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1H NMR investigation of the magnetic spin configuration in the molecule-based
ferrimagnet †MnTFPP‡†TCNE‡
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1H NMR line-shape measurements have been performed in the linear chain molecule-based ferrimagnet
@MnTFPP#@TCNE#•xPhMe ~TFPP5tetrakis~4-fluorophenyl!porphinato; TCNE5tetracyanoethylene! as a
function of temperature. Hyperfine shifts of opposite sign were observed indicating the presence of two
oppositely hyperfine couplings, predominantly between the Mn ions and the1H nuclei of the planar ring of the
@MnTFPP#1 unit. The observation of the hyperfine shifts strongly suggests the existence of two oppositely
directed@MnTFPP#1 sites. Since there is no direct exchange coupling between adjacent@MnTFPP# spins, then
it can be argued that an ordered spin configuration with antiparallel components may arise from antisymmetric
spin-spin exchange interactions. The field independence of the hyperfine shifts at low temperatures and for
applied magnetic fields in the range 2–5 T, indicates the presence of ferromagnetic interactions in the ground
state of the ferrimagnetic chain.
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I. INTRODUCTION

Molecule-based magnets have been intensively inve
gated since the discovery1,2 in the 1980s of molecule-base
materials exhibiting a spontaneous magnetization belo
critical temperatureTc . Much attention is paid to the origin
of the magnetic ground state, the function-structural relat
and the design of new high-Tc molecular magnets.3 In addi-
tion, the spin alternating, chainlike structure of most of tho
materials, makes them ideal for the study of the magn
behavior of low-dimensional magnets with mixed quantu
classical spin systems.4–6

@MnTFPP# @TCNE# ~TFPP5tetrakis~4-fluorophenyl! por-
phinato; TCNE5tetracyanoethylene! is a substituted electron
transfer salt belonging to the manganeseporphyrin fam7

@MnIIITPP# @TCNE#•xsolvent~TPP5meso-tetraphenylporphy
rinato!. This class of materials comprises chains of altern
ing S52 metalloporphyrin cations andS51/2 cyanocarbon
anions ~e.g., Fig. 1!. Planar @TCNE# •2 lies between the
planes of@MnTXPP#1 and directly coordinates to two MnIII

leading to strong antiferromagnetic exchange (J<100 K for
H522JSa•Sb) along the chains. The chains are separa
by the solvent molecules. In an effort to establish structu
function relationships, a series of substituted manganese
raphenylporphyrin TCNE electron transfer salts@MnTXPP#
@TCNE# (X5F, Cl, Br, I! have been recently8,9 investigated.
The high-temperature behavior of these systems is consi
0163-1829/2002/66~6!/064422~6!/$20.00 66 0644
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with one-dimensional~1D! ferrimagnetic character wherea
at low temperatures (T,50 K) the systems exhibit unusua
magnetic properties similar to those encountered in gla
disordered or superparamagnetic spin systems. Particu
for @MnTFPP#@TCNE#•xPhMe, the magnetic susceptibilit
datax(T)T were analyzed according to the Seiden mod6

for antiparallel coupled, alternating classical, and quant
spin sites yielding an intrachain coupling constant8,10 Jintra

52225 K. At 2 K the 9 T magnetization approache
(3/2)mB per @MnTFPP#@TCNE# formula unit, which should
be expected for the MnIII S52 antiferromagnetically coupled
to @TCNE# S51/2. The system undergoes a magnetic tran
tion atTc528 K ~with peaks in the real and imaginary par
of the ac-susceptibility!.8 This value is the highest for the
family of porphyrin-based magnets synthesized so far. Ho
ever, below 10 K the system freezes into a cluster spin-gla
like state with a small remanence, relatively low coers
field and paramagnetic-like magnetization field depende
below a certain threshold field. Below 5 K metamagnetic-
like behavior is observed with increasing coersive fields t
approachHcr521.8 KOe at 2 K.8,9 Above this field the
magnetization rises rapidly, indicating a significant re
rangement of spins. The nature of this state remains unc

Despite the large amount of experimental data, dem
strating frequency-dependent ac-susceptibility, irreversibi
in the magnetization, field dependence of the bifurcat
©2002 The American Physical Society22-1
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FIG. 1. ~a! @MnTFPP#1, ~b!
@TCNE# •2, and ~c! structure of
the @MnTFPP#@TCNE# molecular
chain.
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point in the field-cooled~FC! and zero-field-cooled~ZFC!
magnetizations, hysteresis effects, the nature of the mag
cally ordered ground state in these 1D systems is not yet
understood.9,11–14The observed metamagnetic-like behav
at low temperatures (T,5 K) in these substituted manga
nesoporphyrin electron transfer salts has been recently
cribed to a field induced state of canted antiferromagnetis9

In this study we report the results of1H NMR line-
shape measurements in the linear chain ferrimag
@MnTFPP#@TCNE#•xPhMe as a function of temperature. O
aim is to probe locally the magnetic properties via the int
nal magnetic fields present in the molecular solid and the
fore to acquire microscopic information for this class of m
terials.

II. EXPERIMENTAL DETAILS

Two powder samples of@MnTFPP#@TCNE#•xPhMe dif-
fering in the amount of solvent PhMe were investigated. T
synthesis of the samples is described elsewhere.8 In the stan-
dard preparation of@MnTFPP#@TCNE#•xPhMe, solutions of
MnTFPP~py! ~py5pyridine! and TCNE dissolved in toluen
are mixed and the product is collected by vacuum filtrati
under oxygen- and water-free conditions. In the pres
work, one sample was dried under vacuum~resulting in par-
tial disolvation!, whereas the other sample was not.

1H pulsed NMR experiments were performed at 2.35 a
4.7 T using a home-built and a Bruker MSL 200 spectro
eter, operating at 100.113 and 200.145 MHz, respectiv
Two Oxford 1200CF continuous flow cryostats were e
ployed for measurements in the range 42300 K. 1H line-
shapes measurements were performed at both fields. At
temperatures, where a single pulse of;1.5–4 ms was suf-
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ficiently strong to irradiate the whole NMR line, the spe
trum was obtained by the Fourier transform of the nucl
free induction decay at the Larmor frequency. For lo
temperature measurements, the spectrum was obtaine
the spin-echo point-by-point method while varying the fr
quency, because of the large width of the resonance l
Magnetic measurements were performed in a Quantum
sign MPMSR2 superconducting quantum interference dev
magnetometer.

III. RESULTS AND DISCUSSION

Thermomagnetic curves~Fig. 2! have been measured a
100 G, 1 kG, and 48 kG. The samples were cooled in z
field, then the field was applied and the data were collec

FIG. 2. Temperature dependence of the bulk magnetization
various magnetic fields. The field-cooled and zero-field-coo
branches of the magnetization are indicated as~FC! and ~ZFC!,
respectively.
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1H NMR INVESTIGATION OF THE MAGNETIC SPIN . . . PHYSICAL REVIEW B 66, 064422 ~2002!
while warming~ZFC! and subsequent cooling~FC!. The two
different samples gave identical results. The low-field d
indicate the presence of a field-dependent bifurcation p
in accordance with previous studies.8,11 Such magnetic
history-dependent effects are characteristic for systems
a frozen-in spin disordered state. The shift of the bifurcat
point with the applied field is a direct evidence that the nu
ber of multiple minima on the free-energy surface decrea
as the external field increases.15 The origin of frustration and
disorder, which are both necessary for a proper explana
of the low-temperature behavior, is, however, not yet know
As will be shown below, the NMR spectra reveal two ma
netically nonequivalent Mn sites with opposite sign of ma
netization, indicating the establishment of competing inter
tions at low temperatures.

1H NMR line-shape measurements were performed a
function of temperature. NMR provides important inform
tion in magnetic materials through the local field at t
nucleus produced by the magnetic ions. The main interac
in these NMR experiments is that between the proton nu
and the electrons, so the nuclei can be considered as
probes for the static and dynamical electronic spin corre
tions. Typical 1H NMR spectra at high temperatures atB0
54.7 and 2.35 T are presented in Figs. 3~a,b!, respectively.
The high-temperature spectra are characterized by two l
which are progressively resolved as the temperature is l
ered. This feature is similar for both fields. The central li
@denoted asA in Fig. 3# does not shift appreciably with tem
perature, whereas the second lineB shifts gradually on cool-
ing towards lower frequencies. At these high temperatu
the shift of the lineB is in the kilohertz range and below 10
K increases to the megahertz range. The spectra at low
peratures are presented in Figs. 4 and 5 forB054.7 and 2.35
T, respectively. The spectra at low temperatures are cha

FIG. 3. 1H NMR spectra at ~a! B054.7 T and ~b! B0

52.35 T for selected high temperatures.
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terized also by a third lineC displaced at higher frequencie
The low-temperature structure of the spectra is found sim
for both applied fields. The two samples investigated ga
identical results.

NMR shifts were determined from the position of th
maxima of each spectrum with respect to theB0 /g value.
The maxima at low temperatures were obtained from a th
Gaussian line fit to the spectra~dotted lines in Figs. 4 and 5!.
The shift of the NMR line is determined by the total ma
netic local fields acting on the nuclear sites, which in gene
is the sum of the hyperfine and the dipolar field.16 The fre-
quency shiftsD f (4.7) andD f (2.35) of the spectrum linesA, B,
and C for @MnTFPP#@TCNE# for the whole temperature
range are shown in Fig. 6 for the two applied magnetic fiel

The observed NMR shifts were not corrected for the
fect of the demagnetization field. The demagnetization fi
shift arises from the finite volume magnetization of t
sample, and hence the magnetic field inside the sample
be different from the applied field.16 Therefore, demagneti
zation effects are most significant for large magnetizatio
i.e., for samples with large bulk susceptibilities in large a
plied magnetic fields. For a spherical particle, demagnet
tion and Lorentz fields cancel, so that one need not cor
the measured NMR shifts for these fields. It is difficult to s
whether or not these fields contribute slightly to the fie
shift measured in a powder of arbitrary shaped particles
our sample in the high-temperature quasi-paramagn
phase, the demagnetization field will certainly be negligib
due to the small value of the bulk susceptibility. At low tem
peratures there is the possibility of the presence of a dem
netization field due to the large value of the magnetizati
However, in view of the fact that the absolute value of t
NMR shift is the same forB054.7 and 2.35 T in this tem-
perature regime~Fig. 6!, it may be argued that the demagn

FIG. 4. 1H NMR spectra atB054.7 T for selected low tem-
peratures. The dotted lines are Gaussian fits to the spectra.
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M. FARDIS et al. PHYSICAL REVIEW B 66, 064422 ~2002!
tization field correction is smaller than the error associa
with the determination of the NMR shift. Also, the dema
netization field exactly cancels out when one considers
differences in the shifts between the central peakA and the
peaksB andC.

In an effort to assign the observed spectra lines to pro
groups in the compound’s formula unit, reference is made
the schematic structure of@MnTFPP#1 porphyrin unit in Fig.
1~a!, labeling the proton sitesH4, H5, H9, H10, . . . of the
planar ring and the proton sitesH33, H34, H35, . . . of the
phenyl ring.17 The first group of the eight pyrrole proton
H4, H5, H9, H10, . . . are thenearest neighbors to th
Mn III ion with a distance of;5.1 Å therefore are consid
ered as magnetically equivalent. The second group of
protonsH33, . . . ,H35, . . . is atrelatively larger distances
than the pyrrole protons. There is also a third group of p
tons, those of the solvate, which intercalate between the
nar rings and the chains of the molecular solid which are
shown in Fig. 1.

An order of magnitude calculation of the dipolar intera
tion considering the distances of the protons involved, in
cates that the dipolar shifts are mainly in the kilohertz reg
in the MnIII porphyrin compounds. The small shifts of th
spectrum lineA are thus consistent with the dipolar intera
tion. Thus, the central lineA originates from protons that ar
coupled to Mn moments via dipolar interactions only, whi
yield a broadening of the line and a small shift. These p
tons are the phenyl and the solvate protons. The large
equal-in-magnitude shifts of lines B and C are tentativ

FIG. 5. 1H NMR spectra atB052.35 T for selected low tem-
peratures. The dotted lines are Gaussian fits to the spectra.
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ascribed with the pyrrole protons of the planar ring and
perience a transferred hyperfine field due to the delocali
spin density18 on the MnIII ion. This is consistent with pre
vious NMR studies of a series of MnIII porphyrin solution
complexes.19,20 These studies have demonstrated that
minimal magnetic anisotropy and small zero-field splitting
a porphyrin coordinated MnIII ion ensure that the isotropi
shifts of the pyrrole protons~lines B and C) arise almost
entirely from ‘‘through bond’’ Fermi contact interactions.

Since the NMR shift is related to the average magne
field at the proton site, it directly probes the~average! mac-
roscopic susceptibility according to the relationK
5(A/gNge\

2)x, where K is the fractional shift,A is the
isotropic hyperfine coupling constant,gN andge are the gy-
romagnetic ratios of the proton and electron, respectiv
and x is the static susceptibility.21 This relation is nicely
demonstrated in Fig. 7, in the so-calledK2x plot,21 where
the shift K (4.7) for the line B is plotted as a function of the
susceptibility22 at the applied fieldB054.7 T, with the tem-
perature as an implicit parameter. Within the errors, all
experimental points fit a straight line. The fits for both spe
trum linesB andC give K (4.7)570.93x20.028 %, wherex

FIG. 6. Temperature dependene of the frequency shiftD f (4.7)

and D f (2.35) of the three peaks in the1H NMR spectra. The solid
lines demonstrate the scaling of the NMR shift with the bulk ma
netization as described in the text.

FIG. 7. Fractional NMR shiftK (4.7) as a function of the static
susceptibilityx for the peakB with temperature as an implicit pa
rameter. The solid line is a linear fit to the data as described in
text.
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1H NMR INVESTIGATION OF THE MAGNETIC SPIN . . . PHYSICAL REVIEW B 66, 064422 ~2002!
is in emu/mol while the constant term can be related with
small dipolar contribution and the paramagnetic impurities
the magnetization data. From the fit, one findsA521.5
31025 cm21. It is pointed out that the linear relation be
tweenK andx holds for the whole temperature range inve
tigated~5–300 K!. This indicates that by measuring the tem
perature dependence of the local fields at the proton sites
can, in principle, study the temperature variation of the co
ponent of the magnetization in the direction of the exter
field.

The frequency shift at 4.7 T as a function of temperat
according to the above fit is also plotted as solid lines in F
6. It is thus established that the frequency shift of the NM
spectrum follows the temperature dependence of the s
susceptibility over the entire temperature range investiga
The shifts of the spectrum linesB and C are of almost the
same magnitude, but with opposite signs within the exp
mental error particularly for spectrum lineC where the line is
not well resolved~Figs. 4 and 5!. Since linesB andC were
ascribed to the same group~equivalent pyrrole protons!, the
opposite sign means that there are MnIII ions with opposite
magnetic components along the direction of the exter
field.

The presence of two nonequivalent Mn magnetic sites
@MnTPP#@TCNE# compounds is an important information fo
this family of compounds. The structure consists of chains
manganeseporphyrins linked by TCNE radicals, typica
with only one crystallography unique Mn site. The short
intrachain Mn-Mn distance is more than 10 Å and the int
chain Mn-Mn distances are about 14.5 Å, therefore, o
weak dipole-dipole interactions between Mn spins~but not
an antiferromagnetic one! are apparently relevant.23

The observation of two Mn sites with opposite spins
consistent with the observed metamagnetism in this fam
of materials.9 It has been argued9 that the observed S-shape
curves of the magnetization isothermsM (H) for this class of
materials, are characteristic of metamagnets with a crit
field needed to induce the phase transition from a can
antiferromagnetic state at low fields to a new state with
larger magnetization at high fields. This new state, that c
responds to an inclination of spins towards the applied fi
direction, should be realized in the NMR experiments p
formed at high magnetic fields. Thus the antiparallel s
configuration observed by NMR should arise from the p
jection of the MnIII spin along the field direction. The meta
magnetic behavior implies that there is an anisotropy a
along a specific crystallographic direction, which is differe
from the applied field direction arising either from ligan
field splitting or spin-orbit coupling. Since there is no dire
exchange coupling between adjacent Mn spins, the resu
spin configuration can be attributed to quantu
mechanical24antisymmetric spin-spin exchangeinteractions.
Antisymmetric interactions are based on a nonzero ve
coefficientD, arising from the deviation25 Dg5g22 of the
mean value of the anisotropic gyromagnetic tensorg from its
free-electron value of 2. Such a spin configuration is a
consistent with the macroscopic ZFC thermomagne
curves, indicating magnetic spin disorder.
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Another important feature of the observed NMR shifts
their field dependence. It is observed~Fig. 6! that at high
temperatures down to about 80 K,D f (4.7) is doubleD f (2.35).
This is what is expected for a paramagnetic state, i.e.,
frequency shift to be proportional to the applied field. Ho
ever, as the system is cooled down to 5 K,D f (4.7) and
D f (2.35) gradually merge. This is quite unexpected for a sh
of paramagnetic origin. This remarkable behavior is qua
tatively demonstrated in Fig. 8, whereD f (4.7) andD f (2.35) are
plotted with temperature as an implicit parameter. The lo
and high-temperature regimes are clearly indicated by
different slopes of the points. The solid lines in Fig. 8 ha
slopes equal to one and two and denote the low- and h
temperature regimes respectively. The fact that the abso
shift for each peakB andC is the same for the two differen
applied magnetic fields for temperatures below the transi
temperatureTc , indicates clearly that this shift arises from
spontaneoushyperfine field at the proton site due to th
frozen-in spin state of the system. Such NMR shifts that
independent of the applied field have been also observe
NMR studies of magnetic materials with ferromagnetic int
actions in their ground states.26–28 Moreover, quite recently,
extensive theoretical studies on ferrimagnetic chains, rev
the existence of such ferromagnetic interactions.29,30 In these
works, it has been argued that the ground state of a ferrim
netic chain may be recognized as a combination of ferrom
netic and antiferromagnetic features and is well explained
terms of the spin-wave theory.

In summary, the observed temperature dependence o
proton NMR shifts has revealed two magnetically no
equivalent Mn sites through the isotropic hyperfine coupl
mechanism. These Mn sites reside in the planar rings
@MnTFPP#@TCNE#. Also, it has been demonstrated that t
hyperfine shifts are independent of the applied field in
magnetic-field range 2–5 T, indicating the presence of fer
magnetic interactions in the ground state of the molecu
ferrimagnet, in accordance with theoretical works. To t
best of our knowledge these experimental results are the
that provide microscopic information about the magne

FIG. 8. K (4.7) vs K (2.35) with temperature as an implicit param
eter. Selected temperatures to which the points are referred to
indicated in the top axis. The solid lines indicate the two differe
slopes at high- and low-temperature regimes.
2-5
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configuration in this class of molecule-based magnets.
complexity of the magnetic structure of this material mak
the identification of the spin configuration a difficult tas
even for neutron-diffraction experiments. The NMR obser
tion for antiparallel spin alignment provides substantial
formation for searching extra magnetic peaks in a neutr
diffraction pattern belowTc .
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