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Substrate-controlled ferromagnetism in iron phthalocyanine films due to one-dimensional
iron chains
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Using the magneto-optical Kerr effect, superconducting quantum interference device magnetometry, and
magnetic circular dichroism spectroscopy, ferromagnetism was found below 4.5 K in iron phthalocyanine
thin ﬁlms grown by molecular-beam epitaxy. The stacking of the molecules can be controlled via deposition
temperature and substrate choice. The molecules self-assemble such that quasi-one-dimensional iron chains form.
The chains are limited in length by the grain size or ﬁlm thickness, which are manipulated using judicious growth
methods. Magnetic hysteresis loops show distinct features in the saturation magnetization and susceptibility
that depend on the thin-ﬁlm structure and/or substrate. We ﬁnd two regimes for the magnetic behavior: below
temperatures of ∼25 K, intrachain interactions couple the Fe ions and produce nontraditional paramagnetic
behavior, while at low temperatures below ∼4.5 K interactions between the one-dimensional chains produce
hysteresis, magnetic order, and slow magnetization dynamics.
DOI: 10.1103/PhysRevB.86.014409

PACS number(s): 75.30.−m, 68.55.J−, 81.07.Nb, 87.64.ku

I. INTRODUCTION

Conventional magnetic thin ﬁlms can be prepared using
standard deposition methods and their magnetic properties
in reduced dimensions have been extensively studied.1 On
the other hand, quasi-one-dimensional magnetic structures are
more challenging to grow and their ferromagnetic properties
are less explored. The metal chains that form in such lowdimensional structures may be conﬁgured to interact strongly
along the chain direction, but only weakly between chains.2–4
Such designed magnetic systems often have unique and
interesting properties.5 Several fabrication methods for quasione-dimensional magnetic chains exist, but self-organization
of magnetic ions embedded in a nonmagnetic matrix provides
several advantages. The nonmagnetic matrix and the magnetic
ion can be chemically tuned to speciﬁc needs and large samples
can be prepared.6 One such example includes molecules of
the metallophthalocyanine family, which are planar molecules
with a metal ion core surrounded by organic rings.7
Phthalocyanines are planar organic molecules with diverse properties, fundamental to both science and technology. Applications of phthalocyanines include organic ﬁeldeffect transistors, gas sensors,8 and solar cells.9 Several
metallophthalocyanine-based powders and thin ﬁlms exhibit
low-dimensional magnetism.10–16 Recently, one-dimensional
superexchange between metal ions through nitrogen atoms
has been revealed by spin-ﬂip inelastic electron tunneling spectroscopy.17 Previously, powder iron phthalocyanine
(FePc) samples were found to exhibit low-temperature longrange ferromagnetic order.18,19 In such systems, the iron
atoms couple ferromagnetically along quasi-one-dimensional
chains, while at the same time there is weak antiferromagnetic
interaction between chains. Due to weak van der Waals
forces in organic molecules, several polymorphs of iron
phthalocyanine exist. The structural difference of the two most
common polymorphs, called the α and β phases, is the tilt angle
of the molecular stack from the b axis, which is 26.1◦ for the α
1098-0121/2012/86(1)/014409(6)

phase and 44.8◦ for the β phase. In FePc powder samples, only
the α phase is ferromagnetic below 10 K while the β phase
is known to be paramagnetic down to 1 K.20 Remarkably, the
opposite holds true for manganese phthalocyanine, indicating
that the mechanism in iron phthalocyanine is quite different, as
mentioned earlier.18 Furthermore, thin ﬁlms can be deposited
with speciﬁc surface features as compared to previously
studied powder samples.
An important feature of the metallophthalocyanine family is
the possibility to replace the metal ion and to modify the metal
ion’s spacing through the selection of the sample substrate
and preparation method; see Fig. 1. Iron phthalocyanine has a
divalent Fe2+ ion in the center of the molecule that forms quasione-dimensional (1D) chains when several molecular planes
are stacked face to face.21 Phthalocyanine powder sublimes
near 350 ◦ C under high vacuum, and so polycrystalline thin
ﬁlms on heated substrates can easily be deposited.22 In thin
ﬁlms, the directionality of the metal chains is controlled by the
growth conditions and through the choice of substrate.23 As
detailed below, the metal ion chains can align either perpendicular or parallel to the substrate surface as shown in Fig. 1.
Here, thin ﬁlms of iron phthalocyanine (FeC32 N8 H16 )
are prepared and the magnetic properties are presented for
samples grown on different substrates. The substrate inﬂuences
the stacking type of the molecule and thereby modiﬁes the
metal ion interdistance. As the sample preparation affects
the molecular ordering, it can strongly modify the intrachain
distance and therefore the exchange coupling and magnetic
interaction. The planar molecules self assemble in the α phase
with a separation of 3.79 Å along the short monoclinic b axis.

II. GROWTH

Iron(II) phthalocyanine powder (Sigma-Aldrich) was puriﬁed three times using thermal-gradient sublimation in vacuum
(<10−6 torr).24 Two types of substrate were used for the
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FIG. 1. (Color online) Due to substrate surface-molecule interactions phthalocyanine thin ﬁlms stack differently on (a) sapphire
and (b) smooth gold surfaces. The arrows point along the crystalline
b axis, which correspond to the direction of the one-dimensional
magnetic chains. The circle represents the metal ion and the line
represents the organic part of the molecule.

phthalocyanine deposition to induce different ordering of the
molecules.25 The ﬁrst type is a c-plane sapphire or Si(110)
substrate. For the second set, about 40 nm of Au was
ﬁrst deposited by e-beam evaporation onto the substrates.
Subsequently, the Au-covered samples were annealed in
vacuum at 300 ◦ C for 1 h to reduce the surface roughness.26
Additionally, samples were deposited onto cleaned Si(110)
substrates, which showed similar growth to that on sapphire
substrates based on x-ray diffraction data and atomic force
microscopy images.21,27
The FePc was deposited using an effusion cell in an
ultrahigh-vacuum molecular-beam epitaxy system with a base
pressure of <5 × 10−10 torr. The substrate temperature during
the deposition was held near 150 ◦ C to increase the order and
enhance the crystallinity of the FePc thin ﬁlms.21,27,28 The
thickness of FePc was varied from 50 to 200 nm and recorded
with a quartz crystal monitor. In order to understand the effect
of the substrate on the molecular ordering, we prepared sets
of samples deposited onto two different substrates. During
the FePc sublimation the sapphire and Au-coated sapphire
substrates were located side by side to ensure identical deposition parameters for both substrates. During the deposition,
the substrate holder with both samples was rotated to improve
the thin-ﬁlm uniformity.
The structure of the organic thin ﬁlms was characterized
with a Rigaku RU-200B x-ray diffractometer using Cu Kα
radiation. Coupled θ-2θ scans, with the momentum transfer
vector perpendicular to the substrate plane, provide structural
information. A superconducting quantum interference device
(SQUID) was used to measure magnetization versus temperature curves with the magnetic ﬁeld applied parallel to the
substrate plane. In this case, typical measurement durations
for one complete hysteresis loop are about 8 h. Measurements
with the vibrating-sample magnetometer (VSM) have been
performed at faster rates of 30 to 60 min per hysteresis
loop. The longitudinal magneto-optical Kerr effect (MOKE)
was employed to measure isothermal hysteresis loops in a
continuous helium ﬂow cryostat at comparable rates to the
VSM measurements.
Magnetic circular dichroism (MCD) spectroscopy spanning
the visible spectrum was applied to the FePc ﬁlms deposited on
transparent sapphire or Au-coated sapphire substrates. MCD
measures the absorption difference between right- and left-

FIG. 2. (Color online) X-ray diffraction spectrum of two codeposited 60-nm-thin FePc ﬁlms on two different surfaces. The iron
phthalocyanine ﬁlm on sapphire shows prominent (200) and (400)
peaks, which are absent from the FePc ﬁlm deposited on gold.
However, a prominent 2θ peak at 28◦ indicates that the FePc molecule
lies ﬂat on the gold surface. The larger background response on gold
at low angles (2θ < 10◦ ) is due to the higher electron density of gold
as compared to sapphire. The inset shows the chemical structure of
iron phthalocyanine.

circularly-polarized light by the sample in an applied magnetic
ﬁeld. As shown below, MCD provides a clear measure of the
out-of-plane magnetization of the FePc ﬁlm.29,30
III. RESULTS AND ANALYSIS
A. X-ray diffraction

Thin ﬁlms grown on c-plane sapphire substrates show
characteristic ﬁrst- and second-order peaks, at 6.94◦ and 13.8◦ ;
see Fig. 2. The 6.94◦ peak corresponds to the (200) peak of
the α phase with lattice spacing of 12.7 Å indicating that the
molecular b axis is oriented parallel to the substrate plane
as shown schematically in Fig. 1(a). Additionally, atomic
force microscopy images show single molecular steps with a
periodicity of 13 Å that independently conﬁrm this molecular
conﬁguration.21,27
Simultaneously grown FePc thin ﬁlms onto ﬂat Au ﬁlms
with an rms roughness on the order of 7 Å do not show
these low-angle peaks, but instead show a prominent peak at
27.86◦ .31 This peak translates to a Bragg d spacing of 3.20 Å.
The absence of the low-angle peaks suggests that the molecules
order with their planes parallel to the substrate plane so that
the b axis is close to perpendicular to the substrate plane, as
shown in Fig. 1(b).32
The different growth modes of phthalocyanine molecules
on different substrates provides direct control of the b axis
or the one-dimensional chain direction in thin ﬁlms. The
competition of molecule-molecule and molecule-substrate interactions generally results in variations of the atomic ordering
on the substrate. Since the gold-phthalocyanine interaction is
stronger than the phthalocyanine-phthalocyanine interaction,
the ﬁrst layer of phthalocyanine grows ﬂat on the surface.23
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Subsequent layers follow this seed layer. For samples grown
on sapphire or silicon substrates, the 1D chains are parallel
to the substrate plane, whereas for FePc grown on gold, they
are tilted more than 40◦ with respect to the substrate plane.32,33
The average length of the 1D chains can easily be controlled by
the substrate deposition temperature for samples grown onto
sapphire substrates.21 For samples grown onto gold surfaces,
the ﬁlm thickness is proportional to the chain length (up to a
maximum thickness equal to the polycrystalline grain size).
This creates intriguing options to controllably alter electronic
and magnetic properties with growth parameters.
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B. Magneto-optical Kerr effect

While the MOKE is a standard technique to characterize
metallic magnetic thin ﬁlms, it has not been used widely in
organic molecular thin ﬁlms. Recently, Fronk et al. showed
that copper and vanadyl phthalocyanine exhibit a signiﬁcant
MOKE signal at room temperature that depends strongly on
the molecular orientation.34 Here, we demonstrate that the
longitudinal MOKE can be applied to measure the magnetic
properties of magnetic organic thin ﬁlms at low temperatures.
MOKE measurements in a parallel ﬁeld in the temperature
range of 8–25 K for gold and sapphire codeposited thin
ﬁlms are shown in Fig. 3. No hysteretic response is observed
in the accessible temperature region of T > 8 K. However,
nonlinear behavior with a decreasing saturation intensity
indicates nonhysteretic low-ﬁeld alignment up to about 25 K;
see Fig. 3. A comparison between the standing (on Au) and
lying (on sapphire) FePc molecular planes shows distinct
differences in the slope and shape of the magnetic curves. The
magnetic ﬁeld necessary to saturate the moment for FePc/Au
samples is between 800 and 1000 Oe for the temperature
range of 8–22 K, whereas for the FePc/Si(110) samples,
deposited concurrently with the FePc/Au samples, the ﬁelds
are considerably larger and range from 2000 to 2400 Oe. This is
in agreement with SQUID measurements that also show higher
susceptibility values (∂M/∂H ) for FePc deposited on gold
surfaces. Since each set of samples is deposited simultaneously
to guarantee the same growth conditions, we infer that the
structural variations produce the different magnetic properties.

(b)

FIG. 3. (Color online) Temperature dependence of longitudinal
MOKE magnetization loops for (a) FePc on gold and (b) FePc
deposited on a Si(110) surface. The sample is 50 nm thick and
deposited at 160 ◦ C . No hysteresis is observed above 8 K. A linear
background is subtracted to illustrate the temperature dependence.

behavior. However at temperatures above 25 K, the saturation
magnetization is dramatically reduced. There is qualitative
agreement of these measurements with the MOKE data.

C. SQUID magnetometry

Hysteresis loops have been measured at several temperatures after ﬁeld cooling in a 1 T magnetic ﬁeld. The dc
magnetization at 5 K after ﬁeld cooling in a 1 T magnetic
ﬁeld shows no coercivity, although the full saturation value of
the magnetization is nearly reached. The ﬁnite saturation ﬁeld
and lack of hysteretic magnetization are signatures for shortrange ordering common to low-dimensional molecular-based
ferromagnets. Below 5 K, both FePc on gold and sapphire
exhibit hysteretic behavior indicating long-range interaction.
At the lowest measured temperature of 2 K the coercivity for
FePc of 250 ± 20 Oe is observed as shown in Fig. 4.
Even though there is no hysteresis in the intermediate
temperature regime between 5 and 25 K, the saturation
magnetization decreases only slowly as shown in Fig. 5. The
moment at 1 T decreases less than 2% from the 5 K to the 10 K
hysteresis loop, which suggests a nontraditional paramagnetic

D. Magnetic circular dichroism

Both FePc/sapphire and FePc/Au thin ﬁlms exhibit strong
MCD signals. MCD spectra at different applied perpendicular
magnetic ﬁelds are shown in Fig. 6. The maximum MCD signal
occurs at ∼585 nm. Fixing the probe light at this wavelength
and sweeping the magnetic ﬁeld provides a measure of the
out-of-plane sample magnetization as a function of ﬁeld H .
Hysteresis loops at 12 different temperatures are shown in
Fig. 7. The coercivity of 400–500 Oe at 2 K vanishes near
4.5 K for the FePc/sapphire samples and near 4 K for the
FePc/Au samples. These transitions indicate that the onset of
long-range magnetic order and hysteresis in these FePc ﬁlms
occurs around a critical temperature of 4.5 K. Concomitantly,
these MCD measurements also reveal the onset of slow
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FIG. 4. (Color online) SQUID measurements at 2 K show
differences in the hysteresis for a sample with 132 nm of iron
phthalocyanine deposited on sapphire and gold. The coercivities for
both samples are 250 ± 20 Oe, but they have different anisotropy
ﬁelds and remanent magnetizations. Both samples were deposited
side by side, and the applied ﬁeld is in the plane of the thin ﬁlm.
Inset: Thickness dependence of areal saturation moment for a series
of FePc samples deposited on sapphire and gold. Lines are linear
ﬁts and suggest a higher saturation moment per volume for FePc/Au
samples as compared with FePc/sapphire samples.

magnetization relaxation dynamics below 4.5 K: for example,
after ramping the magnetic ﬁeld to zero from some large initial
value, the MCD signals continue to decay on time scales
of many minutes (not shown). The width of the hysteresis
loops therefore depends on the sweep rate of the magnetic
ﬁeld in the low temperature regime. Above 4.5 K, there is no
long-range (interchain) order or magnetic hysteresis. Rather,
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FIG. 6. (Color online) The spectrum of FePc/sapphire as a
function of the wavelength exhibits strong MCD response. Each peak
in the MCD spectrum corresponds to one of the absorption bands of
FePc. The magnetic ﬁeld curve on the right exempliﬁes the saturation
behavior.

there is only nonhysteretic low-ﬁeld alignment—low-ﬁeld
saturation without any hysteresis—that decreases quickly in
the temperature range of 10–25 K.
The inverse of the MCD signal measured at small magnetic
ﬁelds (effectively, the inverse of the magnetic susceptibility) is
plotted in Fig. 8 as a function of temperature for FePc/Au. The
data are linear above 60 K as expected from the Curie-Weiss
law. The positive temperature intercept  is 41 K, in good
agreement with susceptibility measurements on powder αphase iron phthalocyanine,18 indicating the onset of coupling
between Fe ions within the 1D chains.
E. Analysis

All the data described above indicate that two separate
regimes can be qualitatively associated with intrachain
(a)

(b)

FIG. 5. (Color online) Isothermal hysteresis loops show that
hysteretic effects disappear above 4.5 K as measured with a vibratingsample magnetometer. Low magnetic ﬁelds align the magnetic
moments of the iron phthalocyanine ﬁlm below ∼25 K. The
magnetization is corrected for a diamagnetic background from the
substrate.

FIG. 7. (Color online) MCD absorption signal as a function of
the magnetic ﬁeld for (a) FePc/Au and (b) FePc/sapphire thin
ﬁlms. The MCD absorption is measured at λ = 588 and 585 nm
for FePc/Au and FePc/sapphire, respectively. The magnetic ﬁeld is
applied perpendicular to the sample plane.
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FIG. 8. (Color online) The inverse MCD signal of the FePc/Au
sample measured at 0.25 T as a function of temperature is analogous to
the inverse susceptibility. The line is a ﬁt to the Curie-Weiss equation
with  = 41 K.

ordering at intermediate temperatures (5–25 K) and
long-range interchain ordering at low temperatures (below
5 K). Earlier measurements in α-phase FePc powder show
that the remanent ﬁeld increases insigniﬁcantly between
25 and 5 K followed by a much larger increase below
5 K.18 The long-range interchain interaction may be due to
either dipole-dipole interactions35 or weak antiferromagnetic
exchange coupling between 1D chains.18
A representative hysteresis loop in Fig. 4 illustrates the important features in these thin ﬁlms. The data show fundamental
differences in saturation moment, remanence, and zero-ﬁeld
slope depending on the structure. The saturation magnetization
per volume for samples deposited onto gold is larger than
for codeposited samples on sapphire. In order to quantify the
saturation moment, several FePc samples with different thicknesses were deposited and the saturation magnetization was
measured at 5 K. As shown in the inset of Fig. 4, the magnetic
saturation moment scales linearly with thickness as expected.
From the slope, the moment is determined to be 18.3 ± 0.7
emu/cm3 for FePc on sapphire, and 23.9 ± 0.4 emu/cm3 for
FePc on gold. Using the approximate powder density of 1.6
g/cm3 in combination with the molar mass of FePc, which
is 568.4 g/mol, one obtains, 1.2μB and 1.5μB per molecule,
respectively. The saturation ﬁeld—or ﬁeld strength necessary
to saturate the thin ﬁlm—is generally related to the magnetic
anisotropy ﬁeld. This ﬁeld is almost twice as large for samples
with FePc molecules oriented in the standing conﬁguration on
the substrate. In contrast, the anisotropy measured by applying
the magnetic ﬁeld parallel or perpendicular to the substrate (see
Fig. 9) shows that the zero-ﬁeld susceptibilities are similar.
However, the magnetization quickly saturates for the FePc
thin ﬁlm with the magnetic ﬁeld applied perpendicular to
the substrate plane. Based on the previous x-ray magnetic
circular dichroism measurements, the magnetic moment is
neither perpendicular nor parallel to the molecule’s plane
although closer to the parallel direction.16 Indeed, the VSM
measurements suggest conﬁrmation of this property.
Our results show that substrate-induced morphological
changes affect both the slope of the magnetization curves
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FIG. 9. (Color online) Magnetic anisotropy measured in an
FePc/Si sample as measured in a vibrating-sample magnetometer at
T = 2 K. The magnetic ﬁeld is applied either parallel or perpendicular
to the plane of the substrate. The slow saturation of the magnetic
moment, when the magnetic ﬁeld is applied parallel to the substrate
plane (i.e., the magnetic ﬁeld is perpendicular to the molecule’s
plane), supports previous results (Ref. 16) that the molecule’s
magnetic moment is slightly tilted away from the molecular plane.

as well as the saturation moment. This speciﬁc example is
an illustration of how magnetic properties in molecular-based
organic materials may be tuned via deposition parameters or
the structure.
IV. SUMMARY

Ferromagnetic properties of α-phase iron phthalocyanine
thin ﬁlms were analyzed and compared to previously known
properties of α-phase FePc powder samples. Unlike in powder
FePc for thin ﬁlms, the structure and the orientation of the
Fe chains can be tuned and controlled. Two particularly
interesting orientations of FePcs were studied in detail:
(a) FePc grown on sapphire with the molecular planes
orthogonal (i.e., Fe chains parallel) and (b) FePc grown on ﬂat
gold surfaces with the molecular planes parallel to the substrate
(i.e., the chains are inclined). MOKE, x-ray MCD, and SQUID
measurements show the presence of two temperature regimes;
above and below ∼4.5 K, resulting from the short-range (paramagnetic) and long-range (ferromagnetic) order due to intraand inter-iron-chain interactions. These results improve the
understanding of low-dimensional molecule-based metalloorganic ferromagnets and demonstrate that the hysteresis loop
shape, saturation moment, and anisotropy can be controlled
using structural manipulation.
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