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Magnetic properties of a-iron „II … phthalocyanine
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We report on the magnetic properties of the supramolecular compound iron~II ! phthalocyanine in itsa form.
dc- and ac-susceptometry measurements and Mo¨ssbauer experiments show that the iron atoms are strongly
magnetically coupled into ferromagnetic Ising chains with very weak antiferromagnetic interchain coupling.
The transition to three-dimensional~3D! magnetic ordering below 10 K is hindered by the presence of impu-
rities or other defects, by which the domain-wall arrangements along individual chains become gradually
blocked/frozen, leading to a disordered 3D distribution of ferromagnetic chain segments. Below 5 K, field-
cooled and zero-field-cooled magnetization measurements show strong irreversible behavior, attributed to
pinning of the domain walls by the randomly distributed defects in combination with the interchain coupling.
High-field magnetization experiments reveal a canted arrangement of the moments in adjacent ferromagnetic
chains.
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I. INTRODUCTION

Metal phthalocyanines~hereafter referred to as MPc! have
received extensive attention in the last three decades bec
of their commercial applications as dyes, catalysts, and
cause of their interesting electro-optical properties.1,2 Their
magnetic properties have attracted attention as well s
manganese phthalocyanine~MnPc! was one of the first mo-
lecular magnets.3 In this work we focus on iron~II ! phthalo-
cyanine~FePc!.

In the MPc molecule, theM atom has square-planar coo
dination with four pyrrolicN atoms. In the bulk and in thin
films, these planar molecules form linear chains by colum
stacking. The molecules are tilted by an angle with respec
the chain axis.4,5 The angle at the parallel adjacent chain
opposite, thus constructing a so-called ‘‘herringbone’’ stru
ture. The different angles and relative positions of the cha
give rise to different polymorphs, for example in thea andb
forms of copper phthalocyanine.5 This is of importance since
the magnetic properties of metal complexes are strongly
pendent on structural differences. For example, the partic
structure in theb-MnPc is thought to underly the Mn-Mn
ferromagnetic interactions that make this compound the o
ferromagnetic MPc compound so far reported.3

A very similar molecule with square-planarM coordina-
tion is M porphyrine. These molecules may also stack
different polytypes, giving rise to different magnetic prope
ties. Very recently it was reported that Fe~II ! octaethyltet-
raazaporphyrin crystallizes in two structures: thea form
which is a canted, soft molecular ferromagnet withTC
0163-1829/2002/66~14!/144410~11!/$20.00 66 1444
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55.6 K, and theb form which remains paramagnetic dow
to 1 K.6,7 Apparently, though the Fe~II ! electronic states are
identical, the different exchange paths and distances betw
the neighboring molecules and between chains modulate
magnetic behavior. Thus, also Fe~II ! square coordinated
complexes seem prone to show various types of magn
behavior.

FePc could fall into this category of magnetic complex
There are two forms of FePc described in the literature. T
a form is metastable and obtained either as a polycrystal
powder or as a thin film formed by vacuum deposition on
a cold substrate.8,9 The b-form is the most stable one and
obtained not only from the sublimation technique in the fo
of a single crystal, but also from heating thea-form sample
to 350 ° C for a few hours.8 Since 1935, theb form of this
compound has been repeatedly reported to behave
singlet-ground-state paramagnet down to the lowest m
sured temperatures.4,10–12 On the other hand, to the best o
our knowledge, the magnetic properties ofa-FePc have so
far never been studied. We show below that in thea form of
FePc the Fe~II ! moments are strongly coupled into ferroma
netic chains, with the weak interchain coupling leading to
canted, soft molecular ferromagnet below about 10 K. O
findings demonstrate that FePc has a behavior very simila
MnPc, so the magnetic behavior of the latter is not so exo
as thought earlier,3 but is a member of a more general ca
egory of square-planar metal complexes in which ferrom
netic correlations are established. They represent, there
quite interesting examples of molecular magnets, a subjec
intensive on-going research.13
©2002 The American Physical Society10-1
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II. EXPERIMENTAL DETAILS

All the experiments were performed on powder
samples of thea-FePc compound as obtained from Aldric
company ~catalogue number 37,954.9!, in two different
batches. We verified the stoichiometry by elemental analy
The morphology was studied by scanning electron micr
copy with a resolution of 3.5 nm. A step scanned pow
x-ray diffraction pattern was collected at room temperat
using a rotating anode x-ray diffractometer. The diffrac
meter was operated at 80 mA and 40 kV with Cu radiat
and a graphite monochromator was used to select
Cu Ka1,2 radiation. Data were collected from 4° up to 90
with a step size of 0.02° and a counting rate of 4 s/step.

Magnetic data were obtained with the use of a comm
cial SQUID based ac-magnetometer instrument down to
K with an external magnetic field in the range250 to 50
kOe. The amplitude of the ac field was 4.5 Oe in all t
experiments and the frequencyf was varied between 0.1 an
1380 Hz. Magnetic data with larger applied field~up to 200
kOe! were obtained in the Nijmegen High Field Magn
Laboratory. The magnetization was measured using the
listic extraction technique and the sensitivity was ab
1023 emu. The heat capacity was measured from 1.8 K u
20 K with a commercial calorimeter.

III. MORPHOLOGY AND STRUCTURE

By scanning electron microscopy, we have observed
a-FePc develops in crystallites whose is shape similar t
‘‘bunch of rods’’ ~Fig. 1!. The ratio of length to thickness i
'10. Without any preferred length, the crystallites can be
long as up to hundreds of micrometers. By means of pow
x-ray diffraction we have found that the present form of Fe
is isomorphic to the aI-form of 4-monochloro-copper
phthalocyanine,5 that is triclinic with space groupP1 or P1̄.
The fit of the x-ray diffraction spectrum provides the follow
ing cell dimensions:a512.2 Å, b53.78 Å, c513.0 Å, a
590.0°, b590.4°, andg595.6°. The fit to the peak inten
sities is not good due to the needle shape of the pow
grains that produces a texture effect. Thus, in the pre
sample ofa-FePc the molecules are stacked parallel to e
other along the shortb axis at intervals of 3.78 Å, and th
molecular planes are inclined to theac plane at an angle o
26.5°, in a herringbone structure~Fig. 2!. The vertical dis-
tance between the neighboring molecules is about 3.4 Å.
have verified further that the present form of FePc is ind
the ~metastable! a form because it shows the characteris
IR-absorption peak at 725 cm21.9 By warming our sample a
350 ° C during 24 h in vacuum, the compound transfor
into theb form, as expected.

In the a form, the Fe atom is coordinated to the fourN
atoms in the diagonal positions of the square-planar m
ecule. The nearest neighbors on the adjacent molecule a
side are the two isoindole and one azamethine nitrogens
cated at similar distances, while at the other side the coo
nation is identical but rotated by 180 °. The Fe~II ! ion is in a
symmetry lower thanD4h , but in a first approximation we
shall assume this local symmetry. The value of 3.78 Å
14441
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the Fe-Fe separation along theb axis in the present form o
FePc is very reasonable, lying within the accepted range
3.5–4.8 Å for metalloporphyrin dimers.14 It is generally ac-
cepted that the Fe-Fe separation along theb axis and the
angle of inclination of the molecular planes with respect
the crystallographicac plane determine the extent of th
exchange Fe-Fe interaction.

FIG. 1. Images of powdera-FePc.

FIG. 2. Molecular structure of FePc and its stacking alo
the b axis.
0-2
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MAGNETIC PROPERTIES OFa-IRON~II ! PHTHALOCYANINE PHYSICAL REVIEW B 66, 144410 ~2002!
We note that the main structural difference with t
b-form consists in the inclination angle~Fig. 2!; in the b
form it is 45.8 ° and the azemitine nitrogen of each adjac
molecule lays just on the apical position of an octahedron
N atoms,5 in the a form it is 26.5 °, and theN atoms from
the nearest molecules are not in axial positions and there
do not form such aN octahedron about the Fe atom.

IV. EXPERIMENTAL RESULTS

The inverse of the in-phase component of the zero-fi
ac-susceptibility ofa-FePc, as measured atf 590 Hz, is
plotted as a function of temperature in Fig. 3. As shown
the solid line, the data can be fitted between 50 K and 30
by a Curie-Weiss lawx5C/(T2u) for S51, g52.54 and
u5(4062) K. This result implies that in this temperatu
range the iron~II ! ion is in an effective spinS51 state, and
the large positive value ofu indicates that there are stron
ferromagnetic correlations between the Fe moments in
paramagnetic phase. On basis of the powder x-ray struc
analysis, we expect these correlations to extend within
columnar chains along theb axis. Neglecting interchain mag
netic coupling and using the mean-field expression for
Curie-Weiss temperatureu52zJS(S11)/3kB , we find for
S51 andz52 the estimateJ/kB'15 K for the ferromag-
netic interaction strength along the chains. We note that
for the b form of FePc, an effective spinS51 was found
below room temperature. Indeed, at high temperatures,
susceptibilities of thea andb4,15 forms are coincident~inset
of Fig. 3!. The fact that the susceptibility of theb-form goes
to zero forT→0 has been explained in terms of zero-fie
splitting of the triplet state, leaving a nonmagnetic singlet
the lowest energy level occupied forT<20 K.4

Turning now to the data taken below 50 K, as exemplifi
in Fig. 4, we note that the behavior of the susceptibility
a-FePc points to strong low-dimensional magne
characteristics.16 Indeed, as seen in Fig. 4, the susceptibil

FIG. 3. Inverse of the in-phase zero-field susceptibility as
function of temperature for an exciting field with frequencyf
590 Hz. In the inset: the same data but asxT versusT. The sus-
ceptibility of b-FePc is reported for comparison. The solid curve
the fit to the Curie-Weiss lawx5C/(T2u), whereC5g2mB

2S(S
11)/3kB .
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continues to increase down to temperatures much lower
u. Only at about 10 K the ac-susceptibility curve shows
change of slope, and a rounded maximum is found at
lower temperatures. The paramagnetic behavior is thus
tained down to approximately 10 K, that is much less thanu,
as expected for a magnetic chain system.16

From the shape of thex8(T) curve in Fig. 4, one would
be tempted to associate the change of slope to the ons
3D correlations between the chains due to antiferromagn
interchain coupling. However, here we should point to t
fact thatx8 at the maximum is not very far below the calc
lated limit for a completely ferromagnetically ordered isotr
pic material belowTC , namely, 1/N with N the demagnetiz-
ing factor ~a rough estimate gives the value
'33 emu/mol).

Since the presence of anisotropy can lower the value
the susceptibility of a ferromagnetic powder cons
erably,16,17 the occurrence of ferromagnetic interchain ord
ing would also be considered. Moreover, in case the m
ments of the ferromagnetic chains would be subject to str
crystal field anisotropy, the latter could compete with t
interchain interactions, and, when sufficiently strong, lead
a freezing at some blocking temperature before the interch
coupling becomes effective~analogous to the phenomena o
served in molecular magnetic clusters and superparam
netic particles!.

In order to further investigate the nature of the ‘‘orderin
processes, we have, therefore, measured the zero-field d
ential susceptibility in the region below 15 K for differen
frequencies. The dependence on frequency of the real
imaginary parts of the ac-susceptibility are shown in Fig.

a

FIG. 4. In-phase zero-field susceptibility as a function of te
perature for an exciting field with frequencyf 590 Hz. The lines
are the calculated susceptibilities in terms of the effective spiS
51 ~above! andS51/2 ~below!. For explanations see text.
0-3
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As was already seen forf 590 Hz in Fig. 4, for all frequen-
cies used the in-phase component of the ac-susceptib
x8, shows a rounded maximum in the range 5 K–10 K. T
is always accompanied by a maximum in the out-of-ph
component,x9, at somewhat lower temperature. The ma
mum in x8(T) shifts to lower temperature with decreasin
frequency, andx8(T) decreases abruptly to zero below t
maximum. The sharp maximum inx9(T) shifts likewise
with frequency. It is not possible then to define a defin
transition temperature to a 3D ordered state from these d
since the obtainedTC would be frequency dependent. Th
shift in temperature of the maxima inx8(T) andx9(T) with
the frequency are reminiscent of spin-glass or superparam
netic behavior. Since the freezing temperatureTf(v) can
be defined from vt@Tf(v),H50#51, a quantitative
measure of the frequency shift is obtained fro
(DTf(v)/Tf(v))/D ln (v)50.034. It is six times larger than
the rate for a metallic spin glass and an order of magnit
smaller than for a superparamagnet.18

In view of the just-described frequency dependence of
ac-susceptibility, we decided to investigate the analogy w
spin-glass systems or superparamagnets still further,
means of dc-magnetization studies. In Fig. 6 we show
M (T) measurements taken with the SQUID magnetome
in the zero-field-cooling~ZFC! and field-cooling~FC! modes
at two fields,H550 Oe and 1 kOe. We note that both curv
show a change in slope at about 10 K, similar as forx8 in
Figs. 4 and 5. Furthermore, a bifurcation point showi
strong irreversibility is found below about 5 K. At first sigh
the bifurcation temperature is not much affected by the fi
although we point out that for the low-field curve~50 Oe!
the ZFC and FC curves strictly speaking only coinci
above.10 K.

FIG. 5. Low-temperature in-phase and out-of-phase suscept
ties for several frequencies.
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In another experiment, after a FC process down to 1.8
with H540 Oe the field was switched off and the remna
magnetization was measured~Fig. 7!. We found a large rem-
nant magnetization at 1.8 K which very rapidly decays
several orders of magnitude when increasing the tempera
towards 5 K. Above 5 K, the decay of the remanence p
ceeds much slower~inset of Fig. 7!, and a small amount o
remnant magnetization is seen to persist even up to 10 K
K. On basis of Fig. 7 we may conclude that, although m
of the field-induced magnetization is indeed lost at abou
K, a small fraction of about 3% is left above this temper
ture, and is only removed by warming up to about 15 K. T
behavior points to the presence of substantial ferromagn
short-range order along the chains in this intermediate reg
of 5 K–15 K, in agreement with the behavior of the ac su
ceptibility.

li-
FIG. 6. Molar magnetization vs temperature measured du

heating after ZFC (,) and FC (n) in an applied fieldHap

550 Oe andHap51 kOe.

FIG. 7. Remanence of the magnetization after a FC process
H540 Oe. In the inset: magnification of the ‘‘lower slope’’ regio
0-4
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MAGNETIC PROPERTIES OFa-IRON~II ! PHTHALOCYANINE PHYSICAL REVIEW B 66, 144410 ~2002!
The M (H) measurements of the initial~ZFC! magnetiza-
tion were therefore extended to higher fields and at temp
tures above, at and below this intermediate region in orde
get some more insight in these irreversibility processes~Fig.
8!. The data atT530 K show the expected paramagne
behavior. In the intermediate temperature region, forT
58 K and 5 K, the initial increase inM (H) is very abrupt,
reaching the value 1.4mB for H52.5 kOe. Above 10 kOe
the magnetization curves measured with the SQUID up to
kOe ~Fig. 8! or in the Nijmegen High Field Magnet Labora
tory ~Fig. 9!, show an additional slow increase up tos
51.7 mB at H5200 kOe. Note in Fig. 9 the perfect coinc
dence of the SQUID equilibrium measurement with t
branch corresponding to the high-field measurement at
creasing field, while the branch measured at increasing fi
is lower. The SQUID measurements have a character
point-to-point measuring time of;150 s while the high-field
measurements have a characteristic time of;40 s. The sys-

FIG. 8. Molar magnetization vs applied field recorded by
creasing the field and at different temperatures:T51.8 K (h), 5 K
(s), 8 K (n), 15 K (,), and 30 K (L). The measuring time is
'150 s. In the inset: magnification of the magnetization recor
at 5 K for low-field values.

FIG. 9. High-field molar magnetization recorded atT55 K
varying the field from null to 200 kOe and to null again with
measuring time of'40 s. For comparison, the data from Fig. 8 a
depicted~filled symbols!.
14441
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tem evidently needs a longer time than 40 s to reach equ
rium at this temperature when the field is increased fr
zero.

The spontaneous magnetization evaluated as the extr
lation toH50 of the high-field demagnetizing curve yields
value of 1.5mB . We point out that, although these measu
ments demonstrate that in the region below about 5 K the
compound is in a ferromagnetic state, when theg factor de-
duced in the paramagnetic region is still valid in this rang
the saturation magnetization would be 2.5mB on basis of the
~effective! spin S51 ground-state found for the Fe~II ! ions
from the Curie-Weiss analysis of the high-temperature s
ceptibility ~Fig. 3!. We shall come back to this discrepanc
below in the discussion section, where we shall argue tha
basis of the competition between the exchange term and
crystal-field term in the Hamiltonian fora-FePc, a substan
tial canting of the magnetic moments with respect to
crystal-field ~anisotropy! axis is to be expected. The in
creases seen in theM (H) curves above 5 kOe may then b
associated with the gradual rotation of the canted mome
produced by the competition between the Zeeman ene
and the crystal-field energy.

One may conclude that below 5 K, the material sho
strong irreversibility, as already evidenced by the bifurcat
point in Fig. 6. Also the behavior of theM (H) curves in Fig.
8 points to the presence of long relaxation times. For
ample, the initialM (H) curve measured at 1.8 K is actual
even lower than the data at 15 K, since the time waited
measure each point is of the order of minutes and onl
fraction of the sample is oriented. This is more clearly se
in the hysteresis loop measured at 1.8 K by sweeping
field between250 and 50 kOe in a time of;150 s~Fig. 10!.
The initial curve increases progressively with the field, ten
ing to a value of 1.6mB at 20 kOe. When the field decrease
the magnetization remains nearly constant down to z
field, yielding a remanence of 1.5mB . However, the inver-
sion of the remnant moment is very abrupt when a field
the opposite direction is applied, indicating that there is
coercivity in the usual sense associated with this remane

Similarly strong relaxation effects in the low-temperatu
range have been seen in preliminary57Fe Mössbauer spec

d

FIG. 10. Hysteresis loop recorded atT51.8 K. A field of 50
kOe is first applied and then data are collected by sweeping the
to 250 kOe and back.
0-5



p-
pe
th

ha
b

a
t

ha

a
e
icl
tic

n
u
on
co
e

flu
ow
e
tr
se
in
ur
-
ra

ara-
the

o-
py,
etic
the

and
res,
,
all,
er-

tate
-
an

.
in
e
is-
is

ers
ily.
etic
e-
a-
be-

-
ve

era-
ither
ic

e
n

g
g-
e-
field
he
t
ag-
u-
ally

de
c-
d
the

nt
nd
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troscopic studies ona-FePc. In Fig. 11 spectra at some re
resentative temperatures are shown. Above 25 K, the s
trum is hardly temperature dependent and reveals
familiar paramagnetic, quadrupolar split doublet. Below t
temperature the doublet starts gradually to broaden and
low about 15 K a magnetic hyperfine splitting appears,
first extremely broadened, then becoming the sharper
lower the temperature. Below about 5 K, the broadening
almost disappeared and a fully hyperfine split spectrum
observed. A detailed presentation of the Mo¨ssbauer spectra
will be given in another publication.

Similar temperature-dependent relaxation phenomen
seen in the Mo¨ssbauer spectra in Fig. 11, have typically be
seen for blocking phenomena in superparamagnetic part
or for domain-wall excitations in anisotropic magne
~Ising! chains. Briefly, the magnetic moment of the Mo¨ss-
bauer nucleus~here 57Fe) feels the hyperfine field exerted o
it by the electron spin on the same atom. Thus the fluct
tions in the hyperfine field are directly related to the electr
spin dynamics, i.e., the nuclear moment probes the auto
relation function of the electron spin. Accordingly, th
Mössbauer spectrum will be broadened as long as the
tuation rate of the electron spin lies in the frequency wind
(106 Hz–109 Hz) of the Mössbauer experiment. Th
temperature-dependence observed indicates that the elec
spin dynamics is described by thermally activated proces
At high temperatures the fluctuation rate of the electron sp
is too fast to cause broadening. With lowering temperat
the rate slows down, enters the Mo¨ssbauer frequency win
dow leading to the strong relaxation. At the lower tempe

FIG. 11. Representative Mo¨ssbauer spectra taken at differe
temperatures. Above 25 K, the shape of the spectra is almost i
pendent of temperature.
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tures the rate becomes just too slow to be felt. In superp
magnetic particles, the activated process is related to
thermally excited switching of the particle’s magnetic m
ment between the orientations dictated by the anisotro
which becomes blocked at low temperatures. In the magn
Ising chain systems, the fluctuation rate is dictated by
density of thermally excited domain-walls~solitons! along
the chains. At high temperatures, the density is very high
thus the fluctuations too fast. At intermediate temperatu
the fluctuation rate passes the Mo¨ssbauer window, whereas
at low temperatures, the soliton density becomes too sm
moreover the walls may become blocked/pinned by int
chain interactions or defects in the chains.

V. DISCUSSION

Summing up the evidence obtained so far, we may s
that the magnetic structure ofa-FePc is most probably com
posed of very weakly coupled ferromagnetic chains, with
intrachain exchangeJ/kB'15 K, and an effective spinS
51 for the Fe~II ! ion in the temperature range 50 K–300 K
The crystal-field splitting, responsible for the effective sp
S51, likely result in addition into a strong anisotropy of th
ferromagnetic interaction. Below, we shall thus start the d
cussion with a full analysis of the crystal-field effects in th
material, in particular also in relation to the other memb
of the metal phthalocyanine and metal porphyrine fam
Next we shall present the ensuing analysis of the magn
susceptibility in the range 10 K–50 K in terms of on
dimensional~1D! magnetic models systems. Finally, the n
ture of the relaxation and ordering phenomena observed
low 15 K will be further analyzed.

As is well known, for Fe~II ! the combination of ortho-
rhombic crystal-field splitting combined with spin-orbit cou
pling leads to an effective spin description for the fi
lowest-occupied levels (dxydyzdxzdz2,dx22y2).19,20 Depend-
ing on the ratio of the parameters, and the relevant temp
tures of the experiment, one can have a situation where e
two, three, or all five levels will participate in the magnet
ordering processes, leading to an effective spinS51/2, 1 or
2, respectively, for the Fe~II ! ion. For thermal energies in th
range 100 K–300 K, thea-FePc may be described as a
effective spinS51 with g52.54. However, the thermally
occupied levels, which lead to theS51, are split into a
lower-lying singlet and an excited doublet, with the splittin
being probably of the order of 50 K. Accordingly, the ma
netic behavior will be determined by the competition b
tween the magnetic exchange energy and the crystal-
term representing this singlet-doublet splitting. From t
Curie-Weiss fit to the susceptibility, we have seen thau
'40 K, so both these terms are of the same order of m
nitude. Below we will show that the competition may act
ally produce a canted arrangement of the ferromagnetic
aligned spins, with an effective spinS51/2 at low tempera-
tures and considerable anisotropy.

For the temperature range 100 K–300 K, we conclu
that the Fe~II ! ion in a-FePc may be described as an effe
tive spinS51 compound, in which single-ion anisotropy an
second-order spin-orbit coupling leaves the triplet as

e-
0-6
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MAGNETIC PROPERTIES OFa-IRON~II ! PHTHALOCYANINE PHYSICAL REVIEW B 66, 144410 ~2002!
lowest-energy multiplet. This is the same spin state as fo
in b-FePc.4 Indeed, both compounds have identical magne
properties at room temperature, which arise from a simila
split triplet @D/kB.53 K and 98 K, fora and b form, re-
spectively~see below!# with the nonmagnetic singlet as th
ground state.15

In the a form the S51 spins remain ferromagneticall
coupled in magnetic chains down to the lowest temperatu
in spite of the nonmagnetic ground singlet since the fer
magnetic interaction 2zJ ~with J/kB'15 K as estimated
from the Curie-Weiss fit! is larger thanD, in agreement with
Moriya’s criterion for magnetic ordering in aS51 triplet.21

Apparently, this condition is not satisfied inb-FePc because
the ration ofD over J is larger, and as a consequence
remains paramagnetic at all temperatures.

Curiously, the magnetic phenomenology of the Mn
forms is just opposite: i.e., theb form is ferromagnetic while
thea form is antiferromagnetic.22 In the Mn compounds the
different behavior of the two forms was attributed to co
peting ferromagnetic and antiferromagnetic exchange in
actions, neglecting direct Mn-Mn coupling. Under the a
sumption that the electronic configuration of the 3d5

electrons is (dxy)
2(dxz)

1(dyz)
1(dz2)1, the ferromagnetic in-

teraction is caused by the overlap between thedz2 unpaired
electron (a1g symmetry! with the p orbital of Eg symmetry
of the adjacent aromatic ring, which is orthogonal to thedz2

orbital of its metal ion~Fig. 12!. The antiferromagnetic cou
pling is due to the overlap of thedxzdyz orbitals (eg) with the
samep orbital of Eg symmetry~Fig. 12!. In the MnPcb
form the ferromagnetic mechanism dominates while in
MnPca form the ferromagnetic path weakens and antifer
magnetism prevails.22

If we assume that the electronic configuration of Fe
related to that of the Mn by just adding one electron
the second level as proposed for theb form of FePc by
Dale et al.12 and Coopens et al.,23 that is EgA
(dxy)

2(dxz)
2(dyz)

1(dz2)1, then the same arguments as for t
Mn compounds would be applicable. The only differen
would be that the antiferromagnetic interaction should

FIG. 12. A schematic ofag–Eg interaction fora-form ~a! and
b-form ~b!, andeg–Eg interaction fora-form ~c! andb-form ~d!.
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weakened, since the (dxzdyz) doublet should have just on
unpaired electron. Consequently, theb form should be fer-
romagnetic, contrary to observation. One arrives to the sa
conclusion if one assumes the electronic configurationB2g

(dxy)
1(dxz)

2(dyz)
2(dz2)1, as proposed by Barracloughet al.4

The conclusion is that the electronic configuration nee
to be different, or direct exchange is more intense in thea
form than in theb form. It can be argued that the orbita
ground stateA2gA (dxy)

2(dxz)
1(dyz)

1(dz2)1, proposed by
Stillmanet al.24 leads to just antiferromagnetic coupling. Th
remaining configurationEgB (dz2)2(dxz)

2(dyz)
1(dxy)

1, pro-
posed by Labartaet al.,15 generates a path for ferromag
netism in thea form: the unpaired electron in thedxy orbital
singlet may interact with its counterpart in the adjacent m
ecule via theEg p electron of the aromatic ring, which i
orthogonal, giving rise to its ferromagnetic character~Fig.
12!. This is the only ferromagnetic exchange path possib
however, its intensity would be probably very weak since
is in thexy plane and the overlap will be small. At any rat
in the b form thedxy orbital has negligible overlap with the
Eg electron of the apicalN since it is located in thez axis,
thus the ferromagnetic interaction would be negligible. T
unpaired electron of the (dxz ,dyz) doublet would lead in
both forms to antiferromagnetic interaction. So, exchan
interaction is not likely to cause the ferromagnetic coupli
present in thea form.

On the other hand the condition for an enhancement w
respect to theb form of the direct Fe-Fe interaction ar
fulfilled since the Fe-Fe distance is reduced from 4.8 Å (b)
to 3.8 Å (a). Following Goodenough,25 the direct ferromag-
netic interaction occurs when there is overlap between a
filled and an empty orbital, or a half-filled and a full orbita
Since the (dx22y2) empty orbital is very high in energy15 we
think that only the case of half-filled full-orbital overlap ma
be relevant here. Then, if the orbital configuration isEgA
(dxy)

2(dxz)
2(dyz)

1(dz2)1, as proposed by Coppenset al. for
theb form from accurate x-ray diffraction,23 the overlap may
take place between two (dxz)

2(dyz)
1 orbitals. The proposi-

tion of theEgA electronic configuration by these authors
based on very direct observation of electronic deformat
densities and in turn supports the proposed mechanism
the ferromagnetism in thea form. Of course, this overlap
will decay strongly when the atoms are separated further
1 Å, and so the ferromagnetic interaction weakens to
extent of being negligible in theb form.

Thus, we conclude that the difference in the phenomen
ogy of the Mn and Fe forms can be related to the differ
ground-state spin configuration~two magnetic doublets for
Mn, and one magnetic doublet and a nonmagnetic singlet
Fe! on the one hand, and to the different electron fillin
scheme and overlap probabilities of the resulting orbitals,
the other.

As said in the Introduction, such a different behavior, fe
romagnetism or paramagnetism, between two herringb
structured compounds formed by stacked square-planar
ecules containing Fe, has also been detected in Fe~II !
octaethyltetraazaporphyrin.6,7 Similarwise, thea form is fer-
romagnetic while theb form is paramagnetic. However, in
0-7
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recent paper26 a magnetic study of Mn~II ! octaethyltetraaza
porphyrin shows that thea form is also ferromagnetic while
theb form is paramagnetic, in contrast to the behavior of
MnPc forms. So, the parallelism between the phthaloc
nines and octaethyltetraazaporphyrin is not complete.

On the basis of the above, it appears to be beyond do
that the magnetic moment of the Fe~II ! in thea-FePc is to be
associated with a spin triplet probably split by crystal fie
into a doublet and a lower-lying singlet. We then have
reconcile this conclusion with the rather low values of t
magnetization reached even in high fields as exemplified
Figs. 8–10. Based on an effective spinS51 and the powder
g value of 2.54 deduced from the Curie-Weiss fit to the s
ceptibility above 50 K, the saturation moment should amo
to 2.5mB per ion, i.e., far above the measured value even
an applied field of 200 kOe. Looking more closely at t
measuredM (H) curves and neglecting for the moment t
relaxation effects, one may observe that below about 1
the magnetization process can be divided in two steps. F
the M (H) curve measured at 5 K~Fig. 8!, a very rapid in-
crease of the magnetization up to 1.0mB ~per atom! is ob-
served for fields up to 400 Oe, followed by a much slow
gradual increase up to the highest-field applied. This tw
step behavior can be explained in terms of a division of
magnetic chains into two different magnetic sublattices, w
a mutually canted arrangement. In that case the fast r
increase would correspond to saturation of the mome
within each of the magnetic sublattices, followed by t
gradual rotation of the sublattices to a common alignm
parallel to the field. In the latter process, the Zeeman ene
has to compete with the~large! crystal-field anisotropy en
ergy, so that the high-field susceptibility@slope of theM (H)]
curve can be very small. It is of interest to point out in th
regard that forb-MnPc a canted magnetic structure in t
above sense has indeed been reported.27

At first sight the preposition that the ordered magne
structure is canted seems to contradict the positive valu
D, which implies a single-crystal anisotropy of planar ch
acter. Indeed, Miyoshiet al.27 concluded that for chains con
sisting of ferromagnetic coupled Fe moments with isotro
exchange, and with single-ion anisotropy, such that the qu
tization axis of the Fe sites in one chain is tilted by an an
which is opposite respect to the tilt angle in the adjac
chain, a negativeD is needed to stabilize a canted structu
irrespectively if the interchain interaction is ferro or antife
romagnetic. This prediction, when applied to the MnPc co
pound, revealed a contradiction between the canted struc
found in that compound by magnetization measurements
polarized neutron diffraction,3 and the positiveD determined
earlier from the analysis of the high-temperatu
susceptibility,28 a discrepancy that has gone unexplained
far. This apparently identical contradiction, now found f
a-FePc andb-MnPc, can be explained by noting that, co
trary to the assumption of Miyoshiet al.27 that the ferromag-
netic intrachain interaction is isotropic, we find from o
experiments that it is instead of the anisotropic Ising ty
with the easy axis perpendicular to the molecule plane.
terestingly, the same result; i.e., Ising intrachain interacti
was found to fit best the MnPc high-temperature suscept
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ity by Barracloughet al.,28 although it was not exploited
Thus, the Ising character of the interaction and its lar
strength, comparable to the crystal-field term, creates
uniaxial exchange anisotropy that opposes the crystal-fi
anisotropy. A rough mean-field calculation for FePc, us
the valueJ/kB'15 K found from the Curie-Weissu, tells us
that Hex5(2zJ/kB)^Sz&/gmB558 T ~at T50 K). Such an
intense field splits the upperSz561 doublet and brings the
Sz521 level 30 K down so that it nearly coincides with th
Sz50 level. The net effect is that, in terms of theS51
formalism, the magnetic moment is polarized towards
quantization direction~local z axis! at low temperatures
which is the necessary condition to have the canted struc
according to Miyoshiet al.27 In MnPc the exchange field is
Hex548 T (D/kB529 K), and as a consequence theSz5
23/2 state is pulled below theSz521/2 state by 68 K~at
T50 K) and the ground state gives rise to an effect
uniaxial anisotropy. Thus the annoying contradiction of
apparent inversion of theSz523/2 and Sz521/2 states
above and below the transition, mentioned at the end of R
3, is resolved. In the paper by Reiffet al.26 on Fe-porphyrine,
a similar qualitative argument of opposing exchange a
crystal-field effects is mentioned to explain the magne
properties of those compounds.

The logical conclusion from the model we propose is th
each chain has its own ferromagnetic axis tilted from theb
axis by a given angle, with the easy axis in the adjacent ch
tilted by the opposite angle, for reasons of symmetry. Th
in a domain formed by this ordered magnetic structure th
is a direction of uncompensated moments, and a perpend
lar direction of compensated moments. The uncompens
moments should have the direction of theb axis in case the
interchain interaction is ferromagnetic, and perpendicula
b if it is antiferromagnetic. In either cases, there are t
degenerate types of domains, in contrast to the four of Mn
due to the different symmetry. We refrain from pushing a
further the analysis since we have insufficient experimen
information on the magnitude and sign of the interchain
teraction nor on the precise tilt angle, because our meas
ments are performed on powder samples.

We remark that the above analysis points to two differ
scenarios for analyzing the magnetic susceptibility data
low 50 K, namely, in terms of ferromagnetic Ising chai
with either effective spinS51, or effective spinS51/2,
when considering only the lowest two levels (Sz50 andSz
521). Below we shall investigate the applicability of bo
these possibilities.

Starting withS51, we have calculated the parallel su
ceptibility of an S51 linear chain under the assumption
an Ising-like exchange interaction and of an uniaxial sing
ion anisotropyD as described by the Hamiltonian:

H0522J1 (
i 51

N21

Sz,iSz,i 111D(
i 51

N

Sz,i
2 2gmBHz(

i 51

N

Sz,i .

The eigenvaluesl6 , l0 of this Hamiltonian were ob-
tained by the conventional transfer matrix technique, sim
larly as described in Ref. 29, yielding
0-8
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l65
1

2
~g1a11!6

1

2
@~a1g21!218b2#1/2

l05a2g, ~5.1!

where a5exp@(2J12D)/kBT#, g5exp@(22J11D)/kBT# and
b5exp(D/2kBT), with l6 being the largest eigenvalue. Ut
lizing a Taylor series expansion to obtain the eigenvalue
the non-zero-field case, the susceptibility can be expresse

x5
Ng2mB

2S~S11!

kBT

e2d~ejl1211ej !

Fl
, ~5.2!

where

Fl53l1
2 22l1~112ej 12d!2@2e2d~12ej !

22e4dsinh~2 j !#, ~5.3!

with j 52J1 /kBT andd52D/2kBT.
Least squares fits of Eq.~5.2! to the experimental suscep

tibility data were carried out. Since the contribution of t
perpendicular susceptibility has been neglected, only the
for relatively high temperatures (T.10 K) were used. The
dotted line in Fig. 4 shows the best fit withJ1 /kB
525.7 K, g52.54 andD/kB553.2 K, where the positiveJ1
indicates ferromagnetic interaction and the positiveD im-
plies that theSz561 doublet lies above theSz50 state. The
results are sensitive to both the temperature-range util
and theg value assumed. We have tried to fit the same d
with the isotropic S51 Heisenberg model and uniaxia
anisotropy,30 but the fit is much worse~Fig. 4!. For the tem-
perature range from 20 to 300 K, the following result w
obtained:J1 /kB516.2 K andD/kB576.7 K. Since we are
fitting powder data while the magnetic properties are v
probably highly anisotropic, the values obtained from the
have to be considered as approximate. However, we note
the anisotropy constant is about half the value ofD/kB
598 K found in theb form.12 Obviously, the different an-
isotropy originates from the absence of the apicalN atoms
next nearest to the Fe in thea form respect to theb form.
The most important result, though, is that the Fe-Fe intr
hain interaction is unambiguously ferromagnetic. The va
obtained forJ1 is in fact similar to that following from the
Curie-Weiss fit.

We next turn to an analysis of the paramagnetic susce
bility below 50 K in terms of the effective spinS51/2 for-
malism~Fig. 4!, which would apply when either the action o
a crystal field of orthorhombic or lower symmetry, or th
combined action of crystal field and magnetic exchan
would produce an effective doublet as the only occupied
ergy levels at low temperatures. In that case, since the e
tive anisotropy for the doublet will be of the Ising type, w
may compare the experimental powder susceptibility d
with the theoretical predictions for the parallel (x i) and per-
pendicular (x') susceptibilities for the ferromagneticS
51/2 Ising chain:31

x i5~Ngi
2mB

2/2J1/2!Kexp~2K !, ~5.4!
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x'5~Ng'
2 mB

2/J1/2!@ tanh~K !1Kcosh22~K !#, ~5.5!

where K5J1/2/2kBT, from which we have calculated th
powder susceptibilityxp5(x i12x')/3. We can consider
also that due to the large expected anisotropy one hagi
@g' , and that the saturation magnetization at low tempe
ture is M p5 1

3 (gi12g')SmB , for which the experiment
yielded 1.5mB . Fitting both quantities~for T.10 K) leads to
the estimatesJ1/2/kB532.2 K, gi58.6, andg'50.2. The fit
of the magnetic susceptibility data with the prediction fro
the above equations is shown in Fig. 4. It is difficult to jud
whether the fit on the basis of theS51 model is better than
that with theS51/2 prediction since:~a! the deviations seen
for T<10 K from theS51/2 curve may well be due to th
interchain interactions, which are not taken into account;~b!
for the same reason the seemingly better fit with theS51
model~Fig. 4! may be fortuitous since it also neglects inte
chain interactions;~c! as a further complication thex' con-
tribution had to be neglected in theS51 calculation since no
theoretical prediction is available.

Proceeding next to a discussion of the ordering/block
phenomena observed below 10 K, we can start from the
sertion that we may describea-FePc as a system of ver
weakly coupled ferromagnetic Ising chains with either effe
tive spin 1/2 or 1. For such systems, it is well known that t
1D magnetic behavior is dictated by the excitation
domain-walls~solitons! along the chains. For strongly aniso
tropic chains, the width of the domain-wall becomes sma
than a lattice constant and we speak of ‘‘kinks’’ separat
spin-up and spin-down regions. At least two types of exc
tions in such Ising chains are possible. Namely, the sing
kink excitations at the ends of the chains~with excitation
energyJ) and the kink-pair excitations~with energy 2J).
The correlation length along the chain~and thus the magni-
tude of the magnetic susceptibility! is determined by the
numbernk of kinks excited@j}nk}exp (2J/kBT)#.

Thus we think the present system falls in the same c
of Ising-type chains studied previously, atomic orbital
magnetic susceptibility and Mo¨ssbauer effect studies, in con
nection with the soliton problem~see, e.g., Refs. 32–39!. In
fact, the behavior observed here appears to be analogo
that of FeCl2Py2, one of the ferromagnetic Ising chains stu
ied in these previous works. However, fora-FePc, the inter-
chain coupling turns out to be much weaker than in FeCl2Py2
and related compounds.

As already mentioned when presenting the Mo¨ssbauer
data in Fig. 11, the extremely strong broadening of the sp
tra observed in the range 5 K–20 K may indeed be explai
in terms of a spin dynamics based upon the excitation
domain-walls along the ferromagnetic chains. Since
Mössbauer effect is sensitive to high-frequency fluctuatio
the relaxation effects already start to have an influence
about 20 K, whereas relaxation effects in the low-frequen
susceptibility appear only below 10 K. In principle, both th
high- and low-frequency spin dynamics observed can be
lated to a gradual slowing down of the spin fluctuations w
temperature due to the decrease of the density and the
bility of the walls, followed by~almost! complete pinning
below 5 K. It should be realized that, even when pinne
0-9
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small excursions around equilibrium positions of the wa
may still remain possible, which explains the possibility
simultaneous observation of both the high- and lo
frequency spin dynamics in the range between 10 K and 5

At this point it is important to recall the similarity of th
here-observed relaxation phenomena with those known
superparamagnetic particles pointed out several times in
above. Indeed, one might envisage the ferromagnetic ch
in a-FePc as superparamagnetic particles, switching t
magnetization among the up and down directions along
local anisotropy axis. However, it should then be imme
ately realized that the rotation of the spins along a giv
chain cannot occur simultaneously, in view of the extrem
large anisotropy barrier involved in such a process~i.e., the
anisotropy per spin times the number of spins in a correla
chain!. In full analogy with the situation in ferromagneti
nanowires,40 the rotation has to occur via the excitation of
small reversed domain, either at the chain end by ap wall,
or along the chain by a kink-antikink pair, in both cas
followed by the propagation along the chain of the wall~s!. It
is clear then, that the mobility of the domain-wall~s! along
the chains may become an important factor in determin
the speed of the switching process. In this respect the m
netic interactions between the chains, which tend to estab
full 3D order between correlated chain segments as the t
perature is lowered, can be expected to slow down the w
motions along the individual chains. It is tempting, therefo
to associate the slowing down of the fluctuations in the ra
between 10 K and 5 K, seen in both the Mo¨ssbauer spectra
and the ac susceptibility, as a reflection of the gradual es
lishment of 3D magnetic order between the chains. Since
clear transition at a definite temperatureTC is indicated, the
resulting ‘‘order’’ is apparently not long range but with
substantial amount of randomness, as in a spin glass. Jud
from the behavior seen in e.g., Figs. 6 and 7 of the low-fi
magnetization, this ordering process is about completed
low 5 K. The source of randomness is probably a rand
pinning of the domain-walls on impurities along the cha
whereby the 3D magnetic correlations between the chains
easily broken up. In view of the instability ofa-FePc in
favor of theb-FePc form, the occurrence of such impuriti
is not unlikely.

The above scenario can also explain the fact that in
specific heat data measured in the range 1.8 K to 20 K
sign of a singularity~as associated with 3D long-range ma
netic ordering! was detected. The measured specific h
curve just shows a smooth continuous behavior as expe
for a combination of phonon contributions and 1D magne
fluctuations within the chains.

Adopting, therefore, tentatively the value of 5 K asrepre-
sentative temperature for the ordering process between
chains, we may estimate the interchain couplingJ8 either
from the Oguchi’s formula,41 or from the mean-field argu
ment given by Villain,42 in both cases obtainingJ8/kB
'(102321022) K. This estimate may be confronted wit
the behavior of the magnetization curves taken at 5 K and 8
K ~Fig. 8!, in which as discussed before a rapid initial ‘‘sat
ration’’ mechanism is observed at an applied field of 400
only. In the canting mechanism discussed above, we h
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ascribed this low-field process with an alignment of all t
spins on the individual sublattices. This implies the remo
by the field of all domain-walls along the chains, as well
the breaking up of the interchain interactions. It follows th
the effective fieldH85z8J8S/gmB should be smaller than
400 Oe, which yields~taking g.2, and S51) the upper
limit J8/kB&0.03 K. This would suggest in fact that th
breaking up of the interchain couplings occurs in even mu
smaller fields already and that the magnetization proces
to 400 Oe mainly involves the removal of the domain wa
from the chains by the Zeeman energy.

The quite peculiar form of the hysteresis in Fig. 10 a
pears to agree with the just sketched scenario. After fi
saturating the chain system, the ferromagnetic order wit
and between the chains is seen to remain intact until
applied field is reduced to effectively zero, whereafter t
magnetization discontinuously drops to zero. The instabi
of the ferromagnetic order in zero-field even at 1.8 K ind
cates that the interchain interaction is most probably anti
romagnetic. As soon as the applied field has become sm
than this antiferromagnetic coupling, it will tend to order th
ferromagnetic chains back again into an antiparallel arran
ment. This means that half of the chains will have to swit
their magnetization and as we have argued in the above,
can only occur by the excitation and subsequent propaga
of domain walls. Part of these walls will then become pinn
again so that the antiferromagnetic arrangement cannot
come complete and when subsequent by increasing the
in the opposite direction, the same cycle of removal of
walls has to be overcome.

VI. CONCLUDING REMARKS

Clearly at variance with all previously reported behav
of both polytypes of iron~II ! phthalocyanine, we have foun
that the magnetic structure ofa-FePc can be described i
terms of ferromagnetic Ising chains, with very weak antif
romagnetic interchain coupling. As a consequence of im
rities and other possible lattice defects, the transition to
ordering is suppressed, so that instead, a gradual freez
blocking transition is observed to a disordered magne
state. The disorder is lifted by a small field of about 2 kO
Below 5 K this transition is hindered by strong relaxatio
effects, which we attribute to the pinning of the domai
walls by the randomly distributed defects in combinati
with the interchain coupling. The competition between ma
netic exchange interaction and crystal field effect gives r
to a canted arrangement of the ferromagnetically align
spins. Above 10 K the behavior of the susceptibility can
interpreted in terms of the thermal excitation of kin
~domain-walls! and kink-antikink pairs. Preliminary Mo¨ss-
bauer experiments can be consistently explained in the s
terms, the kink dynamics being reflected in the spectra in
form of strong relaxation effects. The excitation and dyna
ics of the kinks lead to line-broadening and hyperfin
splitting of the spectra at elevated temperature, i.e., far
the paramagnetic region.
0-10
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