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The Kondo effect is one of the most widely studied many-body phenomena. Magnetic impurity decorated
graphene is predicted to exhibit the Kondo effect with intriguing properties. Here we study the Kondo effect in
Cobalt(Il) phthalocyanine magnetic molecule decorated graphene by low temperature transport measurements.
Spin-flip scattering and a logarithmic increase of resistance are observed, which confirms the Kondo effect. At a
high carrier density, Kondo screening persists up to 20 K, suggesting a strong coupling between Dirac electrons
and local magnetic moments of molecules. Decreasing the carrier concentration by a gate voltage results in a
strong suppression of Kondo screening. Such tuning of Kondo screening can be used to turn on/off the local

moment. Our results demonstrate a new Kondo system based on graphene. The significant gate tunability of the
system may be used in spintronics.

1. Introduction

The Kondo effect [1], a manifest of the interaction between local-
ized magnetic moments and itinerant conduction electrons, is the most
widely studied many-body phenomenon in condensed-matter physics
[2,3]. The result is that the magnetic moment is screened below a
temperature Ty by the formation of a many-body singlet [4]. This
very effect has provided significant insight into understanding strongly
correlated systems, such as heavy-fermion materials [5-7] and high-
temperature superconductors [8,9]. Recently, the Kondo effect of Dirac
electrons in graphene and other materials has been predicted to exhibit
intriguing properties compared with conventional metals [10-17].
Moreover, the ability to gate graphene enables investigation on the
influence of the density of states (DOS), which is not possible in conven-
tional metals [18,19]. Interestingly, at the Dirac point where the DOS
vanishes, Kondo screening can be tuned off. Consequently, a quantum
phase transition may occur, which was first studied in unconventional
superconductor [20].

In light of above predictions, various magnetic-impurity/graphene
systems have been studied [21-28]. The prerequisite of such studies is
introduction of local moments, which has been achieved mainly by lat-
tice vacancies or chemisorption. However, these defects also introduce

resonance states at the Dirac point, hence a diverging DOS [29,30] (see
Fig. S1 in Supplementary Materials). So, Kondo screening cannot be
turned off [26,31]. In this paper, we introduce local moments by in
situ deposition of Cobalt(Il) phthalocyanine (CoPc) molecules, which
is expected to be less intrusive to the Dirac band structure due to their
physisorption nature [26,31]. Pronounced spin-flip scattering and a log-
arithmic temperature dependence of resistance are observed, both of
which are evidence of the Kondo effect. Moreover, the gate dependence
of the Kondo effect suggests strong suppression of Kondo screening at
the Dirac point. Our experiment demonstrates graphene as a highly tun-
able system for studying the Kondo physics. The ability to turn on/off
Kondo screening also provides a means to electrically control the spin
coherence, which may be useful in spintronics [32].

2. Results and discussion

To obtain an ultra clean surface, a shadow mask method was used
to fabricate graphene devices (Fig. 1(a)) instead of the conventional e-
beam lithography. CoPc molecule (see the inset of Fig. 1(b)) decoration
was carried out by in situ thermal deposition in a dilution refrigerator
(more details in Fig. S2(e)). The samples are expected in ultra high vac-
uum owing to the strong cryopumping effect of the vacuum can, which
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Fig. 1. (a) Schematic diagram for graphene device.
Contacts are made of Pd/Au, and CoPc molecules
are deposited in situ during electrical measurement.
(b) Conductivity versus gate voltage for graphene
before (red solid line) and after CoPc molecule depo-
sition (blue solid line). Inset: the molecular diagram
of CoPc. After a monolayer coverage of CoPc, there
is a slight shift of the Dirac point, about 10 V, corre-
sponding to an electron doping of 0.0075¢/nm?. (c)
Hysteresis effect in conductivity versus gate voltage
at different voltage sweeping amplitudes. The curves
are shifted in y for clarity. Hysteresis, which was
not observed for pristine graphene (red dashed line),
appears after CoPc decoration, and becomes larger
as the sweeping amplitude increases. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the Web version of this arti-
cle.)
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is immersed in liquid helium. The sample temperature was maintained
below 20 K throughout deposition and measurements, in order to sup-
press diffusing and clustering of CoPc molecules on graphene (for the
influence of temperature, see Fig. S3). After the samples were cooled
down to helium temperature, current annealing (current density was
0.2 mA/pm) was performed to remove possible gas adsorption. Electri-
cal measurements were performed by a standard low-frequency lock-in
technique.

The gate voltage dependence of conductivity is displayed in
Fig. 1(b). For pristine graphene, the Dirac point locates near zero gate
voltage, indicating a clean surface with little impurity doping. After
deposition of a monolayer CoPc, the Dirac point is slightly shifted to
the left (negative gate voltage) by ~10 V, indicating ionization of CoPc
molecules. The shift is much smaller than that in the case of calcium
deposition [33]. It is estimated that on average each CoPc molecule
donates about 0.017 electron charge, supposing the average distance
between molecules is 1.5 nm in monolayer [34]. Since the first ioniza-
tion of CoPc removes an electron from the phthalocyanine a;, orbital,
the spin state of Co®* is expected to remain at §=1/2 [35]. The
hole mobility decreases from 4300 cm?/V-s to 2700 cm?/Vs after CoPc
deposition. Meanwhile, a hysteresis in the gate dependence appears, as
shown in Fig. 1(c). The hysteresis is independent of the sweeping rate
and becomes stronger as the gate voltage sweeps higher. It is in agree-
ment with a charging effect [25,36].

The CoPc molecule contains a Co®* ion with a spin of S=1/2
[37,38]. The question is whether the magnetic moment can couple to
Dirac electrons in graphene. We look for transport evidence of the cou-
pling, particularly related to spin-flip scattering. Weak localization, a
phase coherent transport effect, has been one of the most important
tools for extracting the spin-flip scattering rate. The phase coherence
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of electron leads to a quantum correction to the resistance, which has
a characteristic magnetic field dependence. Spin-flip scattering, on the
other hand, leads to a reduction of the coherence time, hence change
of the field dependence. Therefore, we investigate the magnetoconduc-
tivity before and after CoPc decoration. The change of the conductivity
with the magnetic field, Ac(B) = o(B) — 0(0), is depicted in Fig. 2(a-f).
A narrow dip appears around B = 0. This positive magnetoconductivity
is the hallmark of weak localization. The functional form of the mag-
netoconductivity is determined by various scattering processes, which
will be explained later. When only the phase coherence time varies,
e.g., the curves at different temperatures and the same gate voltage, the
narrower the dip, the longer the coherence time 7 is. As temperature
increases, the dip gradually fades out, as a result of reduction of 74 due
to electron-electron scattering.

Quantitative estimation of 74 can be obtained by fitting the experi-
ment data to an equation widely used to describe WL in graphene [39]:

_é? B B B
56(3)_E[F<@>_F<B¢+2Bi> _2F<B¢+Bi+B*>] o

1 h
2) B = aDery;,’

where y is the digamma function, e the elementary charge, / the
reduced Plank constant, D the diffusion constant, z; the intervalley scat-
tering time, and 7« the intravalley scattering time. At low temperatures,
universal conductance fluctuations appear and introduce some error to
the fitting. The error diminishes as temperature increases because the
fluctuations damp faster than the weak localization. By performing the
fitting around the zero field, the effect can be further minimized, for the
weak localization has a stronger field dependence that the fluctuations.
D is calculated from the conductivity. It is reasonable to assume that z;

F(z) =In(z) + v (% +
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Fig. 2. Low field magnetoconductivity Ac at various temperatures from T = 3 K to 20 K. Data are shifted in y for clarity. Solid lines are best fits of the experiment
data around the dips (dotted line) to Eq. (1). Pristine graphene at V, = 0V (a), 20 V (c), 40 V (e) and CoPc decorated graphene at V= 0V (b), 20V (d), 40V (f)

are displayed.

and 7« are independent of temperature, as they are caused by defects
or warping of the energy band [39]. They are determined by fitting
the low temperature curves and remain fixed for other temperatures
[40,41].

The fitted parameter 74 as a function of T is plotted in Fig. 3. For
pristine graphene, the inelastic scattering rate 1/7, displays a T lin-
ear dependence, consistent with previous studies [40-42]. The depen-
dence indicates that electron-electron scattering is the dominant source
for decoherence, while electron-phonon scattering is negligible. How-
ever, upon CoPc decoration, 1/7 is enhanced at high temperatures,
hence deviates from the linear dependence. The enhancement suggests
additional source for phase decoherence. Similar additional decoher-
ence source apart from electron-electron scattering has been observed
in florinated graphene [24], which was attributed to spin-flip scatter-
ing. Thus, it is evident that CoPc molecules also induce spin-flip scat-
tering. In this case, the decoherence rate consists of two contributions,
Tq:1 =t l+ rs_fl, where 7_! is the electron-electron scattering rate, 7
the spin-flip scattering rate. The difference of 1/7, between pristine
and CoPc decorated graphene in Fig. 3 results from 1/7. It can be seen
that the spin-flip scattering rate is negligible at low temperatures, while
it increases with temperature. The onset temperature of the increase is
higher at V, = 20 V than V,; = 0 V. At V, = 40 V, the increase remains
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insignificant for the whole temperature range. It is unlikely that the
Kondo effect appears at low gate voltages and disappears at a higher
gate voltage (higher density of states), as the effect should be enhanced
by the density of state p(Ep), Tx o exp — 1/Jp(Eg). It is thus inferred
that the onset temperature at V, = 40 V is even higher than 20 K. Note
that there seems to be a positive deviation of the decoherence rate after
decoration, particularly for V, = 40 V. Although it might be related to
the variation of the Kondo coupling originated from different adsorp-
tion sites or the orientation of the magnetic molecule [23,43,44], the
deviation is too small to be certain.

We now show that this intriguing temperature and gate dependence
agree well with the predicted Kondo screening in graphene [10,16].
It is known that the coupling between a local magnetic moment and
itinerant electrons leads to screening of the local moment, which occurs
below a characteristic temperature Ty, so-called Kondo temperature. As
a result, the spin-flip scattering rate is depressed below Ty, which is
observed in our experiment. The rate 1/7 goes as T/Tg [45,46], so at
sufficiently low temperature, it becomes negligible, which accounts for
the overlap of 1/74 at low temperatures between pristine and decorated
graphene.

The Kondo temperature of graphene has been theoretically studied
[10,16]. Away from the Dirac point, it has been estimated as kT ~ A
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Fig. 3. Phase coherence time T4 obtained by fitting are plotted as a function of temperature. (a) V= 0V, (b) V= 20V, (c) V, = 40 V. Red circles represent
pristine graphene, while blue squares represent CoPc decorated graphene. The red solid lines are best fits of experiment data to 1/7, = 1/7.. = « - T, and the blue
solid lines are guide to eyes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

exp(—1/Jp), where A is the band cutoff, J the coupling energy, p
the density of states of graphene (p o /1 4 /Vy). Here, n is the car-

rier concentration. Apparently, a higher gate voltage leads to a higher
Kondo temperature, which is consistent with the gate dependence in
Fig. 3. On the other hand, the Kondo effect at the Dirac point is expected
to exhibit a rich phase diagram, depending on the coupling strength
and the particle-hole symmetry, etc [10]. Unfortunately, our transport
measurement is an average of all scattering events, so it suffers from
variation of the Kondo coupling due to charge puddles and absorp-
tion geometries. We were not able to investigate these phases. Local
probes, such as scanning tunneling microscopy, may reveal the intrigu-
ing physics at the Dirac point in this system in the future.

The mechanism for the tunable Kondo effect is illustrated in Fig. 4.
When the carrier concentration is very low, the magnetic moment is
poorly screened by electrons, leading to a strong spin-flip scattering.
With increasing carrier concentration, the screening effect is enhanced,
resulting in a weaker spin-flip scattering. At sufficiently high carrier
concentration, the spin-flip scattering is substantially suppressed below
20 K, seen Fig. 4(c). The gate tunable Kondo effect provides us a new
means to electrically control the spin decoherence. Although the inter-
action between electrons and the local moment in CoPc is evident, the

spin scattering rate is considerably low considering a monolayer cover-
age. From the maximum spin-flip scattering rate observed at V, =0V

and T = 20 K, one can estimate the spin diffusion length, [, = /(D7) ~
100 nm, much larger than the distance between molecules (1.5 nm).
We rule out an extremely weak coupling between electrons and local
moments as the origin of the discrepancy, because Kondo screening,
which depends not on the density of moment, but on the strength of
the coupling [45], appears up to 20 K (Fig. 4(c)), suggesting a relatively
strong coupling [47]. The above unique behavior of Kondo screening in
graphene tallies with theories [16,31] and previous experiment [26].
Therefore, the plausible explanation is that only a very small fraction of
these CoPc molecules forms a Kondo coupling to electrons in graphene.
This is consistent with previous experiments which have indeed shown
that the Kondo coupling depends on the adsorption site and the orien-
tation of the magnetic molecule [23,43,44].

Another characteristic of the Kondo effect is a logarithmic tempera-
ture dependence in the resistivity [1]. However, this feature can often
be obscured by other effects. For graphene on SiO,, both electron-
electron interaction [48] and weak localization [39]contribute a log-
arithmic temperature dependence, which makes it hard to identify the
Kondo effect. Fortunately, contribution from these two effects can be
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Fig. 4. Schematic diagram for density dependent screening of a magnetic moment in graphene. (a) Is at a very low carrier concentration with V, =0 V. (b) Is at a
moderate concentration with V; = 20 V. (c) Is at a high concentration with V, = 40 V. The screening of the magnetic moment gets stronger with the increase of the

carrier concentration.
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Fig. 5. (a) Conductivity versus gate voltage for pristine graphene/h-BN (blue line) and CoPc decorated graphene/h-BN (red line). A slight left shift of Dirac
point(~1.5 V) is observed after decoration. Temperature dependence of resistivity at different gate voltage for pristine graphene/h-BN(b), and CoPc decorated
graphene/h-BN(c) are measured. Pronounced upturn is observed after CoPc decoration. All the resistivity is calculated as AR = R(T) — min{R(T)}. The solid curves
in (b) are best linear fits, and those in (c) are best fits to p, + p;T + pg In(T). The curves are all shifted in y axis for clarity. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

greatly suppressed in graphene on hexagonal boron nitride crystals(h-
BN) owing to much less disorder [42,48-50]. As a result, the emergence
of a logarithmic temperature dependence in the resistivity alone can be
seen as evidence for the Kondo effect.

Hence, we turn to investigate the temperature dependence of resis-
tivity in graphene/h-BN device. The gate voltage dependence of resistiv-
ity is displayed in Fig. 5(a). The mobility of pristine graphene is high,
about 22000 cm?/V's. Because of the high quality of the device, no
weak localization [39] was observed in magnetoresistance both before
and after decoration (see Fig. S5 in the Supplementary Materials).
Besides, the resistivity at various gate voltages decreases monotoni-
cally with decreasing temperature, which is in agreement with phonon
scattering [51]. This further indicates the suppression of electron-
electron interaction induced resistance. After CoPc molecule decora-
tion, the mobility is reduced to 14000 cm?/V-s and a slightly left
shift of Dirac point ~1.5V is observed. Intriguingly, a pronounced
upturn of resistance emerges at low temperatures for different gate
voltages, seen in Fig. 5(c). The non-monotonic behavior can be well
fitted by a formula consisting of two contributions, i.e. a linear tem-
perature dependence due to phonon scattering [51-53] and a logarith-
mic dependence. Since the weak localization, giving rise to a logarith-
mic component, is absent, the latter can be attributed to the Kondo
effect. Although the Kondo effect is evident, its magnitude is merely
2% of the total increase of resistance after decoration(see Fig. 5(c)).
This suggests that CoPc molecules give rise to far more normal scat-
tering than Kondo scattering, which agrees with the previous phase
coherence time analysis. Since 7, is directly affected by the Kondo
scattering, but not the mean free path, the phase coherence analy-
sis is a more sensitive method for detection of the Kondo effect in
this experiment. We did not perform quantitative analysis on the tem-
perature dependence as the logarithmic contribution is very weak.
Nevertheless, the logarithmic increase of the resistivity with decreas-
ing temperature qualitatively corroborates with magnetoresistance
results.

3. Conclusion

In conclusion, our experiment shows evidence of the Kondo effect
in CoPc decorated graphene. By decreasing the carrier concentration,
we have observed a strong suppression of Kondo screening inferred
by an increase of spin-flip scattering. This is consistent with the-
oretical predictions of poor screening of local magnetic moments
at the Dirac point. Our experiment demonstrates graphene as a
highly tunable system for studying the Kondo physics. The abil-
ity to turn on/off Kondo screen also provides a means to electri-
cally control the spin coherence, which may be useful in spintronics
[32].
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3.1. Methods

Device Fabrication. Monolayer graphene flakes were exfoliated
from Kish graphite onto 285-nm SiO,/Si substrates and identified by
optical microscope(further confirmation by quantum hall effect, see
Fig. S4). To obtain an ultra clean surface, a shadow mask method was
used to fabricate graphene devices instead of the conventional e-beam
lithography. Metallic contacts were made of 5 nm Pd/60 nm Au by e-
beam deposition (see Fig. 1 (a), Fig. S2).

Graphene/h-BN device is fabricated by a dry transfer technique.
Commercially available h-BN powder (Momentive, Polartherm grade
PT110) is used for the mechanical cleavage. Firstly, graphene flakes
and thin h-BN crystals were exfoliated separately onto 285-nm SiO,/Si
substrates. By optical and atomic force microscopy, we select h-BN crys-
tals with thickness between 10 and 35 nm. For transfer, we prepare
a transparent stamp, which consists of a 0.5 mm thick polydimethyl-
siloxane(PDMS) film spin-coated with a layer of polymethyl methacry-
late(PMMA). The stamp is used to pick up graphene flakes on SiO, and
release it onto h-BN crystals. A homemade micro-manipulator align-
ment system with a heating stage is employed for transfer. For this type
of devices, a standard electron beam lithography technique is used for
fabrication of electrodes.

In-situ Deposition. CoPc was acquired from Sigma Aldrich (f-form,
dye content = 97%). Each molecule consists of a Co*? at the center
and a macrocycle of alternating carbon and nitrogen atoms [37,38],
see the inset of Fig. 1(b). CoPc molecule decoration was performed in
a dilution refrigerator with an in-situ thermal evaporator. The coverage
is estimated by monitoring the resistance of the sample during deposi-
tion. Increasing the coverage of CoPc leads to a monotonically shift of
the Dirac point to the negative gate voltage. Hence, if we measure the
resistance at a fixed gate voltage (lower than initial Dirac point volt-
age), it will increase monotonically until about a monolayer coverage.
Further deposition gives rise to no appreciable change of resistance and
the Dirac point.
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Supplementary data related to this article can be found at https://
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