Electronegative ligands enhance charge transfer to Mn;, single-molecule
magnets deposited on graphene
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Combining single-molecule magnets (SMMs) and emergent two-dimensional substrates such as graphene
may lead to device configurations that are promising for spintronics and quantum computing. How-
ever, to fully exploit the unique features of single-molecule magnets (SMMs) anchored to two-
dimensional substrates, the choice of ligand attachments which could affect the magnetic and
electronic properties is critical. In this work, we focus on hybrid junctions comprising CVD-
grown graphene and [Mnj2012(02CR)16(H20)4](R=CH3,CHClz) SMMs with different ligands.  We
find that [Mn;20:2(0O2CCH3)16(H20)4] SMMs barely change the graphene’s conductivity, while
[Mn12012(02CCHCly)16(H20)4] SMMs with more electronegative ligands, by means of charge transfer, re-
markably modify the electronic transport in graphene as revealed by gate-voltage dependent magnetotransport

measurements.
I. INTRODUCTION

Monodisperse single-molecule magnets (SMMs),
featuring long coherence times in combination with
optical and electrical tunability, hold promise for infor-
mation storage, quantum computing and optoelectronic
technologies’?. [Mnj2012(02CR)16(H20),4] SMMs serve
as a promising platform for device prototype investi-
gations due to their large ground state spin S = 10
and significant magnetic anisotropy®. Using established
chemical methods, Mnj, derivatives can be synthesized
with different ligands to tune various properties. Con-
siderable efforts using surface sensitive techniques have
been devoted to understanding the hybrid structures
comprising Mnjo molecules deposited onto metallic (Bi,
Au, Ni, Cu, Rh) as well as insulating (BN) substrates
for the purpose of elucidating structural and electronic
information required for device development*”. In
general, interfacial interaction between molecules and
substrate, when understood and exploited properly,
should facilitate achieving a synergistic combination
of emergent properties and functionalities beyond the
reach of the constituent materials alone®.

Semimetallic graphene promises to be a versatile
candidate in the field of molecular spintronics due to its
monolayer nature, unique Dirac spectrum, a long spin
diffusion length, gate tunable carrier density and high
carrier mobility?. Examples include adsorbate-induced
doping for sensing applications'?, attachment of TbPc,
(Pc = phthalocyanine) SMMs to graphene nanocon-
strictions for electrical detection of magnetization
reversals'!, use of thin-film and bulk graphitic samples
to study SMM spin-substrate interactions'? and use of
adatom-engineered graphene to detect local moments
and spin flip scattering'3. Herein we focus on how Mni
derivatives differing in the electronic properties of their
carboxylate ligands affect the transport properties of
graphene via SMM-substrate interactions. The ligands,
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FIG. 1. (a) Drop casting schematics and optical microscope
image of Hall-bar graphene. In-phase and out-of-phase mag-
netic susceptibilities as a function of temperature for (b)
Mn12-CHClz and (¢) Mni2-CHgcrystals.

in addition to protecting the inner Mn-oxo core, play
an important role in coupling the molecules to their
environment®'4.  Specifically, DFT calculations have
shown that the interaction between Mn;s and graphene
varies significantly with specific ligands which serve as
bridges for the transfer of electrons from the graphene to
Mn2'°. Accordingly, when interfacing with SMMs, we
would expect graphene not only to act as a versatile and
robust supporting layer but also to serve as an efficient
probe that is sensitive to the electronic and magnetic
properties of the molecules.

Herein we report on a comparative trans-
port study of graphene devices decorated by
[Mn12012(02CR)16(H20)4]  (R=CHs, Mny,-CHs;

R=CHClz, Mn;3-CHCly) SMMs. The electronic re-
sponse of the graphene remains essentially unchanged
when covered with the Mnjs-CH3s molecules, whereas
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FIG. 2. Conductivity of graphene devices as a function of back
gate voltages before and after molecule decoration measured
at 5K.

the more electronegative Mnj2-CHCl; molecules attract
considerably more electrons to hole dope the graphene.
This charge transfer creates charge impurities that
reside in the SMM overlayer and modify the graphene
by reducing carrier mobilities, increasing charge in-
homogeneity and suppressing carrier phase coherence
lengths/times.

Il. METHODS

We start from commercially available (Graphene Su-
permarket) CVD-grown graphene on Si/SiOs (285nm)
wafers. Our graphene samples were etched into a Hall bar
structure as shown in Fig. 1(a) using an O3 plasma. Here
the channel length is 40 pm and channel width is 15 pm.
Electric contacts were defined by photolithography, fol-
lowed by e-beam evaporation of Cr/Au (5nm/40nm) and
lift-off in acetone. Prior to electrical measurements, the
as-prepared graphene devices were vacuum (< 1 x 1076
Torr) annealed at 140°C for 1.5 hours to set the charge
neutrality (Dirac) point (CNP) in the gate voltage range
20—30V. Electrical measurements were carried out inside
a Quantum Design PPMS with magnetic field perpendic-
ular to the sample plane. Magnetotransport data were
obtained using a lock-in technique at 17.77 Hz, with ex-
citation current less than 200 nA. Magnetic susceptibility
was measured with a superconducting quantum interfer-
ence device (SQUID).

Mni5-CHj3 was prepared as previously described in the
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FIG. 3. Conductivity data of graphene decorated with ace-
tonitrile (red) and 0.035 mM Mn;2-CHCl; solutions (green)
at HK.

literature'®. Following the well-established carboxylate

ligand substitution procedure, Mn;,-CHCly was synthe-
sized from Mn12-CH3'". Mnjs SMM solutions (0.1 mM)
were prepared by dissolving Mnjo-CHs and Mno-CHCly
crystals in acetonitrile. Immediately after measuring
the pristine graphene device, ~ 50nL of SMM solution
was drop-cast over an approximate 4 x4mm? area on
each device. Accordingly, the areal density of molecules
is on the order of 2 x 10*® cm~2. The decorated devices
were then vacuum annealed at 140°C for an additional
hour to eliminate solvent residuals and to compensate
for inadvertent air exposure which can unintentionally
p-dope the graphene and shift the CNP away from zero
gate voltage!®19.

The robustness of the SMMs to 140°C vacuum anneals
was checked by depositing continuous films thick enough
to span the 4-5 micron gaps of interdigitated gold elec-
trodes deposited on insulating SiOs substrates. There
was no difference in the temperature-dependent conduc-
tance of these samples measured over the temperature
range from room temperature down to ~ 150K before
and after annealing up to 140°C. A second check on tem-
perature sensitivity was made by vacuum annealing Mnyo
crystals to 140°C and observing no obvious degradation.
In addition, since all of the graphene experiments were
performed in an inert helium environment, there were no
observed differences in electrical properties on tempera-
ture cycling.

Fig. 1(b)-(c) shows the temperature T' dependence of
the in-phase x/(T)T and out-of-phase x”(T') components
of the magnetic susceptibility of Mn;2-CHCl; and Mnj-
CHj crystals at the indicated frequencies. Due to a signif-
icant magnetic anisotropy barrier, as T' decreases x'(T)T
exhibits a frequency-dependent roll-off with correspond-
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FIG. 4. Statistics for five sample pairs of the (a) Dirac

point position and (b) carrier mobility extracted from transfer
curves of both pristine and decorated graphene devices.

ing peaks in x”(T") for both molecules. The second relax-
ation peaks near 2K have been attributed to the Mnio
species containing an abnormally oriented Jahn-Teller

axis?0.

I1l. RESULTS AND DISCUSSION
A. Charge transfer

Fig. 2 shows the dependence of conductivity o on back
gate voltage V; measured at 5 K before and after doping
with Mn;2-CHgz or Mnj5-CHCly. Away from the Dirac
point, conductivities of pristine and decorated graphene
devices exhibit the typical linear dependence on carrier
concentration, accompanied by a sublinear part at higher
gate voltages implying the coexistence of both long range
and short range scattering processes?!.

For graphene decorated with Mni5-CHg, the transfer
curve almost overlaps with the pristine device implying
a negligible effect of molecules on the transport behavior
of the underlying graphene. When the acetonitrile sol-
vent alone is applied (Fig. 3), the transfer curve again
almost overlaps with the pristine device implying that
the solvent has no effect on charge transfer. However, a
dramatic shift of the Dirac point and a broadening of con-
ductivity minima o, are observed in the Mnj9-CHCly
decorated devices. We note that for two out of the seven
Mn15-CHCI; decorated devices, the Dirac point shifts ex-
ceed 110 V, the approximate breakdown voltage of our
SiO gate oxide. Accordingly, the data are reproducible
with all seven samples showing large CNP shifts. The
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FIG. 5. AFM image of a typical annealed pristine graphene
device before (left) and after Mn;2-CHClz molecule coverage
(right). After drop casting, the average surface roughness
increases from 0.5 nm to 2.69 nm, implying aggregation and
clustering of single-molecule magnets.

average CNP shift of 70V for the Mn;5-CHCl, dopant
corresponds to an areal charge density n = 5 x 10'2 cm =2
calculated from dn/dV, = e 1C for a gate capacitance

C = 1.21 x 10* Fm~2. Negligible charge transfer is ob-
served for Mnjs with the less electronegative CHg ligand.

To make a qualitative assessment of the dependence
of the CNP shift on Mn,-CHCI; solution concentration,
we applied a 0.035 mM Mn;5-CHCl, concentration and
found a Dirac point shift of approximately 1/2 of the shift
corresponding to the 0.10 mM concentration, as shown in
Fig. 3. We conclude that the Dirac point and transfer
curve do show a shift roughly in proportion to the con-
centration of the SMM molecules in the solution used for
doping.

Fig. 4 summarizes the CNP shifts together with mo-
bility changes induced by charge transfer associated with
ligand-dependent Mnjo doping. The plots are based on
five graphene devices covered by Mn;s SMMs for each
type of ligand with Dirac points located within our mea-
surement range. Electron/hole mobility, calculated from
the linear dependencies outside the CNP region using
p = e Y(do/dV,)(dV,/dn), reveals a pronounced elec-
tron/hole asymmetry with the holes of the Mn;2-CHCly
samples (rightmost blue diamond) having a mobility low-
ered by about a factor of two due to the presence of
charged impurities.

For pristine graphene, the initial Dirac point after an-
nealing typically sits between 20—30 V. The extracted
carrier mobilities show pronounced electron-hole asym-
metry with g, ~ 4000—5000 cm?V~'s™2 and p. ~
3000—3500 cm?V~—1s72.  After coverage by Mnjo-CH3
molecules, the Dirac point of graphene remains almost
unchanged with even a slight enhancement of carrier
mobility. This enhancement is due to additional vac-
uum annealing that helps release corrugations, ripples
and adsorbates!?. We note that, according to the DFT
calculations, graphene donates around 0.7 electrons to
each Mnj2-CHCls molecule’®. The 5x102cm™2 elec-
tron transfer calculated from the CNP shift in Fig. 2
therefore corresponds to a molecule coverage of around
7x10"2em™2. Our previously described estimate from
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FIG. 6. Comparison of Hall resistances at 5 K as a function of
gate voltages between pristine graphene and (a) Mni2-CHs,
(b) Mni2-CHCl, decorated graphene. Dashed lines are the
Gaussian convolution fitting.
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FIG. 7. Plot of impurity densities and estimated residual car-
rier (electron-hole puddle) concentrations from both transfer
curves and Hall resistance fitting.

the concentration and volume of our doping solutions
gives a molecule density of ~ 2 x 103 cm=2. Aggrega-
tion and various orientations of molecules account for
this factor of three suppression of doping efficiency®22.
This interpretation is validated by a comparison of the
AFM images of Fig. 5 showing the difference between
pristine and the Mn5-CHCI; covered graphene. We note
that the clustering and additional roughness, although
present, only mitigates the effect of charge transfer and
does not affect our conclusions about the role of ligand
attachments to the SMMs at the interface.

The Hall resistance measurements in Fig. 6, plotted as
Ry versus gate voltage difference AV, =V, — Venp for
Mnj5-CHs (panel a) and Mnjo-CHCly (panel b), reveal
a pronounced crossover from conductivity dominated by
holes to conductivity dominated by electrons as AV, in-
creases through zero at the CNP. For ideal graphene, Ry
is given by £1/(en), where n is the carrier concentration,
which diverges near the CNP. However, in the presence
of non-negligible residual carrier densities (electron-hole
puddles), Ry = dR,y,/dB of graphene usually shows a
less pronounced transition across the CNP, accompanied
by a broadening of o,in2>24. This crossover region is
considerably broadened for the Mnjo-CHCly dopants.
As demonstrated by the dotted lines in Fig. 6, we fit
the Ry — Vg curves with Gaussian convolution with the
standard deviation as an estimate of the residual carrier
concentrations. This broadened region is suggestive of a
higher density of electron/hole puddles near op,i,. The
residual carrier concentration of the pristine devices is in
the range of 4—6x10"'cm ™2, consistent with previously
reported values for CVD-grown graphene?®. The change
induced by Mnj3-CHs molecules is within the error
bar, while the residual carrier density rises to 1.4x10'2
ecm~?2 when covered by Mn;2-CHCly molecules (orange
diamonds).

An additional method to quantify charged impurity
disorder is to fit the transfer curves with the model
proposed by Adam et al.2527. Away from the Dirac
point, where n > n*, o(n) = C,(n/n;), while near the
Dirac point, where n < n*, o(n) = Cy(n*/n;). Here n
is the carrier concentration, n; is the charged impurity
density, n* is the density of the residual carriers and
the constant C, is calculated to be 20e?/h for graphene
on SiOg substrates. Within this framework we plot in
Fig. 7: n; = (20e?/h)(do/dn)~! (blue squares) and
N* = Nyesidual = Omin(do/dn) ™1 (green circles).

The residual carrier densities obtained from the trans-
fer curves and the Hall effect are generally in agreement
with each other. However, we note that the charged
impurity density induced by Mn;2-CHCI; obtained from
transfer curves is in the range of 1—2 x10'2 cm~2, only
one fourth of the value estimated from the shift of Dirac
point. We attribute the discrepancy to the underestima-
tion of the constant C,. The assignment C, = 2062/h
applies to the situation where the distance d between the
graphene plane and the charged impurity layer is zero®7.
However, according to the DFT calculation'®, electrons
from graphene mainly transfer to Mn atoms instead
of the ligand. Accordingly, the Mn;5-CHCly molecules
should be treated as remote charged scatterers sitting
over 1 nm above the graphene. The underestimation
originates from the diminished influence of remote
charged impurities with C,(d, n) increasing dramatically

as the distance d becomes larger?”.



B. Magnetotransport

Compared to transfer curves, the transport charac-
teristics of graphene under magnetic field offer more
detailed information regarding different scattering pro-
cesses. As shown in Fig. 8, magnetoconductivities (MC)
of graphene manifest typical weak localization behavior
which emerges due to the appearance of intravalley and
intervalley scatterings originating from chiral symmetry
breaking by surface ripples, atomic-sized defects, etc.2®.
We find that MC curves show negligible change with cov-
erage of Mnjs-CHg molecules as shown in Fig. 8. How-
ever, Mni2-CHCI; show noticeable changes in the MC
traces with weak localization suppressed far away from
the Dirac point and enhanced near the Dirac point.

We fit the MC curves with the McCann model?:

e? 4eB/h 4eB/h
Agzz - _h X F( 74 )_ F( ) / 72)
™ L¢ L¢ +2L;
4eB/h
2K r_

L;Q —I—L;Q +L:2
F(z) =In(2) + (0.5 + 271, L2, , = D7y ;.. (2)

where B is the perpendicular magnetic field, v is the
digamma function, Ly ; «(74.,«) are the phase coherence
length(time), intervalley scattering length(time) and in-
travalley scattering length(time) respectively. D =
v%7/2 is the diffusion constant where vp is the Fermi
velocity and 7 is the transport scattering time which is
the shortest of all the characteristic times.

As shown in Fig. 9(a), as n decreases (AV, — 0), both
Ly and L; decrease whereas L, shows a slight increase.
After Mn;2-CHCI, deposition, Ly, Ly and L; decrease at
large gate voltages primarily because of the reduced car-
rier mobilities shown in Fig. 4. However, upon approach-
ing the Dirac point, the differences gradually vanish. We
attribute the diminishing difference to the existence of
electron-hole puddles. The diffusion constant D, espe-
cially near the Dirac point, is affected by the presence of
the charge impurity induced spatial carrier density fluc-
tuations. We thus expect a larger actual diffusion con-
stant near the Dirac point for decorated graphene due to
a higher density of puddles. Accordingly, an enhanced
diffusion constant compensates for SMM induced sup-
pression of the characteristic lengths.

To obtain meaningful scattering times 74 ; ., we focus
on the back gate voltages from —30 V to —60 V, where
the effect of electron-hole puddles is negligible as evi-
denced by the overlap of Hall resistance in that range. As
shown in Fig. 9(b), the major influence due to the intro-
duction of Mnj2-CHCIs molecules is the increase in phase
breaking rate T¢_1. Since our devices are in the “dirty
limit”where kpT7/h < 1, the main source of dephas-
ing comes from Nyquist scattering where electrons are
scattered by the fluctuating electromagnetic fields gener-
ated by their neighbours®*3!: 1/7y « (kgT/h)in(g)/g,
where g = oh/e?. Thus the transport scattering rate
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FIG. 8. Low field magnetoconductivity comparisons at 5K
of graphene before and after (a) Mni2-CHs/(b) Mn12-CHCls
molecules deposition near and away from the Dirac point.

or conductivity mainly determines the phase breaking
rate. Since the Mn;-CHCly overlayer reduces conduc-
tivity and increases transport scattering rates, an en-
hanced phase breaking rate is expected. Compared to
Ty 1 the changes of Tl-_l and 7' are less pronounced
and at some gate voltages the changes are within error
bars. The slightly reduced 7';1 can be understood as
a lower mobility that limits the chances of carriers scat-
tered by either the atomically sharp defects or the sample
edges?®32. The intravalley scattering rate 7, ' is mainly
due to trigonal warping and long range charged impu-
rity scattering. However, trigonal warping only matters
at high carrier concentrations and decreases as mobility
diminishes?33.  Accordingly increased intravalley scat-
tering results from a stronger long range Coulomb scat-
tering with the coverage of Mn;,-CHCl, molecules®?.

Although the absolute values of characteristic lengths
and times are sample-dependent, all of our measured
samples demonstrate similar features. Attribution of an
enhanced phase breaking rate due to the spin-flip of Mnyo
cores that possess a large spin center'® with S = 10 is
not plausible since the phase breaking rate remains virtu-
ally unchanged when the five Mn;5-CHj3 doped samples
are compared with the pristine graphene samples. We
attribute the absence of such spin-flip effects to the low
dosage of molecules together with the large separation
between the Mn cores and the graphene plane. In ad-
dition, significant disorder/impurities pre-existing in our
“pristine” CVD-grown graphene could mask the effect of
spin-flip as well.
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IV. CONCLUSIONS

By comparing the transport properties of graphene de-
vices before and after Mnio, SMM decoration, we have
highlighted the importance of ligands on the interfa-
cial interaction and thus the electronic properties of
SMM //graphene hybrid structures. We anticipate that
SMMs with tailored ligands can serve as novel platforms
to study spin-charge effects and uncover emergent phe-
nomena with new functionalities when forming hybrid
structures with abundant two-dimensional substrates.
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