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Tuning Conductivity and Spin Dynamics in Few-Layer
Graphene via In Situ Potassium Exposure

Bence Gdbor Mdrkus, Olivér Sdgi, Sdndor Kollarics, Konstantin F. Edelthalhammer,
Andreas Hirsch, Frank Hauke, Péter Szirmai, Bdlint Ndfrddi, LdszI6 Forrd,

and Ferenc Simon*

Chemical modification such as intercalation or doping of novel materials is
of great importance for exploratory material science and applications in
various fields of physics and chemistry. Herein, the systematic intercalation
of chemically exfoliated few-layer graphene with potassium is reported while
monitoring the sample resistance using microwave conductivity. It is found
that the conductivity of the samples increases by about an order of magnitude
upon potassium exposure. The increased number of charge carriers deduced
from the electron spin resonance (ESR) intensity also reflects this increment.
The doped phases exhibit two asymmetric Dysonian lines in ESR, a usual sign
of the presence of mobile charge carriers. The width of the broader component
increases with the doping steps; however, the narrow components seem to

have a constant line width.

1. Introduction

Several allotropes of carbon are well-known electron acceptor
materials. The charge doping can be conveniently performed
with the help of alkali and alkali earth metal atoms when these
are brought into contact with the carbon. A good example of
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alkali doping of the 0D carbon allotrope,
fullerenes,™™ results in superconductiv-
ity>™¥ with a record T. of 29K for
Rb;Cy0.”) However, alkali-doped fullerenes
form conducting polymers (e.g., KCgo!®™®)
with a density-wave correlated ground
state. Alkali and alkali earth atom-doped
graphitel® also give rise to superconductiv-
ity with the record T. of 11.5K for
CaCe '™ Similarly, alkali-atom-doped
single-walled carbon nanotubes!'? are
compelling as these allowed the observa-
tion of a dimensional crossover from a 1D
correlated metal, a so-called Tomonaga—
Luttinger liquid™® to a Fermi liquid."¥

Graphene,™ the latest addition to the
family of electron acceptor allotropes of
carbon, can also be well doped with alkali
atoms, including Li, K, and Rb.'"*! We recently reported the
successful synthesis of Na-doped graphene,”” which is surpris-
ing as sodium does not intercalate the host compound, graphite,
to lower stages.!*"*

Besides the discovery of several fundamentally interesting
and compelling phases, the technological importance of alkali
atom-doped carbon is unquestionable, as shown by, e.g., the
ubiquitous use of lithium batteries for whose development
the Nobel Prize in chemistry in 2019 was awarded.

The starting step of the intercalation has often been a
gradual exposure to the vapor of the heavier alkali atoms
(K, Rb, and Cs), especially when the stoichiometric content
of the alkali/carbon ratio was unknown while monitoring
the direct current (DC) resistance of the respective materi-
als.!»>?*?4 For graphene, measurement of DC resistance could
be performed for small, individual flakes; however, this method
is clearly impractical for the study of the bulk form of graphene,
after chemical exfoliation.

Here, we report the systematic intercalation of chemically
exfoliated graphene with potassium while monitoring the sample
resistance using microwave conductivity, which is a contactless
transport method and is readily applicable for air-sensitive,
porous materials, where the conventional contact methods are
not possible. We find that the conductivity of the samples
increases by about an order of magnitude upon potassium inter-
calation. The increased number of charge carriers is deduced
from the electron spin resonance (ESR) intensity, which is also
enlarged by the same amount, compared with the first doping
step. In ESR, two asymmetric Dysonian signals are found
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denoting metallicity. The width of the broader component grows
with the doping steps; however, the narrow components seem to
have a constant line width.

2. Methods and Sample Preparation

Few-layer graphene (FLG) samples were prepared from satura-
tion potassium-doped spherical graphite powder (SGN18,
Future Carbon) using dimethyl sulfoxide solvent for the wet
chemical exfoliation as described elsewhere.”>?”! Chemical
exfoliation was finalized using ultrasound tip sonication, as it
is known to produce the best quality.”*?°! The properties of
the starting material are well characterized by atomic force
microscopy and Raman spectroscopy, which revealed that the
restacked FLG is also present in the sample.*”) The dominant
portion (90%) of the material consists of five layers or less,
including monolayer content. Prior to insitu measurements,
the undoped FLG was heated to 400°C for 30min in high
vacuum (2 x 10”®mbar) to remove any residual solvents. It
was shown previously in the previous studies?®°! that this does
not affect the morphology of the starting FLG.

Afterward, the FLG material was placed in one end of a quartz
tube, which is narrowed down in the middle. In the other end,
excess amount of potassium is placed (Aldrich MKBL0124V
99.9+% purity). The geometry is similar to the one used in
the two-zone vapor phase intercalation technique.” The ampoule
is sealed under a high vacuum (2 x 10™® mbar). Afterward, it is
inserted into the microwave conductivity measurement setup
(described later), where the insitu intercalation takes place.
The process is driven by the thermal and chemical potential
gradient present between the two ends of the sealed ampoule.
Two samples were investigated with the technique, one with slow
intercalation steps, and one where the intercalation carried out in
amore rapid manner. These samples are referred to as "in situ #1"
and "in situ #2". In the "in situ #1" cycle, the sample was heated to
200 °C and then cooled down instantly in the first five steps. In the
latter steps, the sample was kept at 200 °C for 30 min, and then
cooled down to room temperature. Each point of the first seven
steps consists of an average of 64 rapid frequency sweep experi-
ments. After the seventh step, the number of averages was
increased to 256 to eliminate the higher noise arising from lower
Q-factors; hence, the overall signal-to-noise ratio is increased. In
the case of "insitu #2," all the steps followed the latter protocol;
thus, the doping proceeded faster, more aggressively. The conduc-
tivity of the samples was monitored continuously. The sample
labeled as "furnace" was intercalated in a furnace. The center
of the furnace was heated to 250 °C, where the potassium was
located. Here, each intercalation step took 30 min. After each step,
for every sample, an ESR measurement was performed to monitor
the amount of conducting electrons in the system.

Due to lack of substrate, significant restacking of individual
graphene flakes occurs, leading to misaligned layers in the sam-
ple. The powder sample consists of sponge-like structures, as ther-
modynamic equilibrium is achieved to create a 3D solid material.

Microwave conductivity measurements were performed with
the cavity perturbation technique®®*" in a custom-built high-
temperature setup. The method is proved to give meaningful
information about the conductivity of porous and air-sensitive
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samples®” and well suited to study insitu changes. The used
copper cavity has an unloaded quality factor of Qy= 10000
and a resonance frequency, [, ~ 10.2 GHz, whose temperature
dependence is considered. The samples were placed in the node
of the microwave electric field and maximum of the microwave
magnetic field inside the TEO11 cavity, which is the appropriate
geometry to study minute changes in the conductivity.?**! The
alternating microwave magnetic field induces eddy currents in
the sample, which causes a change in the microwave loss and
shifts the resonator frequency. The Q-factor of the cavity is mea-
sured via rapid frequency sweeps near the resonance. A fit to the
obtained resonance curve yields the position, f, and width, I'¢, of
the resonance. Q is afterward obtained from its definition
Q = f/I'r. This value has to be corrected with the unloaded
Q factor of the cavity; thus, the loss caused by the inserted
sample is

A ( 1 ) 1 1 a
20/ 20 2Q
where Qp is the Q-factor of the unloaded cavity.

As the FLG material is known to have low conductivity
compared with metals, the Q ~ p relation is used,?*** where
p is the resistivity of the sample. As the microwave conductivity
cannot yield absolute conductivity values, other important
parameters, e.g., charge carrier mobility, remain inaccessible
with this method.

Room temperature ESR measurements were performed after
each doping step on a Bruker Elexsys E500 X-band spectrometer,
without opening the sample ampoules. The spectral parameters
(intensity and line width) of each signal component are deter-
mined by fitting (derivative) Lorentzian or Dysonian curves,?”!
as is customary in the ESR literature. The fitting was performed
using a standard least-squares method. Dysonian lines are
approximated with a weighted sum of an absorption and a dis-
persion Lorentzian function.*® The latter can be performed
when the spin diffusion time is smaller than the spin relaxation
time (e.g., the so-called NMR limit), which is the usual case for
porous materials.

3. In Situ Microwave Conductivity Measurements

Microwave conductivity results measured on the sample labeled
as "insitu #1" are presented in Figure 1.

The undoped material exhibit a flat, semi-conducting charac-
teristic, reproducing our earlier results in the previous study.”*®!
This behavior is due to the low amount of mobile charge carriers
present in the material; most of the conducting electrons are
thermally excited. The diffusion of the potassium atoms becomes
dominant above 175°C and causes a gradual upturn in each
curve. The increased conductivity is a clear sign that the material
becomes intercalated, and the FLG accommodates the potassium
ions, and its electron is donated to the host material. After each
step, the ampoule was pulled out from the setup, and it was
ensured that no metallic potassium was left on the inner wall
of the quartz tube. Then, an ESR measurement was performed
(Section 4). The doping proceeds through several steps with
monotonously increasing conductivity. In the final step, we

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Microwave conductivity data normalized to the value of the
undoped sample taken at room temperature. Upon potassium exposure,
the conductivity increases in each step. In the first five steps, the ampoule
was heated up to 200°C and then cooled down to room temperature,
whereas in the latter steps, the sample was kept at 200°C for 30 min.
Note the gradual increase in the conductivity; after the final doping step,
the value is increased by a factor of about 7.3. The lower noise starting
from step 8 is due to the increased number of averages for each measure-
ment point.

observe an overall increase in the conductivity by a factor of
7.3 at room temperature. Even though the resistivity of the final
product is about one order smaller compared with the starting
material, it still presents a semi-conducting behavior. This is
either due to an incomplete charge transfer (in several cases,
vapor-phase intercalation cannot reach very high doping, see
e.g., potassium-doped single-walled carbon nanotubes®”), or
the simple relation of Q ~ p does not hold anymore. The latter
can occur if the flakes develop electronic contacts among each
other, and the whole sample starts to behave as a bulk metal
instead of a loosely packed powder. In this scenario, the micro-
waves can only penetrate to a finite depth due to the skin effect
causing Q ~ /o, which would yield a metallic behavior.**
Unfortunately, investigating such a turnover is beyond the scope
of the present manuscript. Furthermore, this effect can also be
caused by the freezing-out of the diffusing potassium atoms as
the temperature is lowered.

4. Spin Properties

ESR spectra of the undoped material and after the 1st, 4th, 7th,
and 16th doping steps are presented in Figure 2. Each spectrum
consists of two components: a broader line and a narrower one.
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Figure 2. Evolution of the X-band ESR spectra for the sample labeled as
"in situ #1". The undoped material and after the 1st, 4th, 7th, and 16th
doping steps are presented. The undoped FLG has two, symmetric com-
ponents due to the presence of localized defects, as seen before %2
After potassium intercalation, two, different asymmetric lines appear.
These lines are identified as Dysonians®® as an indication of the presence
of conducting electrons. The intensity and the asymmetry of the Dysonians
develop monotonously with the amount of alkali in the material. The broader
component is presented with green, the narrow component is denoted
with gray color, and the lines are referred to as broad and narrow compo-
nents, respectively, in the text. The sum of the two components is shown
in red.

The earlier is presented with green, the latter with gray color
in Figure 2. The sum of the two components is shown in red.
We refer to these lines as broad and narrow components.

The undoped material exhibits two symmetric Lorentzian
peaks, as noted earlier.?*?® The presence of these signals is
due to the remaining solvent, dangling bonds, or other localized
lattice defects. Even after the first intercalation step, two,
different Dysonian features® appear with a gradually
higher intensity. The presence of such a line shape is an indica-
tion for the appearance of new, conducting electrons in the
system. The latter doping steps also exhibit two asymmetric
Dysonian lines. The asymmetry and the intensity of the
Dysonians grow with the amount of alkali in the system.
Previously, in the Li-doped FLG system, we also observed two
Dysonians; however, the sodium system only exhibits a single
Dysonian, Pauli-type signal (flat temperature dependence)?®
as Na cannot penetrate into graphite, and it only intercalates
the monolayer flakes. Here, similarly to the lithium-doped
FLG system, the two lines can be correlated with the simulta-
neous presence of flakes with single layer together with
multilayer flakes

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Fitted intensities of the observed ESR lines as a function of
the doping steps for the sample labeled as "insitu #1." The values
of the narrow line are multiplied by 10 to be scaled with the broader
component. Please note the gradual increase for both spin species; the
broader component is amplified by a factor of about 8, whereas the
narrow is by 5 in the final step, compared with the first step. The dashed
arrows are denoting the general trends observed in the material.

4.1. Increased Number of Charge Carriers as Seen by ESR

The ESR intensities are found by fitting the two signals (as
described in Section 2), as presented in Figure 3. The intensity
of the narrow signal is multiplied by 10 to be scaled with the
broader component.

The intensity, which is directly proportional to the spin sus-
ceptibility, of both Dysonian components, increases with the
amount of potassium. This indicates that after each intercalation
step, more and more charge is transferred to the FLG host.
The intensity of the broader component is grown by a factor 8,
whereas the narrow component is increased by a factor of about 5
in the final step, compared with the first doping step. The inten-
sity of the broader signal tends to increase monotonously.
Surprisingly, the narrow signal seems to saturate after the tenth
step, which is probably related to the special, mixed structure
of the material (simultaneous presence of single layer and
multilayers).

Even though the exact mass and stoichiometry of the interca-
lated material are not exactly known, an estimate for the order of
the spin susceptibility can be calculated using the mass of the
undoped material and assuming a 1:8 potassium to carbon ratio.
We found 7 x 10 ®emumol™' for the undoped material,
3x 107 emumol ' after the first doping step, and 2 x 107°
emumol™' in the final step at room temperature. The
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intermediate steps are ranging between these two values.
The found values are similar to our previous observations in
potassium-doped single-walled carbon nanotubes,?”! which is
a similar carbonaceous system.

4.2. Tuning Spin Properties

The evolution of ESR line widths is shown in Figure 4 and 5 for
the broad and narrow components, respectively. The scaled
doping level is obtained by arranging the widths of the broader
component. The values are not interchanged, only shifted to
achieve an increasing order among the different samples.
This can be done, because the line width is unaffected by the
variations in the sample’s masses and geometry. As the charge
transfer is a monotonous function of the doping steps carried
out, which is concluded from the conductivity data, the same
monotonous fashion is assumed for the line width of the broader
component. This is also confirmed by stand-alone experiments
that exhibit this behavior. The width of the narrow component
is treated together (simultaneously) with the broad line and thus
sorted accordingly.

The width of the broader component is increasing with the
number of free charges present in the system. The correspond-
ing spin relaxation time in the first few steps is about 3.5 ns,
and it goes down to 1.2ns. The observed values are smaller
compared with Stage-I-III compounds formed with potassium
in graphite.’®*?) However, the origin of this behavior is yet
unclear.
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Figure 4. ESR line width of the broader component as a function of the
scaled doping level. As the number of mobile charge carriers is increased,
the line width is gradually increased, and the spin relaxation time is reduced.
The dashed arrow is denoting the general trend observed in the material.
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Figure 5. ESR line width of the narrower component as a function of the
scaled doping level. This component does not seem to show any trend
with the doping steps. Instead, it settles around the value of 0.5mT
(dashed gray line). This yields a spin relaxation time of 12 ns on average.

The width of the narrow line does not develop significantly
upon potassium intercalation. In stark contrast, it settles around
the value of 0.5 mT after the first step. The calculated spin relax-
ation value is 12(1) ns. Compared with graphite intercalation
compounds (GICs), this value is close to the 13 ns observed in
the Stage-III potassium compound.??! However, a Stage-III
material would not exist through all the doping steps.

5. Conclusion

This work presents insitu conductivity measurements upon
potassium intercalation. The evolution of resistivity is followed
thoroughly, and we found that it is lowered by a factor of 7.3
compared with the undoped material at room temperature.
After each doping step, an ESR experiment is performed,
where two Dysonian lines are identified in the doped material.
The increased amount of charge carriers is noted, as suggested by
the increase in the intensity. The estimated susceptibility of the
intercalated material rises from 2 x 1077 to 2 x 10 emumol !
after the final doping procedure performed. The width of the
broader line monotonously increases with each doping step
going from 1.6 to 4.8mT in the final step. Contrary, the
narrow component has a fixed width of 0.5mT, which does
not change with the amount of potassium present in the system.
The calculated spin relaxation time for this component is around
12 ns, which is supposed to be large enough for spintronics
applications.
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