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Abstract—The thermal sublimation of the known cage iron(II) complex (clathrochelate) gives thin films of
this compound on various supports without violating its integrity as shown by electron spectroscopy. The spin
state of the complex remains unchanged compared to the polycrystalline sample and solution. The first pro-
totypes of molecular spintronic devices in the form of a vertical spin valve are prepared from the chosen
iron(II) clathrochelate, and their electron transport properties are studied.
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INTRODUCTION
A possibility of using electron spin for information

storage and processing has been of special interest for
both fundamental science and diverse technological
applications [1, 2] since the effect of giant magnetore-
sistance (GMR) was discovered by Fert [3] and Grün-
berg [4] who found the diffusion of spin-polarized
charge carriers through the nonmagnetic layer con-
tacting with the ferromagnetic layers. This discovery
led to a revolution in the modern methods of informa-
tion storage [5–7] and was a great stimulus for study-
ing and developing devices of spin logics [8–10] and
spintronics [1, 2, 7, 11–13] based on the influence of
an external magnetic field on the electronic properties
of matter. The further study of the GMR effect in the
nonmagnetic metallic layer [1, 2, 14] made it possible
to propose and accomplish in practice spintronic
devices used for information reading and recording in
modern computers [15–18] and as hypersensitive
magnetic field sensors [19, 20], cells of energy-inde-
pendent magnetoresistive operative memory [18, 21],
and quantum computer elements [22, 23].

However, the range of potential applications of
completely metallic spintronic devices is restricted by
a short spin relaxation time (picoseconds) [24, 25] and
impossibility to substantially change the character of
conductance under external factors, for example, tem-
perature or pressure [25–28]. An alternative to the
nonmagnetic metallic layer in these devices can be
organic semiconductors that have recently been con-

sidered actively [29–31]. They can efficiently affect
spin injection [32, 33] and filtration [34–36] within an
individual molecule [37], which forms a basis for the
so-called “molecular spintronics” [38, 39].

Owing to the possibility of a direct interaction with
the transport electron spin [40, 41], “molecular mag-
netics” are suitable for tasks of molecular spintronics
[41, 42]. Molecular compounds with magnetic prop-
erties are traditionally attributed to molecular magnet-
ics [25, 28]. Among them metal complexes with mag-
netic bistability are of special interest [43], since they
allow one to monitor the dependence of the conduct-
ing properties of a spintronic device on the magnetic
state of the central metal ion without serious structural
rearrangements of the organic ligand [44]. Unfortu-
nately, these compounds are often charged and have
no high thermal stability [27] necessary for the forma-
tion of a related molecular layer by thermal sublima-
tion traditionally used for manufacturing spintronic
devices [25, 45–49].

Cage complexes (clathrochelates) of transition
metals form one of the classes of compounds having a
compensated charge and potentially suitable for the
deposition on supports of various nature by thermal
sublimation [50]. They are characterized by magnetic
bistability in the form of a temperature-induced
spin transition [51] and monomolecular magnetism
[52–54].

In this work, we used one of the known representa-
tives of this series, tris(dioximate) complex
33
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Co(GmCl2)3(BBu)2 (I) [50] in which the iron(II) ion
is encapsulated by the cage ligand with the chlorine
atoms and butyl groups as ribbed and apical substitu-
ents, respectively (Scheme 1), to prepare prototypes of

molecular spintronic devices as a vertical spin valve
based on the chosen unique class of “molecular mag-
netics” and to study their electron transport proper-
ties.

Scheme 1.

EXPERIMENTAL
All procedures associated with the synthesis of the

complex by a published method (Scheme 1 [50]) were
carried out in air using commercially available n-but-
ylboric acid, iron chloride FeCl2, organic solvents,
and sorbents. Dichloroglyoxime and Fe(CH3CN)4Cl2
were synthesized using previously described proce-
dures [55].

Analyses for carbon, nitrogen, and hydrogen were
carried out on a Carlo Erba microanalyzer (model
1106). 1H and 13C NMR spectra were recorded in
CD2Cl2 on a Bruker Avance 400 spectrometer with a
working frequency of 400 MHz for 1H. The chemical
shifts in the spectra were determined relative to the
residual signal of the solvent.

Synthesis of complex I (Co(GmCl2)3(BBu)2).
Dichloroglyoxime (6.28 g, 40 mmol) and n-butylboric
acid (4.08 g, 22 mmol) were dissolved/suspended in
anhydrous boiling nitromethane (70 mL) with stirring
under argon, and Fe(CH3CN)4Cl2 (2.91 g, 10 mmol)
was added gradually. The resulting reaction mixture
was refluxed with stirring for 8 h, then the solvent was
partially distilled off (30 mL), and the mixture was
cooled to room temperature. A finely crystalline
brown product was filtered off; washed with ethanol
(20 mL, 2 portions), diethyl ether, and hexane; and
dried in vacuo. The yield was 5.1 g (78%).

1H NMR (CD2Cl2; 400 MHz; 290 K; δ, ppm): 0.72
(m, 4H, BCH2), 0.93 (t, 6H, CH3), 1.39 (m, 4H,
CH2), 1.41 (m, 4H, CH2). 13C{1H} NMR (CD2Cl2;
100 MHz; 290 K; δ, ppm): 14.1 (s, CH3), 16.0 (br.s,
BCH2), 25.6 (s, CH2), 25.8 (s, CH2), 130.5 (s, C=N).

Preparation of the films of complex I. The films
were deposited on quartz supports 15 × 15 mm in size
precleaned in air plasma for 60 s in a vaporization
chamber in a box with an inert atmosphere by heating
a finely crystalline powder of synthesized complex I to
350 K under a pressure of 10–5 Torr. The supports were
preliminarily mounted in a special mask-holder that
made it possible to simultaneously obtain several films
under the same experimental conditions.

Electronic absorption spectra (UV and visible
ranges) for the films on the supports were recorded in
a range of 300–600 nm in a cryostat under argon on a
Shimadzu i2600 spectrophotometer at 298 and 363 K.
The spectra of the solution in dichloromethane were
recorded in a range of 300–800 nm on a Cary 50 spec-
trophotometer at room temperature.

Scanning electron microscopy (SEM). The SEM
images for bulky crystalline samples and films on the
supports placed on a 25-mm aluminum stage and
fixed by a conducting carbon ribbon were obtained in
the secondary electron mode at an accelerating voltage
of 5 kV on a Hitachi TM4000Plus desktop electron
microscope. Elemental analysis of the surface was car-
ried out using a Bruker Quantax 75 energy dispersive
spectrometer connected to the microscope at an
accelerating voltage of 15 kV.
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Fig. 1. Scheme of the configuration of the prepared spin-
tronic devices of the “vertical spin valve” type.
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V2O5(10)

Clath(50

Ni(50)

Fig. 2. Photograph of the prepared spintronic devices of
the “vertical spin valve” type prior to encapsulation in a
box filled with an inert atmosphere.
Preparation of the spintronic devices. Six devices of
the “vertical spin valve” type, Ni(50)/I(50)/
V2O5(10)/Co(50) complex (Fig. 1), and two reference
devices Ni(50)/V2O5(10)/Co(50), where the thickness
of every layer in nm is indicated in parentheses, were
prepared in two vaporization chambers in a box with
an inert atmosphere. The metallic electrodes were
deposited in one chamber, and the oxide layer and a
layer of molecular complex I were deposited in
another chamber. All layers were deposited under a
pressure of 10–5 Torr from the corresponding powder
using thermal sublimation on quartz supports 15 ×
15 mm in size through masks of a necessary geometry.
The deposited layer thickness was monitored using a
quartz thickness gauge.

A layer of metallic nickel 50 nm thick was deposited
on the support precleaned for 60 s in air plasma. Then
a layer of complex I (50 nm thick) was deposited using
the method described above, and this layer was cov-
ered with a thin (10 nm) V2O5 vanadium oxide layer. A
layer of metallic cobalt 50 nm thick served as the upper
electrode.

The prepared devices (Fig. 2) were encapsulated to
measure current–voltage characteristics in air using a
glass support 10 × 10 mm in size overlapping the active
zone of the device but accessible for the electrode con-
tacts.

Measurement of current–voltage characteristics.
The current–voltage characteristics of the prepared
devices were measured on a Keithley 2401 precision
source-meter with the programmed specified voltage
ranging from –10 to 10 V with an increment of 0.1 V at
the established current maxima equal to –10 and
10 mA, respectively.

The resistance was measured at different applied
external fields and a constant voltage of 100 mV. For a
better contact, a conducting copper scotch was glued
on the region of the ferromagnetic electrodes con-
nected to the source-meter, and spring clamps were
fastened to the scotch during measurements. An exter-
nal magnetic field was generated by a BR-P100/40
electromagnet (Bairun Electric Co., China) switched
to a QJ3003H laboratory power source (QJE, China)
via a current polarity switcher. The magnetic induc-
tion at the surface of the measuring stage at the site of
the arranged device prototype measured with a
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
TU43205 laboratory teslameter (Russia) ranged from
0 to 50 mT.

The magnetoresistance was measured in two tem-
perature modes (at room temperature and at ~80 K)
and at two positions of the electromagnet: with the
perpendicular and parallel magnetic field directions
relative to the device plane. For low-temperature mea-
surements, the device prototype together with the
measuring stage and electromagnet was placed in a
broad-neck Dewar vessel filled with liquid nitrogen.

RESULTS AND DISCUSSION
The chosen iron(II) tris(dioximate) clathrochelate

(I) was synthesized using a described procedure [56]
by the direct template reaction of dichloroglyoxime,
n-butylboric acid, and the acetonitrile complex of
anhydrous iron(II) chloride under harsh conditions
(reflux in nitromethane) because of the low donor
ability of dichloroglyoxime (Scheme 1). Rather readily
volatile boric acid was partially distilled off during the
reaction and, hence, a reflux condenser was used at
the first stage. The formed water and HCl were azeo-
tropically distilled off along with nitromethane thus
shifting equilibrium toward the target product.

As mentioned previously [56], the iron(II) ion in
complex I exists in the low-spin state, which was addi-
tionally confirmed by the electron spectroscopy data
for a solution of the complex in dichloromethane. In
fact, in the temperature range from 290 to 330 K the
NMR spectra exhibit only the signals corresponding
to the diamagnetic product, and the absorption spec-
tra (Fig. 3b) at room temperature contain the metal-
to-ligand charge-transfer bands with a maximum
about 440 nm corresponding to the low-spin state of
the iron(II) ion.

Films of the synthesized iron(II) clathrochelate
were obtained on the surface of optically transparent
(quartz) supports using for absorption spectra record-
  Vol. 48  No. 1  2022



36 ZLOBIN et al.

Fig. 3. Temperature dependences of the absorption spectra of the (a) film of complex I obtained by thermal sublimation at 350 K
and a pressure of 10–5 Torr and (b) solution of complex I in dichloromethane at 298 K. 
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ing by heating a finely crystalline powder of the clath-
rochelate to 350 K under a pressure of 10–5 Torr. This
method for film formation provided their homogene-
ity and equilibrium character, which is indicated by
the SEM (Fig. 4) and electron spectroscopy data at
different temperatures (Fig. 3a). The position and
half-width of the metal-to-ligand charge-transfer
bands in the absorption spectra of the film remained
nearly unchanged with temperature thus indicating
the low-spin state of the iron(II) ion in a range of 298–
363 K, and no change in the base line, absorption
intensity, and general contract of the absorption bands
at the same temperature occurred upon repeated cool-
ing/heating. The unchanged character of the absorp-
tion spectra and their resemblance with the corre-
sponding spectrum of the solution in dichlorometh-
ane (Fig. 3b) indicate that the chosen complex retains
its structure under the thermal sublimation condi-
tions. In addition, according to the energy dispersive
X-ray spectroscopy data, the elemental composition
of the prepared film surface completely corresponded
to that expected for complex I (Fig. 4b) and was iden-
tical to that in the bulky polycrystalline sample
(Fig. 4c) except for the additionally found peak of sil-
icon corresponding to the quartz support on which the
films were immobilized for spectra recording.

The possibility of the controlled formation of a
homogeneous layer of the iron(II) clathrochelate on
the support using thermal sublimation provides broad
prospects for application as components of molecular
spintronic devices. The simplest device is the so-called
“vertical spin valve” [25, 57] in which two ferromag-
netic electrodes prepared from materials with different
coercitive forces are separated by the molecular com-
pound layer [31, 32] with an additional thin layer of
the insulator [25, 36, 58] providing the detection of the
tunneling magnetoresistance [59]. Nickel [39, 45] and
RUSSIAN JOURNAL OF C
cobalt [25, 32, 35, 58, 60], which are appreciably dif-
ferent in coercitive force [61–64] and are popular in
the area of molecular spintronics, were chosen as fer-
romagnetic electrodes for manufacturing vertical spin
valve prototypes containing a layer of complex I as the
corresponding molecular compound. This makes it
possible to create a required configuration of the spin-
tronic device with an opposite magnetization of the
electrodes to provide spin filtration and, hence, mag-
netoresistance [25, 28, 59]. A layer of vanadium oxide
V2O5, whose dielectric properties [65, 66] combined
with high uniformity upon deposition [67] allows
using it as a tunneling barrier in spintronic devices,
served as the insulator.

Six spintronic devices of the “vertical spin valve”
type (Fig. 1) of the Ni(50)/I(50)/V2O5(10)/Co(50)
complex composition with the layer of the chosen
iron(II) clathrochelate 50 nm thick and two reference
devices of the Ni(50)/V2O5(10)/Co(50) composition
(Fig. 2) without this layer were prepared by thermal
sublimation in a box with an inert atmosphere. The
current–voltage characteristics were measured for all
prepared devices (Fig. 5). These characteristics repre-
sent lines obeying the Ohm law. Note a high reproduc-
ibility of the results of these measurements according
to which the resistance for the main series of the spin-
tronic devices is 264 ± 14 Ω, whereas the resistance of
the reference devices is 65 ± 3 Ω. The character of the
current–voltage curves indicates a high homogeneity
of the layer formed by the thermal sublimation of
complex I and the absence of short circuit or other
defects capable of substantially affecting the electron
transport properties of the prepared devices. More-
over, the encapsulation of the latter using a glass sup-
port made it possible to retain the current–voltage
characteristics beyond the inert atmosphere of a glove
OORDINATION CHEMISTRY  Vol. 48  No. 1  2022
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Fig. 4. (a) SEM image of the fragment of the film surface of complex I and the energy dispersive spectra of (b) this film and (c) the
bulky polycrystalline sample of the initial complex. The appearance of the signals corresponding to silicon and a relative increase
in the signals of oxygen in the spectra of the film are caused by silicon dioxide in the support material. 
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Fig. 5. Current–voltage characteristics of the prepared
devices of the “vertical spin valve” type (a) with and
(b) without the layer of complex I. 
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box indicating that these devices can be used under
real conditions (in air).

Magnetoresistance is the main characteristic of
vertical spin valves. Magnetoresistance is a sharp
change in the resistance of a spintronic device with a
smooth change in the magnetic field corresponding to
the transition from the parallel configuration (in
which both ferromagnetic layers are similarly magne-
tized) to the antiparallel configuration (in which the
external magnetic field application results in the
remagnetization of the ferromagnetic electrode with a
lower coercitive force). To measure the magnetoresis-
tance of the prepared vertical spin valve prototypes,
they were placed in the electromagnet field and their
resistance was measured at a constant voltage differ-
ence on the contacts of the devices and with a smooth
change in the current strength and polarity of the elec-
tromagnet. The experiments were carried out at both
room temperature and liquid nitrogen temperature. As
a result, a constant resistance coinciding with that
obtained when measuring the current–voltage charac-
teristics was found for each device regardless of the
applied magnetic field induction and temperature.
The same results were observed for the devices con-
taining the iron(II) clathrochelate layer and their ana-
logs in which the ferromagnetic electrodes are sepa-
rated by a thin vanadium oxide tunneling barrier only.
This fact indicates that the absence of magnetoresis-
tance is related to the processes occurred in the tun-
neling barrier layer rather than to the fast spin relax-
ation in the clathrochelate. The replacement of the
material of the layer or the fabrication of the devices
with a thinner continuous tunneling barrier (e.g.,
based on partially oxidized aluminum [59, 68]) is the
first step to the production of molecular spintronic
devices based on transition metal clathrochelates,
which are advantageous over other complexes by high
thermal stability and wide possibilities of chemical
modification for controlling the magnetic properties.
RUSSIAN JOURNAL OF C
The possibility of preparing thin films on various
supports by the thermal sublimation of transition
metal clathrochelates or at least one representative of
this series containing chlorine atoms and butyl groups
in the ribbed and apical positions, respectively, and
having a necessary thermal stability was first demon-
strated in the present study. This made it possible to
prepare the prototypes of molecular spintronic devices
as a vertical spin valve with the electron transport
characteristics demonstrating a high reproducibility.
The very fast relaxation of the spin carriers in the tun-
neling oxide layer can be assumed from the absence of
the expected magnetoresistance in the studied tem-
perature range even for the reference devices having no
layer of the chosen clathrochelate. The preparation of
vertical spin valves with a thin tunneling barrier of alu-
mina should decrease the observed relaxation effects
and provide the fabrication of these devices with tran-
sition metal clathrochelates. In addition, the possibil-
ity of directed functionalization of their cage ligand
combined with the encapsulation of various metal
ions, which allows varying magnetic properties
(including diverse manifestations of magnetic bistabil-
ity), provides wide prospects for using this class of
compounds in molecular spintronic devices with tun-
able operating characteristics.
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