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Abstract. Manganese (II) phthalocyanine MnPc is known for its interesting magnetic prop-
erties and diverse coordination chemistry, but little is known about its conductivity. In our
previous work, we observed how introduction of a permanent magnetic field during deposition
modifies the microcrystalline structure of the growing MnPc films. In this paper, we have
shown that the magnetic field, together with the substrate temperature, is responsible for the
lateral current in the two-terminal MnPc-based cells with interdigital contacts to change, while
the influence of atmospheric environment and illumination is much less noticeable.
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AnHoranusa. PrajolMaHWH MapraHila M3BECTEH CBOMMM WHTEPECHBIMM MarHUTHBIMU
CBOICTBAaMM M pa3HOOOpa3neM KOOPAWHALIMOHHBIX B3ANMOICUCTBHIT, HO O €T0 IIPOBOANMOCTHU
B TBepIOH (haze M3BECTHO HEMHOTO. B mpenbimyIieil paboTe MBI HAOIIOIAIN, KaK TIPUIIOKCHUE
IIOCTOSTHHOTO MATHUTHOTO TIOJISI BO BpeMsl pPOCTa MEHSET KPUCTAIMUECKYIO CTPYKTYPY
MJIEHOK (TajoliMaHMHA MapraHua. B maHHo# paGoTe MBI MmokKa3aiau, YTO MarHUTHOE IOJE,
COBMECTHO C TEMIIePaTypOil MOII0XKH, OTBETCTBEHHO 3a MI3MEHEHHE TOKOB B ABYXKOHTaKTHBIX
YCTPOMCTBAaX Ha OCHOBe (TajlollMaHMHA MapraHila U BCTPEYHO-IITHIPEBBIX KOHTAKTOB, B TO
BpeMs KaK BIMSTHHAE OKpYyXKalolleil aTMocdephl M OCBEIICHUS TOpa3no MEHEee 3aMETHEI.
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Introduction

Bright prospects of quantum computing and magnetic memory [1] have stimulated great
interest in the physics of organometallic complexes, such as metal phthalocyanines. However,
unlike inorganic (semi)conductors, these molecular materials have a more complex, two-level
organization of a solid: the internal atomic structure of molecular skeleton and the arrangement
of molecules in a bulk sample, each of which related to its macroscopic electro-physical and
magnetic properties.

Phthalocyanines are impurity semiconductors [2, 3] whose conductivity value and even the
sign depend on the sample history and the environment. In addition, the understanding of charge
transport processes suffers from an uneven microcrystalline morphology of films that have several
temperature-dependent polymorphs [2, 3]. It is hence desirable to find a method or experimental
setup that would allow reproducibly obtaining phthalocyanine films of a certain structural quality.
One of such parameters can be permanent magnetic field introduced into the growth zone during
the vacuum deposition process.

Manganese phthalocyanine (MnPc) is a spin 3/2 paramagnetic complex whose molecules form
crystalline phases with a herringbone motif, which is characteristic of other planar phthalocyanines.
However, MnPc molecules interact more strongly with each other, which leads to an interplanar
spacing of 3.2 nm [4] and ferromagnetic behavior of crystals at low temperatures. Although
these facts have been known for many years [6], the microscopic transport properties of bulk
samples remain practically unclear. For instance, a metastable a-phase of MnPc often mentioned
in literature [5] has never been confirmed by X-ray diffraction analysis. Conclusions about its
existence and properties are made based on the similarity of the intramolecular architecture
of MnPc complex with copper phthalocyanine without taking into account the intermolecular
(exchange) interactions [6]. This is probably why the calculations based on simple exchange
models cannot predict observed effects [7]. Remarkably, that the conductivity values reported for
MnPc are orders of magnitude greater than for its metal-phthalocyanine congeners [8].

The transport properties of conventional phthalocyanines have been actively studied in recent
decades. The most troubling issue here is the high content of electrically active impurities reaching
10% in the commercially available materials, which is incomparable with 107% in classical
semiconductor materials like single-crystal silicon. Gas molecules, oxygen in particular, can
penetrate freely into loosely packed molecular samples (films, polycrystals) and act as an electron
acceptor thereby increasing the concentration of majority charge carriers, in this case, holes.

The studies on the electro-physical properties of thin MnPc films are seldom, due to widely
announced instability of a molecule in air, this issue has been addressed in Ref. [9] in more detail.
Here, we report some results of photoelectrical measurements on the MnPc films grown in a
magnetic field applied in two different directions relative to the deposition surface.

Preparation of samples and experimental setup

The MnPc powder was recrystallized in a vacuum chamber (VUP 5M) in a crucible at 500 °C
and a residual pressure less than 10°° Torr before use. The handling of MnPc in laboratory
conditions has been described in [9].

Glass/ITO (Merch, 25 Ohm cm) and ceramic plates equipped with photolithographically
deposited interdigitated nickel electrodes (IDE) with a gap of 30 um and a metallization height
of 80 nm were used as substrates. Before being placed in the evaporation chamber, the substrates
were cleaned in an ultrasonic bath with acetone and isopropyl alcohol, followed by drying in an
argon flow. The deposition rate did not exceed 0.1 A/s (according to quartz microbalancing) at
a vacuum of 5-1077 Torr. The thickness was 100 nm for the MnPc films deposited on substrates
with IDE and 100—300 nm for films on glass/ITO substrates. As a source of the magnetic field in
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the growth zone, the H38 class neodymium magnets with dimensions of 55x55x35 mm providing
a magnetic field strength of up to 0.6 T were used. The direction of the field lines was always
parallel to the deposition surface. During the deposition on substrates with IDE, the magnetic
field was oriented both parallel and perpendicular to the electrode fingers — Fig. 2, b.

Electrical measurements were carried out using a Keithley 4200 semiconductor characterization
system in a sealed cuvette filled with argon or a synthetic air (zero gas) called “air” hereinafter.
Readings were taken in a voltage sweep mode (maximum electric field was 30 kV/m, sweep time
2 minutes) or in a constant field mode at 30 kV/m. The measurement cycle was carried out as
follows. The measurement started after the cuvette was purged with Ar for 10 min in the dark,
5—10 seconds after applying the bias the light was turned on for 10 min, then turned off and the
measurement continued for another 10 min. Surface morphology was studied using a scanning
electron microscope Carl Zeiss SUPRA 50 VP. More data on the morphology of MnPc films
growth with and without a magnetic field can be found in Ref. [10].

Fig. 1. SEM images of 300 nm thick MnPc film deposited onto ITO/glass substrate at zero field at
25°C (a) and 200 °C (b)

Results and discussion

SEM images in Fig. 1, a show that the MnPc film grown on cold glass/ITO substrate is
continuous, with irregularly shaped surface objects with typical size of 200 nm. The hot-grown
MnPc consists of whisker crystals with an aspect ratio of up to 10:1 (crystal length up to 1.5 um,
width up to 150 nm), which likely do not form continuous layer on the substrate — Fig. 1, b.
Thus, measurements of vertical conductivity give unreliable results due to leakage of the top
evaporated metallic electrode and/or “burning out” of single whiskers during current flow. The
in-plane (planar, lateral) conductivity measurements are discussed below.

The specific conductivity of MnPc films lies in the range 10-°+ 107 Ohm'cm™' depending on
the type of sample in Table 1, which significantly exceeds the value of 10-'> Ohm-'cm™' indicated
in [11] for copper phthalocyanine. The dark conductivity of the films grown on cold substrate
(consist presumably of a-MnPc) is sensitive to the atmosphere — Table 1. It is reduced by a
factor of 10 when the sample is exposed to synthetic air for 10 minutes after purging with argon,
possibly due to desorption of admixtures. However, magnetic field does not remarkably affect the
conductivity of cold-grown samples, so Table 1 focusses on the hot-grown samples. Their dark
conductivity is low when the films are grown at zero field but largely increases when a magnetic
field is applied, regardless of its direction. All hot-grown films are insensitive to the atmosphere.
It should be mentioned that the synthetic air was used, which excludes the ingress of atmospheric
gases other than oxygen and nitrogen (water or carbon monoxide for example). The maximum
specific conductivity was measured for MnPc films deposited on a hot substrate in the presence
of a 0.5T field directed parallel to the electrode fingers — Table 1.

Obviously, the reason of increase in conductivity of films grown with a field by more than
two orders of magnitude is their intricate morphology with even more elongated whisker crystals
than shown in Fig. 1 (not shown here). This facilitates the transport of charge carriers across
the film thanks to the narrower intergrain gap. Direction of the magnetic field lines with respect
the electrode fingers during the film grow does not have a clear effect on both the in-plane
conductivity and the transition time, because of the large scatter of the derived values (Table 1).

The light-induced current as a constant bias (photoconductivity) is very low, as illustrated in Fig. 2.
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Table 1
Dark lateral conductivity and light-induced transients for 100 nm thick MnPc films
Magnetic field strength Specific conductivity at Transient time of current
Substrate . change. s
temperature (parallel or perpendicular | £ = 30 kV/m, Ohm'cm! £gc,
oC > | to the electrode fingers), Atmosphere ‘ Atmosphere
T - Light -
Ar Air Ar Air
On 526 588
-9 -10
25 0 2.5 x 10 3.0x10 Off 250 116
0 10x 100 | 1.0x 100 |On | 203 | 16l
Off 141 161
On 455 588
: -8 -8
200 0.3, perpendicular 6.2 x10 6.0 x 10 Off 5 122
On 250 182
-8 -8
0.3, parallel 2.4 x 10 2.3 x10 Off 2 93
On 312 312
; -8 -8
0.5, perpendicular 2.0 x 10 3.0x10 Off 68 o1
On 213 133
-8 -8
0.5, parallel 9.4 x 10 9.6 x 10 Off 20 )
a) b)
“E 0.0265 -
3
E 0.0260
N 3
0.0255 "E'-
—— Lignt off Q
0.0245 I

100 200 300 400 500 600
ts

H perpendicular

Fig. 2. Time evolution of the current density for a 100 nm MnPc film deposited at 25 °C without
magnetic field (measured in Ar) (@); photograph of MnPc film with IDE (b). Parallel and perpendicular
orientations of magnetic field are shown relative to contact grid

The relative rise of the signal upon illumination lies with 5%. Nonetheless, after turning the
light on, a slow increase of current density is observed with characteristic exponential time
from several minutes to hours (Table 1). This time scale is comparable with the processes of
desorption of gaseous impurities from the samples due to evacuation or heating [11]. There
are large fluctuations in the transient times with no apparent trends among samples (Table 1).
However, the time during which the current decays to its initial value after light impact is shorter
for all films grown in a magnetic field.
Conclusions

The magnetic field applied during the deposition of paramagnetic MnPc molecules on cold
substrates has practically no effect on their dark and photoconductivity. However, the effect
manifests itself with an increase in the deposition temperature up to 200 °C. As shown earlier [10],
the microstructure of hot-grown films depends on the magnetic field strength but not on the
direction: the stronger the superimposed field, the denser the MnPc whiskers. The samples grown
in a magnetic field demonstrate faster decay of photocurrent and about two-orders of magnitude
higher conductivity. Therefore, the increase in the dark conductivity of the films is associated with
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field-induced morphological changes. Different in-plane orientation of the magnetic field does
not lead to anisotropy of conductivity, which is consistent with the absence of in-plane anisotropy
in morphology.

Acknowledgments

This work was supported by RSF grant Ne 20-72-00118. Authors used the equipment of the
“Physics and Technology of Micro- and Nanostructures” Center at IPM RAS.

REFERENCES

1. Coronado E., Molecular magnetism: from chemical design to spin control in molecules, materials
and devices, Nature Reviews Materials, 2(5) (2020), 87-104.

2. Schlettwein D., Meyer J.P., Jaeger N.I., Influence of Mn as a redox-active central metal
on the electrical conduction behaviour of phthalocyanine thin films, Journal of Porphyrins and
Phthalocyanines, 1 (4) (2000) 23-30.

3. Simon J., Andre J.-J., Molecular Semiconductors. Photoelectrical Properties and Solar Cells.
Berlin, Hidelberg, New York, Tokyo., Springer-Verlag, 1985.

4. Barraclough, C.G., Martin, R.L., Mitra S., Paramagnetic anisotropy, electronic structure, and
ferromagnetism in spin S = 3/2 manganese(II) phthalocyanine, The Journal of Chemical Physics, 5
(53) (1970) 1638-1642.

5. Bartolomé J., Monton C., Schuller I.K., Chapter 9. Magnetism of Metal Phthalocyanines in
Molecular Magnets Berlin: Springer-Verlag, 2014, p. 221-245.

6. Brena B., Sanyal B., Herper H.C., Chemical Switching of the Magnetic Coupling in a MnPc
Dimer by Means of Chemisorption and Axial Ligands, Journal of Physical Chemistry C, 49 (124)
(2020) 27185-27193.

7. Wu W., Kerridge A., Harker A.H., Fisher A.J., Structure-dependent exchange in the organic
magnets Cu(Il)Pc and Mn(II)Pc, Physical Review B, 18 (77) (2008) 184403.

8. Rajesh K.R., Menon C.S., Electrical and optical properties of vacuum deposited MnPc thin films
, European Physical Journal B 2005, 2(47) (2005) 171-176.

9. Yunin P.A., Sachkov Yu.I., Travkin V.V., Pakhomov G.L., Stability of manganese (I1I) phthalocyanine
films in ambient air, Macroheterocycles, 2 (15) (2022).

10. Yunin P.A., Sachkov Yu.l., Travkin V.V., Skorokhodov E.V., Pakhomov G.L., Nanostructuring
of Mn(II)Pc thin films by vacuum deposition in a weak magnetic field, Vacuum, (194) (2021) 110584

11. Wright J., Gas adsorption on phthalocyanines and its effects on electrical properties, Progress
in Surface Science, 1-2 (31) (1989) 1-60.

THE AUTHORS

SACHKOY Yauri 1. TRAVKIN Vladislav V.
Sachkov@ipmras.ru trav@ipmras.ru
ORCID: 0000-0001-5701-783X ORCID: 0000-0001-7511-1942

YUNIN Pavel A.
yunin@ipmras.ru
ORCID: 0000-0001-7081-2934

Received 13.10.2022. Approved after reviewing 29.03.2023. Accepted 30.03.2023.

© peter the Great St. Petersburg Polytechnic University, 2023

350



