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Detecting gas molecules via atomic magnetization
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ABSTRACT: Adsorptions of gas molecules were found to alter the directions and magnitudes
of magnetic moments of transition metal (Co, Fe) atoms adsorbed on graphene. Using first-
principles calculations, we demonstrated that magnetism of surface atoms can be used to identify
the kind of the existing gas molecules via spin-reorientation and/or demagnetizations as the
results of the reconfigurations of 3d electron energy levels of Co and Fe. We suggest as the first
time that magnetic properties of transition metal embedded nanostructures can be used in highly

selective gas sensing applications.
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1. Introduction

Conventional gas sensors using electrical conductivity distinguish certain kinds of existing gas
species by the changes electric current. In general, the electricity based gas sensors have poor
selectivity, causing them to respond to multiple analytes, which is called cross-sensing.'”
Especially, toxic gas sensors should be able to exclusively respond to target gas molecules
neglecting atmospheric gases, such as H,O, O,, and N2.1-2 Most of the improvements in the
selectivity of toxic gas sensors have been achieved by modifying the device architectures® or
using new kinds of nanomaterials such as carbon nanotubes and semiconductor nanowires.”
Employing a new kind of property instead of continuously using electric current, in spite of very
few numbers of reports being published so far, is said to be the most challenging and innovative
way to improve the selectivity of chemical sensing devices. Even if the selectivity on a property
is poor when used in gas mixtures, the cross-sensitivity does not exist on all properties, and thus
the overall sensing result can distinguish target gas species with far better accuracy. In addition,
finding a new kind of property to use in gas sensors can broaden the candidate materials and give
more possibility of cost-effective designs of devices.

Spin degree of freedom in devices has provided higher bits of information than the binary

on/off signals by electric currents.*"!

Here, we try to use electron orbital configurations,
which have higher degree of freedom than electric current, in the gas molecule detections. The
resultant signal is the magnetic properties of transition metal (TM) atoms which are capable of
forming chemical bonds with multiple gas species. Our first-principles calculations show that the

orientations and magnitudes of magnetizations of transition metal atoms on graphene are

changed by the adsorptions of CO, NO, and NO, gas molecules by the reconfigurations of 3d
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electron energy levels. The configurations of 3d electron levels make signals distinguishable
them from atmospheric gas species (H,O, O,, N;). The single transition metal atoms (Co, Fe)
adsorbed on graphene were chosen for magnetic gas detections in this study, due to the following

11,12

reasons: 1) large surface/volume ratio of graphene sheet , which is a great advantage for a gas

sensing material, ii) stronger adsorptions of toxic gas molecules of our interest (CO, NO, NO,)

317 "and iii) tunable electron configurations of Co and

on metal atoms than on graphene surface
Fe when being adsorbed on graphene surface so that n-bonds become easier in upward direction
with strong m-accepting CO and NO molecules.'?°

Due to the tiny magnetic anisotropy energies of the prototype of nanomagnetism, magnetic
adatoms on graphene, the temperature of operation is less than few tens of K. However, our first

exploration to use magnetism in gas sensing is expected to allow us wider choice of gas sensing

materials out of pre-existing nanomaterials.

2. Calculation method

Density functional theory (DFT) calculations in this study were performed using generalized
gradient approximation (GGA) with the projector augmented wave (PAW) pseudopotential
method.”” The PAW method allows to use moderate cut-off energies in the construction of the
plane wave basis. All calculations were performed with the Vienna ab initio simulation package
(VASP)*® using a plane wave cut-off energies of 500.0 eV (29.4 Ry). In 4 x 4 graphene supercell,
the Brillouin-zone integrations were performed using the 4 X 4 x 1 and 14 x 14 x 1 Monkhorst-
Pack scheme for structure relaxations and electronic structure calculations, respectively.?’
Positions of atoms were relaxed using the conjugate gradient method until all Hellmann-

Feynman forces become smaller than 0.01 eV/A. The effective range of the cutoff energy and the
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validity of the mesh density used in our calculations were determined by a convergence test
using the theoretically estimated lattice constants of pristine graphene, 2.464 A. The supercell of
the single layer graphene in this study consists of 32 carbon atoms and the most stable adsorption
site of Co and Fe atoms was both on the center of a hexagonal carbon ring (Figure. 1). The
constructed supercells were periodically repeated with a 15 A vacuum spacer lying along the
vertical direction. For the noncollinear magnetism calculations, the spin-orbit coupling (SOC)
term was explicitly included. Since SOC is a short-range interaction, a cell with 32 carbon atoms
was found to be large enough for a study on spin switching of single TM atoms from our test
calculations, which showed differences in magnetic anisotropic energy (MAE) and magnetic
moments of Co and Fe less than 10 % in magnitudes from those on the cells with 16 and 24

carbon atoms.

y—axis (zigzag)

x—axis (armchair)

Figure 1. Topview of the TM (Co, Fe) adatoms on graphene. The blue and grey spheres are a
TM adatom and graphene C atoms.
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3. Results and Discussions

The stable atomic structures of gas-adsorbed TM@G were obtained by choosing the lowest
energy configuration among several (three to six) trial structures of each gas molecule on each
TM@G: placing two opposite directions of vertical alignments, parallel to graphene plane, or in-
plane rotation about to the hexagonal ring of graphene. The optimized atomic structures of gas-
adsorbed TM@G systems are presented in Figure 2. The atomic structures of gas-adsorbed
Co@G and Fe@G were similar. The NO, molecule is adsorbed on TM@G with two oxygen
atoms bonded to TM atoms, and O-N-O aligns along the AC direction of graphene lattice. N, and
O, molecules prefer in-plane alignments along the zigzag (ZZ) and armchair (AC)-directions of
graphene lattice, respectively. The energy differences between the ZZ- and AC- alignments of N,
and O; molecules were below 0.05 eV. CO and NO prefer bindings of C and N atoms to TM
adatoms in vertical directions with significant amount of energy difference from the opposite
direction: 0.12eV for CO on Co@G; 1.86 eV for NO on Co@G; 0.14eV for CO on Fe@G; 1.73
eV NO on Fe@G. The H>O molecule prefers O-TM bindings on graphene while O-H arms align
along AC direction. N atom in NH; molecule bonds to TM, and N-H bonds align along ZZ
direction. TM adsorption little modifies graphene structure. The maximum elevation of carbon
atoms (Azp,y) is just 0.11 A, as it is down in Figure 2, and it is much smaller than 0.1 A for most

cascs.
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Figure 2. Top and side views of gas-adsorbed TM@G systems obtained via geometry
optimization processes. The dark grey, blue, red, pink, and ice blue sphene indicate the C, TM, O,

H, and N atoms, respectively. AZ.x 1s the maximum elevation of carbon atoms in graphene from
the graphene plan.
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We investigated the magnetic properties and electron configurations of Co and Fe atoms on
graphene (Co@G and Fe@GQG), using the DFT calculations. As summarized in Table I, the
electron configurations of Co and Fe were changed to 3d° and 34®, as the electrons in 4s-orbitals
of Co and Fe are transferred to the 3d orbitals as being adsorbed on the hollow site of pristine
graphene sheet, the most stable adsorption site. The magnetic moment of Co@G (1.0 up) is from
the unpaired electron in the Co 3d,. and 3d., orbitals, whose minority-spin states are partially
populated above the Fermi level (Figure 4). Similarly, Fe@G has minority-spin states in 3d,. and
3d., orbitals populate clearly above the Fermi level, which leads to 2.1 pg of magnetic moment
of Fe adatom. The calculated differential charge isosurface shows that the changed electronic
configurations are not originated from the charge transfer between graphene sheet and the TM
adatoms but from the reconfigurations of electrons of TM adatoms (4s to 3d orbtial) (See
Supplement 1). The magnetic easy axes of Co@G and Fe@G are in the perpendicular and zigzag
(ZZ) directions, respectively due to the main contributions of spin-orbit coupling (SOC) term to
the magnetic anisotropy energy (MAE). The calculated perpendicular magnetic anisotropy
energy (PMAE), the energy difference between the systems with perpendicular and in-plane
magnetizations, of Co@G and Fe@G were 0.69 and -0.90 meV/atom, respectively. The total
energy difference of a system with in-plane and perpendicular magnetization, PMAE, was

calculated using the equation,
PMAEzEH -EJ_,

where £ and E | are the system total energies with in-plane and perpendicular directions of

magnetic moments, respectively. It may be difficult to distinguish the atomic spin directions on

graphene between armchair and zigzag directions using, for example, spin-polarized scanning
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25-26

tunnel microscopy (SP-STM)™™, due to the small in-plane angle difference, 30° in the

honeycomb structure. Instead, we assumed that the switching of spin directions of the TM@G
from perpendicular to in-plane directions or vice versa is more suitable signal that can be more

easily measurable.

Electron Magnetic
System mp (1) mp (L) PMAE
configuration ~moment (ug)

Co@G 3d’ 1.0 0.12 1.02 0.69

Fe@G 3d° 2.1 0.13 0.05 -0.90

Table I Electron configurations, magnitude of spin magnetic moments (ms), in-plane (mp ( Il ))
and perpendicular direction (mp (L)) components of magnetic moments, and perpendicular
magnetic anisotropic energy (PMAE).

The high adsorption energy of a gas molecule on a gas sensor is an important feature for high-

27,28

speed detection. We obtained the adsorption energies of gas molecules on the TM adatoms,

in order to investigate the possibility of TM@G system to be used in high-speed sensing
compared to the conventional graphene or graphene nanoribbon (GNR) sensor systems.”’ 27,28
All of the gas species considered in this study binds to TM adatoms on graphene, with much
higher adsorption energies than on graphene surface and even than functionalized GNR edges.
These preferences of gas molecules to adsorb on TM atoms are similar to those in noble metal
embedded graphene systems, as summarized in Table II. Since the gas coverage rate is

proportional to the adsorption energy, TM@G systems have a capability to uptake gas molecules

more quickly than graphene gas sensors, which detect gas molecules via electricity.
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0, H,0 NO NO, CcO NH;
Pristine graphene [Ref.17] <0.1 - 0.30 0.48 0.12 -0.02
B-doped graphene [Ref. 27] 0.01 0.04 1.07 0.33 0.02 0.02
Functionalized GNR [Ref.28] 1.88 - 2.29 2.70 1.34 0.18
Co/grephene (this work) 3.63 0.80 441 3.15 2.46 0.98
Fe/graphene (this work) 3.75 0.77 3.93 3.23 2.16 1.55
Table II. Adsorption energies of gas molecules on graphene-based materials.
0, N, CO NO, NO H,O NH;
PMAE
(meV/atom) -0.36 1.11 -0.29 0.64 1.05
Co@G
mg 0.8 1.0 1.0 0 0 1.0 1.1
Amp 0.06 0.12 0.05 0 0 -0.08 -0.10
PMAE -0.20 0.25 0.38 -0.36 0.60 -0.14 -0.26
(meV/atom)
Fe@G
mg 1.5 2.1 2.1 1.0 1.3 1.4 2.2
Amp 0.04 -0.02 -0.05 0.02 -0.05 0.02 0.03

Table III. Magnetic properties of Co@G and Fe@G with gas molecule adsorptions.
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Figure 3. Schemes of charge transfers between Co@G and NO or NO; molecule via n- and c-
bonding (Top) and the electron configurations (Middle) and atomic structures (Bottom) of
Co@G and NO- and NO;- adsorbed Co@G.
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Figure 4. The atomic structures of O, and N; on Co@G and DOS of Co@G before and after
the adsorptions of O, and N,.
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As the next step, we investigated how the electron configurations and magnetizations of the
TM@G are changed by the adsorptions of the gas molecules. The calculated PMAE, spin
magnetic moments, and the adsorption energies of gas molecules, which can be detected using
the magnetism of TM@G are summarized in Table III. The adsorptions of NO and NO; on
Co@G turns the Co adatom nonmagnetic (mg = 0) by accepting electrons from Co via - bonds
(Figure 3). As the results, the unpaired electron spin in the highest occupied atomic orbital (3d.,
orbital) is transferred to the adsorbed gas molecules. On the other hand, the adsorptions of O,
and N; molecules on Co@G switched the spin direction of Co from perpendicular to in-plane
direction as the 3d., and 3d,. electrons in Co@G are transferred to 2p. orbital of adsorbed O, and
N, molecules (Figure 4). When graphene accommodates chemisorptions of gas molecules, such
as oxygen or hydrogen, the structures are deformed and the sizeable magnetic moments (upto
1ug per atom) are induced depending on the degree of bending or fluctuations.”** However,
such the atmospheric gas chemisorptions on graphene are hindered by large kinetic energy
barriers. Also, defect free graphene is chemically inert, so most of gas molecules do not react
with graphene spontaneously in ambient condition. Therefore, we can expect that the magnetic
signals from TM@G are not confused by the chemisorptions-induced magnetization of graphene

sheet.

As it is indicated by the positive PMAE values of Fe@G, the in-plane magnetization of Fe@G

is switched to perpendicular direction when CO and NO are adsorbed.

Figure 5 shows the spin switching in Fe@G by the adsorptions of CO and NO that minority
spin states of 3d., and 3d,. shift downward below the Fermi level and minority spin states of 3d.,

shift above the Fermi level. The Fe@G system, however, does not show the changes in
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magnetization with O, adsorption. The adsorptions of NH3, H,O, and CO; molecules on Co@G
and Fe@G do not frustrate or rotate the spin moment of Co@G and Fe@G. In other words, three
of the target gas molecules (CO, NO, NO,) can be selectively detected even in the existence of

atmospheric gas environments (H,O, O,, N3).

Density of states (states/eV)
k)
)
L\
t

-1 0
Energy (eV)

—_— X-axis (armchair)

Figure 5. The atomic structures and spin directions of Fe@G, and CO- and NO- adsorbed
Fe@G (bottom) and the corresponding electron density of states of Fe (top).

The methods to detect of NO, NO,, CO, O, molecules using the combined signals of Co@G
and Fe@G magnetizations are summarized in Table I1I. With signals of mg =0 in Co@G and the
spin reorientations of Fe@G to perpendicular direction, NO and NO,, can be selectively
identified. Only CO aligns the spin directions of both Co@G and Fe@G in perpendicular
directions, which can be interpreted as the identical signal for CO molecule. Since the adsorption
of O, or N; on Co@G and Fe@G both aligns the spin directions to in-plane, the existences of O,

and N, also can be known.
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Co@G Fe@G Existing gas
mg=0 Perpendicular NO
mg=20 In-plane NO,
Perpendicular Perpendicular CcO
In-plane In-plane 0O, or N»

Table III. Detections of NO, NO,, CO, and O, using the changes in the magnitude and
directions of Co@G and Fe@G.

4. Conclusion

Using the first-principles calculations, we investigated how the magnetic properties of Co and
Fe adatoms on graphene are changed by adsorptions of gas molecules (O, H,O, NO, NO,, CO,
N», NH3). The measurable changes in the electronic spins of Co@G and Fe@G were found to
give distinguishable signals for CO, NO, and NO, molecules by the chemisorptions and resulting
reconfigurations of 3d- and 4s- orbital electrons of Co@G and Fe@G. Here, we suggest that gas
detection using materials’ magnetic properties can make breakthroughs for highly selective and
low-power-consuming gas sensor systems due to the higher degree of freedom of 3d-orbital
electron configuration We expect that similar advanced works with other nanomaterials such as

. . . 29 . 30 .
magnetic semiconductors, oxides™ or defective carbon structures’ can overcome such barriers.
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