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ABSTRACT

Two conformations of isolated single TBrPP  —Co molecules on a Cu(111) surface are switched by applying +2.2 V voltage pulses from a
scanning tunneling microscope tip at 4.6 K. The TBrPP  —Co has a spin-active cobalt atom caged at its center, and the interaction between the
spin of this cobalt atom and free electrons from the Cu(111) substrate can cause a Kondo resonance. Tunneling spectroscopy data reveal that
switching from the saddle to a planar molecular conformation enhances spin —electron coupling, which increases the associated Kondo
temperature from 130 to 170 K. This result demonstrates that the Kondo temperature can be manipulated just by changing molecular conformation

without altering chemical composition of the molecule.

The interaction between a magnetic impurity and electrons thermal evaporation using a home-built Knudsen cell. Then
from a nonmagnetic metal environment gives rise to a the sample was transferred to the STM chamber without
resonance near the Fermi level, known as the Kondo breaking the UHV conditions and the sample temperature
effect’=® With the technological advances in nanoscale was lowered to 4.6 K for the experiment.

fabrication, the Kondo effect has seen a revival of interest  TBrpP-Co molecules anchor on the Cu(111) surface via
in the recent yeafs'® and has been observed in a wide thejr four bromine atoms positioning at the 3-fold hollow

variety of systems, ranging from semiconductor quantum sites of the copper surface and form two molecular confor-
dotg’ to single atoms* to carbon nanotub€8Among them,  mations: the saddle and the planar (Figure 1). Metallotetra-
molecules exhibiting magnetic properties are of special phenylporphyrin molecules are known to have several
interest to investigate the spilectron interaction because  onformations including the saddle and planar both in gas
of their potential in spintronic application.Here, we phase and in solutiori415 On the Cu(111) substrate 25%

perform a comparative study of isolated molecules of ot ihe molecules are found adsorbed in the saddle con-
TBrPP-Co and TBrPP-Cu (where TBrPP is 5,10,15,20-  ¢4mation. In the saddle conformation, the central part of

tetrakis(4-bromophenyl)porphyrin) on a Cu(111) surface pqiecyle is bent by the elevation of two pyrrole units of the

using low-temperature scanning tunneling microscopy and porphyrin macrocycle. The STM images acquired at 4.6 K
spectroscopy. The TBrPRCo and TBrPP-Cu molecules are substrate temperature under an UHV environment show two

composed of a porphyrin unit with a cobalt (Co) or copper protrusions for the saddle (Figure 1a), presumably originated
(Cu) atom caged at the center and four bromophenyl 9r0UPSHom the two lifted pyrrole units. The planar molecule has

at the end pgrts. . _an approximately square shape, and the porphyrin plane
The experiments were performed by using a home-built g hqsitioned parallel to the Cu(111) surface. In this posi-

uI'Frah|gh vacuum (UHV) low-temperature S(Z:annmg tunneling tion, the four bromophenyl groups of the molecule can

microscopy (STM) system operated at 4.6°Che Cu(111) interact strongly with the surface viainteractions. The STM

sample was cleaned by repeated cycles of Ne ion sputteringimages of planar TBrPPCo reveal a set of four lobes
and annealing to 700 K. An electrochemically etched (Figure 1b)

polycrystalline tungsten wire was used as the STM tip. The The distortion (saddling) of the molecule can be removed
tip apex was coated with copper in situ by making a-tip 9

sample mechanical contact on a bare Cu(111) terrace priorby _applylng_ a burst of voltage pulses from the STM tip,
to the spectroscopic measureméft&or a comparative which supplies the necessary energy to switch the molecule
study, TBrPP-Co and TBrPP-Cu molecules were separately from the saddle to the planar conformation. To switch the

deposited on a clean Cu(111) surface held-a00 K by mqlecule (Figure 2), the STM tip is positioned at a fixgd
height above the center of a saddled molecule, and a fixed

* Corresponding author:  e-mail, hla@ohio.edu; Web, www. vol_tagg pulse Oﬂ—_2'2 V is applied for a few Sec?”d_s- The
phy.ohiou.edu/hla. switching event is directly observed by monitoring the
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Figure 1. Molecular conformations. (a) STM images of saddle
conformation (width~11 A, length ~18 A) and (b) planar
conformation (length~15.5 A) of TBrPP-Co on Cu(111). Similar
conformations are observed for the TBFP®u on Cu(111), the
saddle (c) and planar (d) conformations. (e) The corresponding
models of saddle (left) and planar (right) conformation. Blue and
pink color balls represent bromine and carbon atoms, respectively.
The encircled regions of the molecule indicate the area providing
higher current in the STM images. The length of the molecule along
the diagonal (indicated with a dashed green arrow) is unchanged

ipinvsﬁvlﬁhég% tgﬁ )two conformations. (Imaging parametafs: Figure 2. Single molecule switch. (a) A three-dimensional STM
o ' image shows a TBrPPCo molecule next to a Cu cluster used here

changes in tunneling current. The subsequent STM images?@s & landmark. Half of the porphyrin unit from (b) is switched into
confirm that the molecule switches into a planar conforma- the planar conformation () by applying a voltage pulse. (d) Another

. . . . . voltage pulse changes the molecule into a four lobe (planar)
tion. The tunneling current signals during the switching event .qndrmation. (Imaging parameterss = 1 V, I, = 840 pA.)

mostly include two discrete steps (Figure 2a) indicating that

a two-step switching mechanism has been involved. By the surface and by dissociating the bromine atoms from the
variation of the time duration of the applied voltage pulses, four bromophenyl groups using higher voltagéa. reverse
these two steps can be individually induced. Now, we switching® from planar to saddle conformation requires
observe switching of the molecule into an intermediate step voltage pulses higher tha V for this molecule. Thus, it is
with a corresponding single-step current signal. The molecule difficult to achieve this in the current experimental frame-
can then be conformed into the planar conformation by work as higher energy transfer can lead to the fragmentation
providing another burst of voltage pulses. Figure 2 captures of the molecules.

the switching steps: First, half of the porphyrin unit is For the study of Kondo effect on conducting surfaces, a
switched from saddle to planar with two pronounced lobes scanning tunneling microscope is an ideal tool to detect the
on one side while the other side of the molecule remains in localized spin-electron interaction at an atomic limit by
the saddle position. The supply of another voltage pulse measuring the energy dependence of the local density of
completes the task by flattening the rest of the porphyrin states around the Fermi lev&@ The shape and width of the
unit, which now appears as a four-lobe (planar) conformation. resonance give insight into the tunneling process through
The molecule remains intact after switching. This is verified the impurity and determines the Kondo temperature of the
by laterally moving the molecule with the STM tip across systemt’1® We investigate the spirelectron interaction
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S 10 K. The errors stated here represent the statistical deviation
\) of the measured data.

a To further verify the origin of the observed resonance
around the Fermi energy, we comparatively investigate the
di/dV spectra of isolated TBrPRCu molecules on Cu(111).
The TBrPP-Cu has a similar molecular structure as the
TBrPP-Co except that the Co atom is replaced by a
nonmagnetic copper (Cu) atom. Since the copper is non-
magnetic, the Kondo effect caused by spatectron interac-
tion should not occur. The TBrPRCu molecules adsorb on
Cu(111) with two different conformations as in the case of
b TBrPP-Co (Figure 1c,d). As expected, thidV spectra of
h both saddle and planar conformations of isolated TBfPP
Cu molecules are featureless around the substrate Fermi level
¢ (Figure 3c,d). This verifies that the observed resonances in
both conformations of TBrPPCo originate from the spin
TBrPP-Co (planar) electron interactions, i.e., the Kondo effect.

TBrPP-Cu (saddle) In the case of adsorbed single Co atoms on a Cu(111)
o c surface, the Kondo temperature is measureds3 K* The
observed high Kondo temperature in molecules
o e oo b d high Kondo t t TBrP®o molecul
100 - d is caused by enhanced coupling of the magnetic impurity,
TBrPP-Cu (planar) . .
——t ——t . it caged by the porphyrin molecule, to the conduction electrons
60 40 -20 0 20 40 60 of the surface through the molecular bondffglo explain
Bias Voltage (mV) the increased Kondo temperature after switching, we deter-
. , mine the electronic structures of both molecular conforma-
Figure 3. Kondo signatures. (a) A conductance spectrum of the

saddle TBrPP-Co molecules showing a dip (Kondo resonance) tions by measuring the orbital-mediated tunneling spectra

around surface Fermi level (0 V). The solid line represents the Fano (OMTS) over isolated molecules (Figure Ay* All the
line-shape fit to the data. The fit parameters for this curvegare spectra are measured at the center of the molecules. Similar
0.29+ 0.01,ex = 4.52+ 0.29 mV. (b) The width of the Kondo  OMTS spectra of TBrPPCu molecules are also taken for
resonance increases in th&/d¥ spectra of planar TBrPPCo a comparative study. The OMTS of saddle TB#RED
molecules, which corresponds to an increase in Kondo temperature., _. .

The solid line represents the Fano line-shape fit to the data. The fit (Flgure 4a) reveals a rather'large gap betwegn the highest
parameters arg = 0.01+ 0.03,ex = 3.70+ 0.97 mV. (c, d) The occupied and lowest unoccupied molecular orbitals (HOMO
di/dV spectra of saddle and planar TBFP@u molecules do not  LUMO). The HOMO of saddle TBrPPCo on Cu(111) is
reveal any features around the surface Fermi level, i.e., 0/dvd located at—1.55 eV below the Fermi level (6.26 eV from

spectra are taken with a lock-in amplifier with an ac modulation . ;
of 4 mV root mean square at 500 Hz. The spectra for TBIEB the vacuum level). At the positive bias, only the onset of

saddle, TBrPP-Co planar, and TBrPPCu saddle have been shifted  the lowest occupied molecular orbital (LUMO) can be
vertically by 0.07, 0.04, and 0.01, respectively. All the spectra are observed in this voltage range. On the contrary, the OMTS
taken at the center of each molecule. of planar TBrPP-Co (Figure 4b) shows a HOMOGLUMO

gap of 1.46 eV, which is comparable to that of electrochemi-
between isolated TBrPRCo molecules and the free electrons cal measuremefit, 1.4 eV, on planar cobalt porphyrin (TPP
of Cu(111) by measuring differential conductancé&/dd) Co). The first occupied orbital of planar TBrPEo is
tunneling spectroscopy over both molecular conformations. located at 0.7 eV below the Fermi level (5.59 eV relative to
During this process, the STM tip is positioned at the center the vacuum level). The origin of this orbital is assigned to
of the molecule and the voltage is ramped betw&60 mV. the ionization of ¢ orbital of the Co atom, which is absent
The resultant HdV spectra of both saddle and planar inthe case of planar TBrPFCu (Figure 4d). The interesting
molecules consistently reveal a small “dip” located around case is that this orbital is also absent in the OMTS spectra
the substrate Fermi level, i.e., zero tunneling bias, which we of saddle TBrPP-Co (Figure 4a). In the saddle conformation
attribute as the Kondo resonance (Figure 3). The\d the porphyrin plane is bent and the Co atom is lifted away
measurements were repeated with different tips on a largefrom the surface. This effectively reduces a direct spin
number of molecules for consistency. We measure the Kondoelectron coupling between the Co atom and the surface state
signatures before and after the switching events, as well asfree electrons of Cu(111) resulting in the disappearance of
over the naturally adsorbed molecules. Figure 3a presents dhe Co ¢ associated peak from the spectrum of the saddle
representative Kondo signature of the saddle TB+EB. TBrPP-Co. As a result, the Kondo temperature is decreased
The experimental data are fitted by using a model derived in the case of the saddle as compared to the planar TBrPP
by Ujsaghy et al® The resultant Kondo temperature of saddle Co. Both molecule conformations bind to the substrate via
TBrPP-Co at 4.6 K is 130+ 15 K. The width of Kondo bromine atoms and hence, spialectron coupling through
resonance increases for the planar TBt@®, and the molecular bonding is still permitted in the saddle conforma-
corresponding Kondo temperature is determined as#70 tion, which provides the observed Kondo temperature of 130
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Figure 4. The orbital mediated tunneling spectra (OMTS). (a) The
STM-OMTS spectra of saddle (blue) and (b) planar (green) TBrPP
Co. The highest occupied molecular orbital (indicated with an
arrow) in the planar molecule data originated from the Co atom,
which is absent in the saddle spectrum (blue). (c, d) The STM-
OMTS spectra of saddle and planar conformations of TBreB.

K. Our measurements indicate that the molecular Kondo
effect may be generated by more than a single path, if we
consider the spin-electron coupling through molecular bond-

ing as one path and a direct coupling of Goatbital to the

stronger Ce-surface interaction in case of planar conforma-
tion. Our finding of two different Kondo temperatures, which

can be tuned just by switching the conformations without
destroying or altering molecule’s chemical compositions,
may have a distinct advantage in development of novel
spintronic devices in the future.
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