits a plasmon
energy in the 2.4−2.6 eV range (i), while tensile strain in TiN on r-Al0.3Sc0.7N induces a pronounced blue shift to 2.8−3.0 eV (ii).
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show an essentially relaxed film with no measurable in-plane
strain. In contrast, TiN deposited on the r-Al0.3Sc0.7N buffer
layer exhibits a pronounced strain contrast due to the lattice-
parameter mismatch between the film and the underlying r-
Al0.3Sc0.7N buffer layer. The larger lattice constant of r-
Al0.3Sc0.7N (4.44 Å) imposes biaxial tensile strain on the TiN
film. Although the nominal lattice mismatch at the TiN/r-
Al0.3Sc0.7N interface is ∼4.7%, the experimentally measured in-
plane lattice parameter of TiN (4.34 Å) (Figure S1)
corresponds to a tensile strain of ∼2.35%, indicating partial
strain relaxation.
To correlate the plasmonic response with the local strain

state in the TiN films, EELS was performed using a
monochromated STEM microscope equipped with a sub-
nanometer probe. Zero-loss peak-subtracted and background-
corrected EELS spectra41 were acquired at five distinct
locations within the TiN layer, spanning from the substrate/
buffer interface to the TiN film surface, and systematically
compared to elucidate spatial variations in the plasmon
response. Furthermore, the EELS peaks are fitted with a
Gaussian function to extract the plasmon resonance energy
(Figure S2). The uncertainty in the fitted plasmon peak
position, estimated from the Gaussian fitting procedure, was
found to be at most 10 meV.
For the unstrained TiN film, the plasmon resonance energy

is 2.44 eV at the TiN/MgO interface and increases modestly to
2.53 eV near the middle of the film and to 2.59 eV at the
surface. These values are consistent with the ENZ wavelength
of ∼520 nm in TiN42 and correspond to the peak in the
energy-loss function discussed below. The plasmon energies
measured for the 10-nm TiN film in this work are also in good
agreement with previous reports on magnetron-sputtered thick
TiN films, which exhibit plasmon resonances in the 2.3−2.8 eV
spectral range.43,44 Notably, in contrast to the clearly resolved
screened and unscreened plasmon resonance components
observed in relatively thicker films, the 10-nm TiN film studied
here exhibits a predominantly interface-like plasmonic
response.
Compared to the relaxed film, the strained TiN film displays

a substantially higher plasmon resonance energy of 2.81 eV
near the TiN/r-Al0.3Sc0.7N interface, which further increases to
2.97 eV toward the middle of the layer before decreasing
slightly at larger thicknesses. Overall, the strained TiN film
exhibits a pronounced blue shift of approximately 0.30−0.45
eV relative to the unstrained TiN, particularly close to the
film/buffer interface, where the tensile strain is maximal (Table
1). Because strain is progressively relaxed with increasing film
thickness, the observed reduction in the plasmon resonance
energy at greater depths is attributed to partial strain relaxation
within the TiN layer, as discussed below. Collectively, these

findings establish strain as an effective control parameter for
modulating the plasmon resonance energy in TiN, overturning
the conventional view of a spectrally fixed response.
To further establish the structural origin of the strain state

and its correlation with the plasmonic response, low-
magnification HAADF-STEM imaging was performed over
extended regions of the heterostructure. As shown in Figure 2a,
both the r-Al0.3Sc0.7N buffer layer and the TiN film are laterally
homogeneous and uniformly thick, with atomically sharp and
well-defined r-Al0.3Sc0.7N/MgO and TiN/r-Al0.3Sc0.7N inter-
faces. The corresponding selected-area electron diffraction
(SAED) pattern confirms the cubic rocksalt structure and the
epitaxial nature of the TiN layer. GPA performed over a large
field of view reveals the spatial distribution of strain across the
entire TiN/r-Al0.3Sc0.7N/MgO interface, corroborating the
tensile strain imposed on TiN by the larger lattice parameter
of the underlying r-Al0.3Sc0.7N buffer layer. Because of the
strong Z-contrast in HAADF-STEM, the TiN layer appears
brighter than the lighter r-Al0.3Sc0.7N, enabling clear delin-
eation of the individual layers. Energy-dispersive X-ray
spectroscopy (EDS) elemental maps (Figure 2d) further
demonstrate a uniform spatial distribution of Ti, N, Al, and
Sc with a small and comparable oxygen impurity level in both
the strained and unstrained films. This equivalence in the
oxygen concentration rules out oxygen-impurity-driven
variations in the carrier density as the origin of the observed
plasmon energy shifts, reinforcing strain-induced increased
carrier density due to donor nitrogen vacancy formation as the
dominant mechanism.
In addition to the screened plasmon frequency, the

unscreened plasmon excitation also exhibits a clear blue shift
in the strained TiN film relative to the fully relaxed TiN grown
directly on MgO (Figure 2e). Quantitative analysis of the
EELS spectra reveals that the unscreened plasmon energy at
the TiN/MgO interface is located at 21.33 eV, whereas the
corresponding excitation at the TiN/r-Al0.3Sc0.7N interface
occurs at a higher energy of 23.22 eV (Table S1). With an
increase in the distance from the interface toward the TiN
surface, the unscreened plasmon energy rises in both
heterostructures. However, across the entire depth profile,
the strained TiN consistently exhibits a plasmon energy that is
higher than that of its strain-free counterpart. This systematic
and spatially resolved blue shift of the unscreened plasmon
resonance energy further substantiates the conclusion that
tensile strain in TiN directly modifies its collective electronic
response, in agreement with the trends observed for the
screened plasmon resonance.
To gain information from a wide sample area, the structural

properties of ultrathin TiN films were investigated using high-
resolution X-ray diffraction (HRXRD). Symmetric 2θ−ω
measurements (Figure 3a) confirm that TiN grows with a
(002) out-of-plane orientation on both substrates, establishing
epitaxial and nominally single-crystalline growth in both the
strain-free and strained heterostructures. For TiN deposited
directly on (001) MgO, a well-defined TiN (002) reflection is
observed at 42.71°, corresponding to an out-of-plane lattice
parameter of 4.23 Å. Pronounced thickness fringes indicative of
high crystalline quality and atomically sharp interfaces are also
observed. In contrast, for TiN grown on the r-Al0.3Sc0.7N buffer
layer, the TiN (002) reflection overlaps with the MgO
substrate peak near 42.4°, accompanied by weak interference
fringes. This overlap reflects out-of-plane lattice compression
arising from an in-plane tensile strain, which drives the TiN

Table 1. Gaussian-Fitted Peak Positions (eV) of Screened
Plasmon Resonance Energies in TiN at Each of the Marked
Regions in Figure 1a

marked point TiN/MgO TiN/Al0.3Sc0.7N/MgO

P-1 2.45 2.81
P-2 2.58 2.87
P-3 2.53 2.98
P-4 2.56 2.93
P-5 2.59 2.82

aThe peak positions have an estimated uncertainty of about 10 meV.
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lattice parameter closer to that of MgO, consistent with
coherent or partially coherent epitaxial constraint. The
epitaxial relationship is further confirmed by pole-figure
measurements (Figure 3b). The asymmetric TiN (111) pole
figure for TiN/r-Al0.3Sc0.7N exhibits four symmetrically spaced
diffraction maxima at χ ≈ 54.7°, characteristic of 4-fold cubic
epitaxy. An analogous 4-fold symmetry is also observed for the
r-Al0.3Sc0.7N buffer layer (Figure S5), confirming that TiN
inherits the crystallographic symmetry of the underlying
epitaxial template.
Reciprocal space maps (RSMs) around the asymmetric

(113) reflection provide further insight into the strain state of
the films (Figure 3c,d). For strain-free TiN/MgO (Figure 3c),
the TiN and MgO diffraction peaks are vertically aligned along
Qx, confirming in-plane lattice matching, while a slight
elongation along Qz reflects the small difference in the out-
of-plane lattice parameters. In contrast, the RSM of the TiN/r-
Al0.3Sc0.7N/MgO heterostructure (Figure 3d) reveals two well-
separated peaks corresponding to MgO and the r-Al0.3Sc0.7N
buffer layer, demonstrating their in-plane lattice mismatch and
confirming that the buffer layer is fully relaxed at a thickness of
∼65 nm. The TiN diffraction signal coincides with the MgO
peak and exhibits noticeable broadening, indicating that the
ultrathin TiN film experiences tensile strain while remaining
laterally constrained by the substrate. Because the TiN
diffraction peak overlaps with that of MgO in reciprocal
space, ultrathin film thickness, and the close similarity of lattice
parameters, XRD alone cannot unambiguously quantify the
strain state within the TiN layer. Consequently, direct real-
space strain mapping using HAADF-STEM and GPA (Figure
2) has been performed to resolve the local strain distribution in
TiN, providing the basis for correlating epitaxial strain with the
observed plasmonic response.
To elucidate the plasmonic response of ultrathin TiN and to

confirm that the Al0.3Sc0.7N buffer layer does not exhibit any

plasmonic signature in the visible spectral range, optical
characterization of the films is performed using spectroscopic
ellipsometry, complemented by first-principles density func-
tional theory (DFT) calculations. The ellipsometry-derived
real and imaginary components of the dielectric permittivity
reveal that the strain-free 10 nm TiN film exhibits an ENZ
crossover at ∼520 nm, which closely matches the ENZ
wavelength of ∼480 nm observed in a thicker TiN film grown
under identical conditions. This slight red shift of the ENZ
wavelength45,32 in the ultrathin TiN layer is consistent with its
marginally reduced carrier concentration relative to the thick
TiN film. As shown in Figure 4a, the thicker TiN film displays
a modestly larger real part of the dielectric permittivity (ε′),
reflecting a stronger free-electron Drude response arising from
its higher carrier density. Correspondingly, the optical losses,
represented by the imaginary part of the dielectric permittivity
(ε″), are slightly larger in the thicker film over most of the
measured spectral range. Notably, in the visible regime, the 10-
nm TiN film exhibits a somewhat enhanced optical loss, which
is attributed to increased surface and interface scattering in the
ultrathin limit.
In contrast, ellipsometry measurements of the r-Al0.3Sc0.7N

buffer layer show that ε′ remains positive across the ultraviolet,
visible, and near-infrared spectral ranges, confirming its
dielectric character.39 The corresponding ε″ spectrum exhibits
a peak associated with interband transitions and remains
relatively low at longer wavelengths. Due to the large number
of fitting parameters in the TiN/Al0.3Sc0.7N/MgO multilayer
heterostructure, reliable extraction of the dielectric function of
the strained TiN layer deposited on the Al0.3Sc0.7N buffer layer
was not possible. Nevertheless, the energy-loss function,
Im[−1/ε(ω)], calculated from the ellipsometry-derived
dielectric permittivity46 of both the thick and ultrathin TiN
films shows excellent agreement with the experimentally
measured EELS spectra, as illustrated in Figure 4c. Compared

Figure 2. Structural, chemical, and plasmonic characterization of strained and unstrained TiN heterostructures. (a) Low-magnification HAADF-
STEM image of a homogeneous and uniform TiN/r-Al0.3Sc0.7N heterostructure deposited on a (001) MgO substrate. The r-Al0.3Sc0.7N buffer layer
is introduced to impose lattice mismatch and induce strain in the overlying TiN film. The inset shows a SAED pattern acquired along the [001]
zone axis, confirming cubic epitaxial growth of the heterostructure. (b) HAADF-STEM overview image of TiN grown directly on (001) MgO,
demonstrating homogeneous, strain-free epitaxial growth. (c) GPA map of the in-plane strain component, εxx, across the entire TiN/r-Al0.3Sc0.7N/
MgO stack, highlighting the larger lattice parameter of the r-Al0.3Sc0.7N layer and the resulting tensile strain in the TiN film. (d) High-resolution
HAADF-STEM image of TiN on r-Al0.3Sc0.7N, together with EDS elemental maps of Ti, N, Al, Sc, and O, demonstrating chemically uniform and
well-defined interfaces. (e) Comparison of EELS spectra acquired at the five marked locations (Figure 1b), corresponding to the unscreened
plasmon excitation. The strained TiN film (ii) exhibits a pronounced blue shift in the unscreened plasmon energy relative to strain-free TiN (i),
mirroring the trend observed for the screened plasmon resonance.
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to the thicker film, the 10-nm TiN layer exhibits a slightly
broader loss-function peak, consistent with the experimentally
observed EELS line shape. Such broadening reflects the
enhanced optical damping in the ultrathin film, arising from
increased electron scattering at surfaces and interfaces.30

Since both the strain-free and strained 10-nm TiN films are
far outside the strong quantum confinement regime,32 their
plasmonic response can be adequately described using
semiclassical Drude theory. Within this model, the plasma
frequency ωp is governed by the free-carrier concentration (N)
and the carrier effective mass (m*). Therefore, to elucidate the
microscopic origin of the strain-induced blue shift of the
plasmon resonance, first-principles DFT calculations, as
implemented in Quantum Espresso, are performed to examine
the strain dependence of the electronic band structure, carrier
effective mass, and defect formation energetics in TiN. As
shown in Figure 5a, ∼2.5% biaxial tensile strain leads to
minimal changes in the electronic structure47 of TiN near the
Fermi level. In particular, tensile strain shows no significant
changes in the band curvature, resulting in similar effective
masses of the carriers (Figure S8).

Although the carrier effective mass remains essentially
unchanged under tensile strain, the free-carrier concentration
in TiN can vary substantially due to strain-induced

Figure 3. XRD analysis of strain-free and strained TiN hetero-
structures. (a) Symmetric 2θ−ω XRD patterns of 10 nm TiN films
deposited directly on (001) MgO (strain-free, blue) and on an r-
Al0.3Sc0.7N buffer layer on MgO (strained, red), showing (002)-
oriented TiN growth. Pronounced thickness fringes in the TiN/MgO
XRD pattern indicate high crystalline quality and atomically sharp
interfaces. For TiN deposited on r-Al0.3Sc0.7N, the TiN (002) peak
overlaps with the MgO substrate peak, reflecting out-of-plane lattice
compression induced by in-plane tensile strain, which drives the TiN
lattice parameter closer to that of MgO. (b) Pole figure measured
around the asymmetric TiN(111) reflection for TiN/r-Al0.3Sc0.7N,
showing four symmetrically spaced diffraction maxima characteristic
of 4-fold cubic epitaxy. (c) RSM around the asymmetric (113)
reflection for strain-free TiN/MgO, where the vertical alignment of
the TiN and MgO peaks along Qx confirms in-plane lattice matching.
The slight elongation along Qz reflects the small difference in the out-
of-plane lattice parameters. (d) RSM around the (113) reflection for
strained TiN/r-Al0.3Sc0.7N/MgO, revealing two well-separated peaks
corresponding to MgO and r-Al0.3Sc0.7N, indicative of their in-plane
lattice mismatch. The TiN peak coincides with MgO along Qx, while
its broadening reflects the presence of tensile strain within the TiN
layer.

Figure 4. Optical dielectric response and energy-loss characteristics of
TiN and r-Al0.3Sc0.7N thin films. (a) Real (ε′) and imaginary (ε″)
parts of the dielectric permittivity of 10-nm (red) and 100-nm (blue)
TiN films grown on (001) MgO substrates. Both films exhibit a
plasmonic response with an ENZ crossover near ∼500 nm (inset).
Compared to the thicker film, the 10-nm TiN layer shows enhanced
optical losses in the visible spectral range. (b) Real (ε′) and imaginary
(ε″) components of the dielectric permittivity of rocksalt r-Al0.3Sc0.7N
grown on (001) MgO, confirming its dielectric behavior across the
measured spectral range. (c) Energy-loss function, Im[−1/ε(ω)],
calculated from the ellipsometry-derived permittivity of TiN films and
compared with experimentally measured EELS spectra at the TiN/
substrate interface (inset), demonstrating close agreement between
the optical and electron-based probes of the plasmon response.

Figure 5. Calculated electronic structure, defect formation energy,
and loss function. (a) Electronic band structure for relaxed (gray) and
strained (blue) TiN along the in-plane direction. The electronic
dispersion does not exhibit a significant change from strain. (b)
Calculated nitrogen vacancy formation energy Ef(VN) for TiN with
different amounts of in-plane tensile strain, at the middle of the slab
layer (red) and at the surface (blue). With strain in the layer, VN
formation becomes more feasible. (c) Comparison between
theoretically calculated and experimentally determined EELS for an
unstrained TiN. (d) Computationally calculated EELS for TiN
incorporating additional negative charge (solid red) and compared
with the calculated EELS of pristine TiN (dashed gray). Consistent
with the experimental observations, TiN with VN exhibits a higher
plasma resonance peak (inset) energy.
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modifications of defect energetics. To clarify this mechanism,
the formation energy of nitrogen vacancy Ef(VN) values under
different levels of in-plane tensile strain are calculated,48

considering both bulk-like and surface-like regions (Figure 5b)
in a vertical slab mimicking the ultrathin layer (Figure S7). The
calculations reveal a systematic reduction in Ef(VN) with
increasing tensile strain, indicating that VNs become energeti-
cally more favorable in tensile-strained TiN. Because VNs act as
electron donors in TiN,49 their enhanced formation under
tensile strain leads to an increased electron concentration,
which, in turn, raises the plasma frequency within the Drude
framework.
Importantly, the calculations also explain the experimentally

observed depth dependence of the plasmon energy. The
reduction in Ef(VN) is more pronounced in the bulk region
than at the surface, resulting in a higher VN and electron
concentration and, consequently, a larger plasmon resonance
energy away from the surface. This trend is fully consistent
with the spatially resolved EELS measurements shown in
Figures 1c and 2e, as well as with earlier theoretical
predictions.43 Collectively, these results establish strain-driven
defect engineering as the microscopic origin of the observed
blue shift in the plasmon resonance of TiN.
To further validate our theoretical framework, a direct

comparison between the calculated energy-loss spectrum and
the experimentally measured EELS data for the unstrained TiN
film50 (Figure 5c) is made. The theoretically derived screened
plasmon energy shows excellent agreement with the exper-
imental value, confirming the reliability of the computational
approach in capturing the essential electronic response of TiN.
Additionally, the EELS data (Figure 5d) for unstrained TiN is
simulated by incorporating an additional negative charge
corresponding to the experimental excess electron concen-
tration of ∼7.4 × 1021 cm−3, arising from VNs in the strained
film. Compared to pristine unstrained TiN, the calculated
spectrum exhibits a blue shift, further confirming the influence
of the additional charge introduced by VN formation.
Taken together, these findings establish a clear microscopic

mechanism for the strain-induced enhancement of the plasmon
resonance energy in ultrathin TiN. Epitaxial tensile strain
increases the plasmon resonance energy primarily through
strain-stabilized donor-like VNs that elevate the free-electron
concentration in the strained film, while the carrier effective
mass remains largely unchanged. This combined insight
provides a coherent and quantitatively supported explanation
for the experimentally observed blue shift of the plasmon
resonance energy in the strained ultrathin film.
In summary, we demonstrate that plasmon resonances in

epitaxial TiN can be actively tuned through lattice strain,
challenging the long-standing assumption that metallic
plasmon frequencies are spectrally fixed by the composition
alone. By comparing strain-free and biaxially tensile-strained
10-nm TiN films, we observe a pronounced and spatially
resolved blue shift of both screened and unscreened plasmon
resonances under tensile strain. Correlative EELS, ellipsom-
etry, and first-principles calculations reveal that tensile strain
stabilizes donor-like VNs, thereby increasing the free-electron
concentration and plasma frequency with minimal impact on
the carrier effective mass. These findings establish strain-driven
defect engineering as a powerful and previously underexplored
route for modulating collective electronic excitations in
refractory plasmonic metals. More broadly, our work
introduces epitaxial strain as a viable design parameter for

actively tuning plasmonic responses in transition-metal
nitrides, opening new opportunities for mechanically program-
mable and CMOS-compatible plasmonic devices.
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