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Abstract
We report nano–infrared (IR) imaging and spectroscopy of epitaxial bilayer graphene (BLG) on 

silicon carbide (SiC) partially intercalated with gadolinium (Gd). Gd intercalation produces a high density 
of nanoscale conducting domains that exhibit pronounced IR enhancement at frequencies above the SiC 
phonon resonance and pronounced amplitude suppression at the resonance. Both effects originate from the 
increased local optical conductivity induced by Gd. Quantitative modeling of the nano-IR spectra shows 
that the conductivity of intercalated regions is enhanced by more than a factor of two relative to pristine 
BLG. This enhancement is attributed to the electronic decoupling of the graphene layers combined with 
substantial charge transfer from the intercalated atoms. These results demonstrate that controlled metal 
intercalation enables spatially resolved tuning of the electronic and optical responses of wafer-scale 
graphene, providing a versatile platform for graphene-based optoelectronic and nanophotonic applications.

1. Introduction
Epitaxial growth of graphene and few-layer graphene (FLG) on silicon carbide (SiC) offers a 

uniquely controlled and reproducible pathway for synthesizing high-quality graphene over wafer-scale 
areas.1-4 In this approach, high-temperature thermal decomposition of SiC induces the preferential 
sublimation of silicon atoms, leaving behind a carbon-rich surface that reconstructs into atomically ordered 
graphene layers. This self-organized growth process yields graphene films with excellent structural 
uniformity, low defect densities, and long-range crystalline order.³ Beyond structural quality, epitaxial 
graphene on SiC offers several intrinsic advantages for device integration. The wide-bandgap, 
semiconducting nature of SiC provides a mechanically and chemically robust substrate compatible with 
conventional semiconductor processing, enabling direct integration of graphene into scalable electronic and 
optoelectronic architectures.⁴ Moreover, the electronic properties of epitaxial graphene—including carrier 
density, Fermi-level position, layer number, and interlayer coupling—can be systematically tuned through 
growth conditions, substrate termination, and post-growth treatments.1-4 Collectively, these attributes 
establish epitaxial graphene on SiC as a versatile, wafer-scale materials platform for developing next-
generation electronic, photonic, and plasmonic devices.5-7

Metal intercalation has emerged as a powerful method to tune the properties of epitaxial graphene 
on SiC.8 By inserting metal atoms at the graphene–substrate interface or between adjacent graphene layers, 
intercalation can electronically decouple graphene from SiC and modify the interlayer coupling of FLG. As 
a result, carrier density, Fermi-level position, and band structure can be precisely tailored. Depending on 
the choice of the intercalant, additional functionalities—such as magnetism, superconductivity, and 
topologically nontrivial phases—can be introduced,9–16 significantly expanding the capabilities of 
graphene-based heterostructures for spintronics, nanoelectronics, and emerging quantum technologies.
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Among the various intercalants studied, gadolinium (Gd) stands out due to its large magnetic 
moment and strong interaction between localized 4f states and itinerant electrons. Intercalating Gd beneath 
epitaxial graphene may induce magnetic ordering and spin polarization while preserving the high mobility 
of graphene. The presence of Gd also modifies interlayer coupling and graphene doping via charge transfer, 
creating spatial variations in carrier density and work function.17,18 These effects provide opportunities to 
investigate spin-dependent transport, magneto-optical phenomena, and nanoscale electronic inhomogeneity 
in graphene.

To date, research on Gd-intercalated epitaxial graphene has relied largely on X-ray photoelectron 
spectroscopy, low-energy electron diffraction, STM, and angle-resolved photoemission spectroscopy,18–20 
which offer valuable insights into atomic configuration and band-structure evolution. However, how Gd 
intercalation modifies the local optical response and infrared dynamics at the nanoscale remains largely 
unexplored. A deeper understanding of how Gd intercalation modifies optical responses and infrared 
dynamics is essential for advancing its use in optoelectronic and photonic devices and for revealing how 
nanoscale variations in intercalation drive local electronic inhomogeneities.

In this work, we performed systematic nano-infrared (IR) imaging and spectroscopy studies of Gd-
intercalated epitaxial bilayer graphene (BLG) on SiC by using a scattering-type scanning near-field optical 
microscope (s-SNOM). The s-SNOM was built based on a tapping-mode atomic force microscope (AFM), 
so we can collect both topography and IR images of the sample simultaneously. By coupling the s-SNOM 
with various IR sources, we performed both nano-IR imaging and spectroscopy on the sample with a spatial 
resolution of ~25 nm, which enables visualization and quantitative mapping of nanoscale domains with 
distinct IR responses. Prior to the nano-IR measurements, we characterized the surface morphology at 
different stages of growth using scanning tunneling microscopy (STM). By combining nano-IR, AFM, and 
STM techniques, we obtained a comprehensive understanding of the nanoscale surface features and 
electronic properties of Gd-intercalated BLG. All nano-IR and AFM measurements were performed at room 
temperature (293 K). For STM imaging, the large-area (Fig. 1a,b) and high-resolution (Fig. 1c,d) scans 
were performed at 293 K and 77 K, respectively. 

2. Results and discussion
2.1 Sample preparation and STM characterization
The samples that we studied in this work are epitaxial BLG with partial intercalation, so it is 

convenient to compare in situ the intercalated and non-intercalated sample regions. The initial BLG samples 
were grown uniformly on the Si face of 6H-SiC(0001) wafers after annealing the wafers at ~1570 K under 
ultra-high vacuum conditions (p < 3 × 10−10 mbar). This is a well-established growth method that is 
introduced in detail in previous works.18,21,22 The thickness and uniformity of the BLG samples were then 
verified by STM before Gd intercalation.18 Metal intercalation is a kinetic process in which surface-
deposited atoms overcome energy barriers to transfer from the top surface to the buried interface. Key 
parameters that define the transfer are the initial deposited amount of metal atoms, the annealing 
temperature, and the time spent at this temperature. Gd intercalation is very similar to Dy intercalation, with 
roughly the same annealing temperatures and intercalated phases.19 In Fig. 1a, we present the STM 
topography after the deposition of a nominal 0.5 monolayer (ML) of Gd at room temperature, which shows 
fractal 3-d islands that are non-crystalline.23,24 The stepper terrain of the sample surface is also clearly seen, 
which is a signature feature of the topography of the epitaxial graphene grown on the Si-face of SiC. 

After deposition, the sample was annealed at 850 °C for 20 minutes. Figure 1b presents an STM 
image acquired after annealing, showing that most of the fractal clusters observed in Fig. 1a have 
significantly decreased in size. Only a small number of large clusters remain (e.g., those marked by blue 
arrows), and these features are stable for many days even under ambient conditions. In addition, several 
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relatively flat domains are visible in Fig. 1b (e.g., those marked by green arrows). These domains 
correspond to Gd-intercalated regions, where Gd atoms occupy the interlayer spacing between graphene 
layers during the annealing process. Near the centers of these domains, additional step-like features are 
observed, suggesting the formation of a second Gd layer beneath the surface. As shown by the line profile, 
the thickness of each Gd layer is approximately 0.25 nm.

These distinct topographic features are likely the result of a defect-assisted intercalation 
mechanism.25,26 In this process, Gd atoms initially penetrate the graphene layers through vacancy defects 
and subsequently spread laterally to form the first intercalated layer. Continued incorporation of Gd atoms 
through the same defect can lead to the formation of an additional intercalated layer. Figure 1(c) shows a 
zoomed-in STM image at the boundary of an intercalated domain, where pristine bilayer graphene (BLG) 
exhibiting the characteristic 6×6 moiré pattern (center right) is surrounded by intercalated regions with 
increased surface roughness. Similar intercalation-induced surface morphologies have been reported 
previously.17,18 Finally, Fig. 1d presents a higher-resolution STM image acquired on a flat intercalated 
domain, in which the graphene lattice is clearly resolved, confirming that the Gd atoms reside beneath the 
top graphene layer.

Fig. 1. (a) STM image of epitaxial BLG after deposition of 0.5 ML of Gd. (b) STM image of the same 

sample after annealing at 850 ˚C for 20 minutes. The blue arrows mark some big remnant clusters after 

annealing. The green arrows mark Gd-intercalated domains. Inset plots the line profile extracted along the 
red dashed line. (c) A zoomed-in STM scan at the boundary between pristine BLG and intercalated domains. 
(d) A high-resolution STM image on top of a flat Gd-intercalated domain. Scan parameters of STM: (a) 2 
V, 0.5 nA; (b) 3 V, 0.5 nA; (c) 0.2 V, 1 nA; (d) -0.3 V, 0.5 nA. 
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2.2 Nano-IR imaging
Following the STM characterizations, we performed s-SNOM imaging studies of the same sample 

at ambient conditions. The measurement setup is illustrated in Fig. 2a, where the s-SNOM tip is excited by 
a continuous-wave CO2 laser that covers discrete wavelengths from 9.2 to 10.7 m. Figure 2 plots the AFM 
topography (Fig. 2b), AFM phase (Fig. 2c), and nano-IR imaging data (Fig. 2d) simultaneously taken on a 
typical sample area. The AFM phase plotted in Fig. 2c reflects the mechanical stiffness of the sample.27 
The nano-IR image was taken at an excitation laser wavelength (0) of 9.4 m. As discussed in the following 
paragraphs, this wavelength is away from the strong phonon resonance of SiC centered at 11.5 m, so the 
IR responses are mainly from the graphene layers and the Gd-intercalated domains. The near-field IR 
amplitude (s) measured by s-SNOM is roughly proportional to the average reflection coefficient of all 
evanescent fields.28 Regions with higher optical conductivity typically exhibit greater reflection 
coefficients, thus yielding a stronger IR amplitude signal. 

Fig. 2. (a) Schematic of s-SNOM study of Gd-intercalated epitaxial BLG sample. (b) and (c) The AFM 
topography and phase images of a typical sample surface of our Gd-intercalated BLG sample. (d) The nano-
IR amplitude image of the sample taken simultaneously with the AFM images. The blue and green arrows 
in panels (b-d) indicate Gd clusters and Gd-intercalated domains, respectively.

From the AFM topography image (Fig. 2b), one can see again the stepper terrain as well as the big 
Gd clusters, like those on the STM image (Fig. 1b). The Gd clusters are also seen in the AFM phase image 
(Fig. 2c), where the majority part appears to be brownish, corresponding to “near-pristine” BLG not 
affected by the Gd intercalation process. For convenience, we set the phase value () of the majority region 
to be zero in Fig. 2c. The Gd clusters (e.g., a pair of such particles marked with blue arrows) appear to have 
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a very high AFM phase (  ~ 0.3 rad.), indicating they are stiffer than the relatively softer pristine BLG. 
From the nano-IR image (Fig. 2d), we observe that these clusters appear to be darker (i.e., lower IR 
amplitude), signaling that they are less conductive than BLG. Therefore, Gd clusters are likely not fully 
crystalline and hence not very metallic. 

Another type of feature in the AFM phase image (Fig. 2c) corresponds to patches of domains with 
sizes varying from tens to hundreds of nanometers. For convenience, we mark a typical one with green 
arrows in all data images in Fig. 2. These domains have an intermediate phase signal of  ~ 0.1 rad. 
Indicating they are slightly stiffer than graphene layers. They also appear to be slightly higher (0.3 – 0.5 
nm) than adjacent BLG regions from the AFM topography image (seen more clearly in the zoomed-in 
images in Fig. 3). Based on these characteristics, we conclude that these domains are Gd-intercalated 
regions like those seen previously in the STM images (see Fig. 1b,c). From the nano-IR image (Fig. 2d), 
one can see that these domains appear to have higher IR signals than the rest of the sample areas, so they 
are more conductive. In addition, we found that the IR contrast of these bright domains varies dramatically 
from one to another (see Fig. 2d), indicating that they exhibit different conductivities. The variation of IR 
signals and conductivities is likely due to the differences in the amount of intercalated Gd atoms within 
each domain. 

Fig. 3. (a-b) Zoomed-in AFM topography and AFM phase images of the sample region marked by the white 
dashed square in Fig. 2b. (c-f) Nano-IR imaging data of the response when varying the incident light from 
9.2 to 10.7 m. (g) Line profiles extracted along the dashed lines in panels c-f. The profiles are displaced 
vertically for clarity. 

To better visualize all these features, we performed higher-resolution imaging of the sample area 
marked with a dashed square in Fig. 2b at various excitation wavelengths (0). The imaging results are 
shown in Fig. 3, where we plot the AFM topography (Fig. 3a), AFM phase (Fig. 3b), and nano-IR images 
(Fig. 3c-f). Here, one can see more clearly Gd-intercalated domains in the AFM and nano-IR images. Again, 
we pay attention to the large domain at the lower part of the images (marked with a green arrow). Upon 
close inspection of the nano-IR images, we find that the distribution of the IR signals within the domain is 
non-uniform. The center of the domain appears to be brighter than the edges. This might be due to a denser 
distribution of Gd atoms at the center of the domain, where the graphene properties are more dramatically 
altered. 
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Now we examine the 0-dependence of IR images (Fig. 3c-f), where one can see that the domain 
contrast clearly changes with varying IR wavelengths. For quantitative analysis, we plot in Fig. 3g the line 
profiles extracted across the domain (along the dashed lines in Fig. 3c-f). These profiles are normalized to 
the background signal of non-intercalated BLG. From Fig. 3g, one can see that the maximum IR contrast 
increases from ~70% to ~130% from 9.2 to 9.6 m and then drops to about 40% at 10.7 m. The change 
in IR contrast among different IR wavelengths, as discussed in detail below, is due to the optical phonon 
on SiC that peaks around 11.5 m.

2.3 Nano-IR spectroscopy
A more comprehensive view of the 0-dependent IR contrast can be seen in broadband nano-IR 

spectroscopy data of Gd-intercalated BLG. To perform nano-IR spectroscopy, we excited the s-SNOM with 
a broadband IR pulsed laser covering 7-13 m. The IR pulses are generated through a difference frequency 
generation setup. In Fig. 4a,b, we show the AFM topography and AFM phase image of a sample area where 
multiple Gd-intercalated domains are clearly seen in the phase image. We then perform a line scan across 
a random Gd-intercalated domain (along the blue dashed line in Fig. 4a,b). At every pixel along the line, 
we collect a broadband spectrum. The full linescan data are presented in Fig. 4c,d as two hyperspectral 
images covering the wavelength ranges of 10.5–12.5 µm (Fig. 4c) and 7.5–10.5 µm (Fig. 4d), respectively. 
In both images, the horizontal axis represents the tip position, while the vertical axis corresponds to the IR 
wavelength. The two wavelength regions are shown separately because of the large contrast in IR signal 
intensity (note the different color scale settings), which arises from the strong SiC phonon resonance near 
11.5 µm.

From Fig. 4c,d, one can spot the Gd-intercalated domain (centered at around x = 800 nm) due to its 
different IR contrast. At the phonon resonance (Fig. 4c), the domain region appears to be darker compared 
to neighboring pristine BLG regions. Away from the phonon resonance (Fig. 4d), on the other hand, the 
domain is brighter. The 0-dependent IR contrast of the domain can be visualized more clearly in the 
horizontal line profiles (Fig. 4e,f) extracted directly from the hyperspectral images. These profiles serve the 
same purpose as those of Fig. 3g but were taken with a different approach and cover a broader wavelength 
region. From both the hyperspectral images and profiles, one can see that the Gd-intercalated domain has a 
positive IR contrast relative to pristine BLG off the SiC phonon (e.g., 0 < 10.5 m), which is consistent 
with the results shown in Fig. 3g.  Nevertheless, when it is on top of the phonon (e.g., 0 > 11 m), the 
domain shows a negative IR contrast.
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Fig. 4. (a-b) AFM topography and AFM phase images of a typical sample area of Gd-intercalated BLG. 
(c,d) Broadband hyperspectral maps s(x, ) covering 10.5–12.5 µm and 7.5–10.5 µm, respectively, which 
were taken by line-scanning the s-SNOM probe across a bright domain. (e,f) Line profiles across the bright 
domain at various wavelengths extracted from the hyperspectral maps in panels c and d. The red dashed 
lines are a guide to the eye. 

The unique IR contrasts can be seen more clearly in Fig. 5a, where we plot together the nano-IR 
spectra of the Gd-intercalated BLG domain, pristine BLG region, and a bare SiC substrate. As shown in the 
spectra (Fig. 5a), the SiC phonon resonance, which peaked at 11.5 m, is the dominant feature within the 
spectroscopic window. At shorter wavelengths below the phonon resonance, Gd-intercalated BLG has 
higher signals than pristine BLG and the bare SiC substrate. On top of the phonon resonance, in contrast, 
the signal of SiC is higher than that of the pristine and intercalated BLG. The distinct IR contrasts on and 
off the phonon resonance both originate from the high conductivity of the two types of BLG. Away from 
the phonon, the graphene layers are the main contributors to the s-SNOM signal, so higher conductivity 
leads to a higher IR amplitude signal.  Atop the phonon, SiC is the dominant source of the s-SNOM signal, 
and graphene layers quench the SiC signal due to the electronic screening effect. Enhanced conductivity of 
the graphene layers due to Gd intercalation results in more effective screening and consequently a weaker 
phonon resonance.

2.4 Quantitative near-field modeling
The spectroscopic features shown in the experimental spectra (Fig. 5a) are well captured by our 

modeling results (Fig. 5b). Here, the computation was done by using a numerical model built on Comsol 
Multiphysics. In the model, the s-SNOM tip is approximated as an elongated conducting spheroid with a 
radius of curvature of 25 nm at the tip apex. The near-field signal is computed by evaluating the total 
radiating dipole moments of the tip. The graphene sample (both BLG and Gd-intercalated BLG) is modeled 
as a thin conducting film with an effective thickness of 1 nm. While this setting is close to the real thickness 
of BLG (2 graphene layers plus a buffer layer) and slightly smaller than that of Gd-intercalated BLG, the 
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computation results do not change significantly (< 2% difference) if we choose an effective thickness of 2 
or 3 nm. A detailed introduction of the model can be found in a previous paper.29 

The key modeling parameter of the BLG sample (with or without Gd-intercalation) is the optical 
conductivity (E), where E is the IR energy. Note that the Fermi energy (EF) of epitaxial BLG is high (> 
0.3 eV) (see Ref. 10), the interband transitions (only enabled at energies above 2EF) are far above our energy 
range (0.1-0.15 eV). Therefore, we only consider the intraband transitions when formulating the optical 
conductivity. For pristine BLG, the Drude conductivity can be written as:30

𝜎𝐵𝐿𝐺(𝐸,𝐸𝐹) = 2𝑒2𝐸𝐹
𝜋ℏ

𝐸𝐹+𝛾
2𝐸𝐹+𝛾

+ 𝐸𝐹―𝛾
2𝐸𝐹―𝛾

Θ(𝐸𝐹 ― 𝛾) 𝑖
𝐸(1+𝑖Γ).                               [1]

Here,  ≈ 0.39 eV is the interlayer hopping energy of BLG, and  is the charge scattering rate. By modeling 
the experimental spectra, we estimate the EF of BLG to be 0.34 ± 0.06 eV, which is consistent with previous 
ARPES results.18

s

Fig. 5. (a,b) Experimental and modeled nano-IR spectra of the BLG (red), Gd-intercalated BLG (blue), and 
bare SiC substrate (black). Here, EF of BLG is set to be 0.34 eV, and the conductivity enhancement factor 
 of Gd-intercalated BLG is set to be 2.4. (c) Modeled nano-IR spectra with various settings of . (d) 
Modeled nano-IR spectra of a 2D sample with different settings of charge scattering rate. 

Based on the BLG modeling result, we can now evaluate the conductivity enhancement by Gd 
intercalation. Here, we set the optical conductivity of Gd-intercalated BLG in the model to be

𝜎𝐺𝑑―𝐵𝐿𝐺 = 𝜂𝜎𝐵𝐿𝐺,                                                            [2]

Page 8 of 12Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

0/
20

26
 1

0:
50

:3
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5NR05324B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr05324b


where  is the enhancement factor and BLG  is the conductivity of pristine BLG at EF = 0.34 eV (see 
previous paragraph). In Fig. 5b, the modeling spectrum of Gd-intercalated BLG (blue curve) is calculated 
with   = 2.4, which shows a reasonable agreement with the experimental spectrum in Fig. 5a. Results with 
other settings of  are shown in Fig. 5c, which indicates that the resonance spectrum is sensitive to Drude 
conductivity. By comparison, the nano-IR spectra close to the phonon resonance of SiC show only minor 
variations with respect to the parameter  (see Fig. 5d). Note that the enhancement factor   = 2.4 is 
measured from one particular domain. Considering that there is a large distribution of domains with various 
sizes and IR signals (see Figs. 2 and 3), the values of  could vary from domain to domain. 

The sizable enhancement of conductivity is a direct signature of the significant change of electronic 
properties of BLG due to Gd intercalation. According to the previous study,21 the Gd atoms are likely 
intercalated between the top two graphene layers when annealed at a relatively low temperature (≤ 1000 
℃). In other words, BLG is decoupled and becomes two isolated SLG due to Gd intercalation (see Fig. 2a). 
In addition, the intercalated Gd atoms can also significantly dope the adjacent graphene layers due to charge 
transfer.21,31 Therefore, the conductivity enhancement observed in our work is likely due to the contribution 
from both the decoupling and doping of the top two graphene layers by Gd. 

For example, in the case of   = 2.4, the two decoupled graphene layers contribute to a total of 2.4 

times of BLG (EF = 0.34 eV). Assuming that the two SLG layers are equally doped by Gd atoms, they each 

contribute 1.2 times of BLG . Similar to BLG, the interband transitions only occur at very high energies (
≥ 2𝐸𝐹), so we only need to consider the Drude component of the optical conductivity, as written below: 

𝜎𝑆𝐿𝐺(𝐸,𝐸𝐹) = 𝑒2𝐸𝐹
𝜋ℏ

𝑖
𝐸(1+𝑖Γ),                                                      [3]

Based on Eq. 3, we estimate that the EF of each SLG layer is about 0.56 eV, indicating that the 
graphene layers are highly doped. Note that the estimated value of EF is only for the measured domain. The 
spatial variation of IR signals across different domains seen in Fig. 2d indicates that the EF of decoupled 
graphene layers also varies. According to previous DFT calculations,21 EF of the decoupled graphene layers 
due to Gd intercalation can reach as high as 1.6 eV when the Gd atoms are densely distributed between the 
two top graphene layers. 

3. Conclusions
In summary, we have performed a comprehensive nano-IR imaging and spectroscopy study of 

epitaxial BLG partially intercalated by Gd atoms. We found through nano-IR imaging a large density of 
Gd-intercalated graphene nano-domains with different sizes and IR contrasts. These domains enhance the 
IR signals away from the SiC phonon resonance and quench the signal atop the resonance. Both types of 
responses originate from the increased conductivity of BLG by Gd intercalation. With quantitative 
modeling of the nano-IR spectra, we estimate the optical conductivity of Gd-intercalated nano-domains to 
be as high as 2.4 times that of the pristine BLG regions. The enhancement of conductivity is attributed to 
the decoupling and extra doping of the graphene layers by the intercalated Gd atoms. Our work 
demonstrates an effective and convenient method for fabricating graphene-based conducting nanodomains, 
which can be controlled by varying the amount of metal deposition, annealing temperature, and annealing 
time.21 The spatial distribution of nanodomains across the wafer can be further manipulated by introducing 
shadow masks during metal deposition.32,33 Our findings highlight the potential of controlled rare-earth 
intercalation to locally tune the electronic and optical properties of graphene, paving the way for a range of 
advanced applications such as spatially programmable metasurfaces, reconfigurable photonic circuits, and 
tunable optoelectronic devices.34
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