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Magnetic properties of low-dimensional quantum spin systems made of stable organic biradicals
PNNNO, F2PNNNO, and PIMNO
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~Received 10 May 1999!

Stable organic biradical crystals PNNNO, F2PNNNO, and PIMNO of the PNNNO family were synthesized.
$PNNNO52-@48- (N-tert-butyl-N-oxyamino)phenyl]-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl
3-oxide, F2PNNNO52-@28,68,-difluoro248-(N-tert-butyl-N-oxyamino)phenyl#- 4,4,5,5-tetramethyl-4,
5-dihydro-1H-imidazol-1-oxyl 3-oxide, PIMNO52-@482(N-tert-butyl-N-oxyamino)-phenyl#-4,4,5,
5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxyl.% PNNNO and PIMNO crystallize to form quasi-one-
dimensional lattices, but F2PNNNO to form a quasi-two-dimensional lattice. The temperature dependences of
the susceptibility and the high-field magnetization process up to 34 T were measured down to 0.5 K. The
results are analyzed by comparing with the theoretical calculations based on the crystal structures. PNNNO and
PIMNO are considered to be antiferromagnetic Heisenberg spin chains consisting ofS51/2 spin pairs~dimers!
in which the two spins are coupled ferromagnetically. At low temperatures, an antiferromagnetic ordering
occurs in these crystals, which is confirmed by the thermodynamic discussion through specific heat measure-
ments. On the other hand, F2PNNNO is thought to be a two-dimensional Heisenberg system, in which the spin
pairs are connected by two types of antiferromagnetic interactions. The ground state is singlet. The high-field
magnetization process shows a two-step saturation with a plateau of the half value of the saturation magneti-
zation.@S0163-1829~99!00342-2#
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I. INTRODUCTION

The study of quantum spin systems has attracted m
attention for several decades. According to Haldane’s c
jecture in 1983, different ground states are expected for
antiferromagnetic chain systems of integer and half-o
integer spins.1 Experimental study on theS51/2 andS51
system have been reported for several compounds of C21

and Ni21, respectively, and the existence of an energy ga
theS51 antiferromagnetic chain system was confirmed fo
Ni21 compound@NENP5Ni(C2H8N2)2NO2(ClO4)#.2 The
intermediate states between theS51/2 andS51 antiferro-
magnetic chains are now an attractive problem. T
theoretical3 and experimental4–6 studies on theS51/2 ferro-
magnetic and antiferromagnetic alternating chain have b
reported. The reported compounds are Cu compounds4,5 and
an organic monoradical.6 In these compounds, the ratio o
the exchange couplinga5JF /uJAFu is at most about two,
whereJF andJAF represent ferro- and antiferromagnetic e
change couplings, respectively.

In this article, we report on the magnetic properties of
antiferromagnetic lattice ofS51/2 spin pairs in which the
two spins are strongly coupled ferromagnetically. We d
signed stable organic biradicals, in which twoS51/2 spins
coupled ferromagnetically with 2JF /kB52162638 K. By at-
tributing the ferro- and antiferromagnetic exchange c
plings to the intra- and intermolecular ones, we have succ
fully obtained the spin systems with a largea (56, 18, 44!.

We have recently found that an organic biradical
PNNNO has a large intramolecular ferromagnetic excha
PRB 600163-1829/99/60~18!/12924~9!/$15.00
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coupling,7 where PNNNO52-@48-(N-tert-butyl-N-
oxyamino)phenyl#-4, 4, 5, 5-tetramethyl-4,5-dihydro-1H-
imidazol-1-oxyl 3-oxide. We synthesize two related birad
cals of F2 PNNNO and PIMNO and observe the change
the magnitude of the intramolecular exchange couplin
where F2PNNNO52-@28,68,-difluoro-4’-(N-tert-butyl-N-
oxyamino)phenyl# -4, 4, 5, 5- tetramethyl-4, 5-dihydro-1H -
imidazol-1-oxyl 3-oxide, and PIMNO52-@4’-~N-tert-
butyl-N-oxyamino!phenyl#-4,4,5,5-tetramethyl-4,5-dihydro-
1H-imidazol-1-oxyl.8,9 The molecular structures of these b
radicals are shown in Fig. 1.

The characteristics of the PNNNO family are excelle
stability and crystallinity, tuning of the intramolecular ferro
magnetic exchange coupling by the chemical modificatio9

and the existence of the weak intermolecular antiferrom
netic interactions in addition to the large intramolecuar int
actions in the crystals.

The PNNNO family includes twoS51/2 spins, which are
mainly distributed on the NO groups marked by the ellips
in Fig. 1. The ellipses correspond to the molecular orbital
unpaired electrons, i.e., a singly occupied molecular orb
~SOMO!. An S51/2 spin mainly concentrates on an N

FIG. 1. Molecular structures of the compounds studied he
Ellipses represent a molecular orbital of unpaired electrons.
12 924 ©1999 The American Physical Society
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PRB 60 12 925MAGNETIC PROPERTIES OF LOW-DIMENSIONAL . . .
group within an ellipse of a solid curve, and the other on
NO groups within ellipses of a broken curve. Hereafter,
distinguish these radical units in PNNNO and F2PNNNO as
tBu-NO ~corresponding toN-tert-butyl nitroxide! and NN
~corresponding to nitronyl nitroxide! units, respectively. The
two NO groups in the NN skeleton are equivalent to ea
other. The removal of the oxygen atom of the NN unit
PNNNO yields PIMNO. We call the radical unit of the bro
ken ellipses in PIMNO as IN~corresponding to imino nitrox-
ide! unit.

The sign of the intramolecular exchange coupling b
tween two radical units is understood by the spin polarizat
effect. The bonding scheme of the two radical units in
PNNNO family brings about a ferromagnetic exchange c
pling between thetBu-NO and NN~IN! units.

The intermolecular exchange interaction in organic cr
tals is governed by the overlap between the molecular or
als. Especially the antiferromagnetic exchange couplings
brought about by the overlap between SOMO’s.10 As men-
tioned above, the SOMO of the PNNNO family is distribut
mainly on the NO groups. Therefore, intermolecular antif
romagnetic interactions are expected for the contacts
tween the NO groups. We must mention that the nitrog
and oxygen atoms in the NO groups have partially posit
and negative charges, respectively. In the neutral org
molecular crystals, the crystal structures are always do
nated by the electrostatic energies. The close spacing
tween the NO groups is preferable in the electrostatic
pects, and such contacts are sometimes observed in the
derivatives.10

Therefore, the PNNNO family is an attractive magne
system with ferro- and antiferromagnetic interactions. T
magnetic properties of PNNNO, F2PNNNO, and PIMNO are
investigated and discussed on the basis of the crystal s
tures. The crystal structures of PNNNO and F2PNNNO are
similar to each other: both include uniform chains co
structed by the contacts between the NN units. For bira
cals, two types of uniform chain structures are possib
which are shown in Fig. 2. PNNNO and F2PNNNO involve
the chain of type I and PIMNO includes the one of type II.
the extreme limit ofJF→`, both models become equivale
to the antiferromagnetic uniform chain ofS51. However, in
the limit of JF→0, type I and II become the antiferromag
netic uniform chain ofS51/2 and isolated dimer model, re
spectively. For type II, the numerical calculation has alrea
been reported for the case ofJF /uJAFu<8.11 We perform the
numerical calculations for both models with the wider ran
of JF /uJAFu to analyze our experimental results. Among t
three compounds, only F2PNNNO has an energy gap abov
the singlet ground state. The temperature dependence o
paramagnetic susceptibilities (xp) decreases exponentially t
zero asT→0. The characteristic of F2PNNNO is seen in the
high-field magnetization. The high-field magnetization p
cess shows a two-step saturation of which intermediate
teau corresponding to the half value of the saturation m
netization. Our theoretical treatments reveal that
interchain interactions play an important role on the appe
ance of the plateau. This is a rare example of the observa
of the plateau in a magnetization curve in a two-dimensio
system. The other two compounds undergo antiferrom
netic phase transitions due to the weak interchain inte
e
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tions, which are confirmed by the heat capacity measu
ments.

II. EXPERIMENT

The materials PNNNO, F2PNNNO, and PIMNO are syn-
thesized by following the method described in t
literatures7,9 and purified by the recrystallization from con
centrated solutions.

Static magnetic susceptibilities were measured usin
quantum design MPMS 5S superconducting quantum in
ference device magnetometer in the temperature rang
1.8–350 K for the randomly oriented crystals. The magn

FIG. 2. Schematic illustration of the magnetic interaction n
works studied in this work.~a! Two types of uniform chains with
intramolecular ferromagnetic coupling~2JF) and intrachain antifer-
romagnetic coupling (2JAF). Type I: the model of PNNNO, Type
II: the model of PIMNO.~b! Type-I chain with interchain antifer-
romagnetic interactions (JAF8 ). The magnetic model for F2PNNNO.
~c! Isolated 4-spin model withS51/2. The extreme limit of the
model ~b! whenJAF→0. ~d! Antiferromagnetic honeycomb lattice
with S51. The extreme limit of the model~b! whenJF→`.
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12 926 PRB 60YUKO HOSOKOSHIet al.
zation processes for microcrystalline samples down to 0.
were measured using a3He cryostat in static fields up to 1
T produced by a superconducting magnet with a sam
extraction method or in pulsed magnetic fields up to 40 T
a duration time of about 10 ms produced by a wire-wou
pulse magnet. The specific heat was measured by the the
relaxation technique in a3He cryostat in the temperatur
region between 0.7 and 4.5 K.

III. CRYSTAL STRUCTURES

A. PNNNO and F2PNNNO

The crystals of PNNNO belong to the monoclinic syste
space groupP21 /n, with a56.155(2), b511.356(2), c
524.995(6) Å, b596.48(2)°, V51735.8(7) Å3, and Z
54.7 The crystal system of F2PNNNO is the orthorhombic
system, space groupPbca, with a519.807(4), b
513.985(4), c513.456(3) Å,V53727(2) Å3, andZ58.
The crystal structures of PNNNO and F2PNNNO are com-
pared in Figs. 3~a! and 3~b! and Figs. 4~a! and 4~b!. In both

FIG. 3. ~a! Crystal structure of PNNNO viewed along thea axis.
Black and shaded ellipses represents the NO groups oftBu-NO and
NN units, respectively.P21 /n, a56.155, b511.356, c524.995
Å, b596.48°,V51735.8 Å3, Z54. ~b! Schematic display of the
crystal structure of PNNNO. Black and shaded circles correspon
the tBu-NO and NN units, respectively. Solid and broken lin
represent the exchange path of the intra- and intermolecular in
actions, respectively.

FIG. 4. ~a! Crystal structure of F2PNNNO projected on theab
plane. Pbca, a519.857, b514.010, c513.481 Å, V
53750.5 Å3, Z58. Black and shaded ellipses represent the N
groups oftBu-NO and NN units, respectively.~b! Schematic dis-
play of the crystal structure of F2PNNNO. Black and shaded circle
correspond to thetBu-NO and NN units, respectively. Solid an
broken lines represent the exchange path of the intra- and inte
lecular interactions, respectively.
K
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cases, noticeable is the uniform chain along theb axis. The
close spacing between the NN units is commonly observ
The PNNNO molecules related by the twofold screw sy
metry have the contacts with the interatomic distances
4.988 and 5.230 Å between the nitrogen and oxygen ato
The F2PNNNO molecules related by theb-glide reflection
symmetry have the contact with the interatomic distance
4.981~6! Å between the oxygen atoms.

In contrast with the similar chain structures, molecu
packing between chains are different from each other. T
packing between the molecules connected by an inver
symmetry is different. In the crystals of F2PNNNO, notice-
able is the short contact@3.878~8! Å# between the oxygen
atoms of thetBu-NO’s related by an inversion symmetry. O
the other hand, thetBu-NO’s of the PNNNO molecule are
separated with the distance of 4.896 Å between the ni
gen and oxygen atoms.

The different interchain molecular arrangements are
lated to the difference in the molecular structures. There
noticeable difference in the dihedral angles between the b
zene ring and radical planes. We defineu1 and u2 as the
dihedral angles between the benzene ring and the NN p
or tBu-NO plane, respectively~Fig. 5!. The molecule of
F2PNNNO has largeu1 (53.8°) and smallu2 (2.2°),
whereas the one of PNNNO takes 25° and 22°, respectiv
The origin of the largeu1 in F2PNNNO is explained by the
electrostatic repulsion between the oxygen atom of the
unit and the fluorine atom of the benzene ring. Noticeable
the strong relationship between the smallu2 and the short
contact oftBu-NO’s in F2PNNNO.

The magnetic model of PNNNO is represented by
type-I chain in Fig. 2~a! by the consideration of the intramo
lecular ferromagnetic coupling and the antiferromagne
coupling between the NN units along theb axis. In the case
of F2PNNNO, the interchain interactions produced by t
contact oftBu-NO’s yield the two-dimensional model show
in Fig 2~b!.

B. PIMNO

The crystals of PIMNO belong to the monoclinic syste
space groupP21, with a56.225(2), b510.499(3), c
513.029(2) Å, b594.37(2)°, V5848.7(3) Å3, and Z
52. The crystal structure of PIMNO projected on thebc
plane is shown in Fig. 6. Noticeable is the close spac
between thetBu-NO and imino nitroxide~IN! to form a
uniform chain with the interatomic distance of N•••O
4.588(8) Å between the molecules related by the tran
tion symmetry along theb axis. The magnetic model o
PIMNO can be expressed by the type-II chain in Fig. 2~a! on

to

r-

o-

FIG. 5. Two kinds of dihedral angles in PNNNO skeleton.
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the assumption of the intramolecular ferromagnetic coup
and the antiferromagnetic coupling between thetBu-NO and
IN units.

IV. THEORETICAL TREATMENTS OF THE SPIN
CHAINS OF TYPE I AND II

The Hamiltonian of the type-I Heisenberg chain in F
2~a! is described by

H522JAF(
i

N/2

~S2i 21•S2i 112aS2i 21•S2i !. ~4.1!

The Hamiltonian of the type-II chain in Fig. 2~a! is written as

H522JAF(
i

N/2

~S2i•S2i 112aS2i•S2i 21!, ~4.2!

whereS denotes theS51/2 spin operator andN is the num-
ber of sites, which should be even. We definea5JF /uJAFu.
For these models, we perform exact diagonalizations o
chain with even length up to 14 spins and calculate the s
ceptibility. Numerical studies of the type-II chain at fini
temperatures were reported only fora<8.11 Since PIMNO
corresponds to the type-II chain witha.8, we perform the
calculations fora with wider range. We find that the devia
tion between the susceptibility curves for 14-spin and
spin uniform chains is within 1% forkBT/u2JAFu>0.4.
Therefore, we use the curves for 14 spins atkBT/u2JAFu
>0.4 as an approximation for infinite spins. It is worth me
tioning that, both models of type I and II for the samea
yield indistinguishable curves in the above-temperat
range, in spite of the fact that the ground states of th
models are expected to be different from each other.

FIG. 6. ~a! Crystal structure of PIMNO viewed along thec axis.
P21 , a56.277, b510.495, c513.036 Å, b594.37°, V5849.5
Å 3, Z52. Black and shaded ellipses represent the NO group
tBu-NO and IN units, respectively.~b! Schematic display of the
crystal structure of PIMNO. Black and shaded circles correspon
the tBu-NO and IN units, respectively. Solid and broken lines re
resent the exchange path of the intra- and intermolecular inte
tions, respectively.~c! Disorder of the site of the oxygen atom i
PIMNO. ~see text!
g
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V. MAGNETIC AND THERMODYNAMIC PROPERTIES
OF PIMNO AND PNNNO

The temperature dependences ofxp’s of PIMNO and
PNNNO are shown in Fig. 7, where the values ofxpT are
plotted as a function ofT. We analyze these experiment
results based on the theoretical models described in the
vious section. The susceptibilities of the type-I and -II cha
as a function ofkBT/u2JAFu for variousa at an interval of
one are calculated. Using these, we adjust the value
2JAF /kB in order to fit the observed data. This fitting proc
dure includes at most 1% ambiguity in the estimation of
values ofJAF and JF . This uncertainty is small enough i
comparison to the experimental error. The calculated res
for the parameter set of 2JF /kB5216 K and 2JAF /kB5
212 K reproduces well the experimental results of PIMN
The calculation with 2JF /kB5638 K and 2JAF /kB5214.5
K also satisfactorily fits the experiments of PNNNO. Th
solid curves in Fig. 7 represent the calculations with t
above parameters.

In the low-temperature region,xp’s show broad maxima
at around 3 K in PIMNO and 2 K in PNNNO. Figure 8~a!
shows the temperature dependence of theM /B ratios of
PIMNO under various applied fields. It is obvious that t
linear field dependence is lost below 2.5 K. This behav
corresponds to the spin flop when the material undergoe
antiferromagnetic ordering. The magnetization isotherm
the lowest temperature~0.5 K! exhibits an upturn above 0.2
T, corresponding to the spin flop.@Fig. 8~b!# These behaviors
suggest the antiferromagnetic phase transition occurs a
K.

of

to
-
c-

FIG. 7. ~a! Temperature dependence ofxpT of PIMNO. ~b!
Temperature dependence ofxpT of PNNNO.
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12 928 PRB 60YUKO HOSOKOSHIet al.
The three-dimensional phase transition is furthermore
amined by the heat capacity measurements. Figure~c!
shows the temperature dependence of the heat capaci
PIMNO. The l-shaped peak was observed at 2.5 K. T
also indicates that antiferromagnetic ordering appears at
K. The open circles plotted are the raw data without
subtraction of the lattice contribution, which is small in th
temperature region, on the assumption of the Debye temp
ture of about 90–140 K reported for the organic radical h
ing similar chemical structure.12 The lattice contribution at 3
K is at most 3% and decreases with a function ofT23.
Therefore, the lattice contribution is negligibly small an
does not affect our following discussion.

The magnetic entropy change (DS) obtained by the inte-
gration of C/T with T between 0.7;4.5 K is 7.5

FIG. 8. ~a! Temperature dependence ofM /B of PIMNO mea-
sured under various applied fields.~b! Magnetization isotherm of
PIMNO at 0.5 K below 1.5 T.~c! Temperature dependence of he
capacity of PIMNO plotted as a function ofC/T.
x-

of
s
.5

e

ra-
-

J K21 mol21. Assuming that the lower-temperature ran
below 0.7 K gives the value ofDS.0.2;0.3J K21 mol21

by the simple extrapolation toT→0 based on the spin-wav
model, the total magnetic entropy at 4.5 K is estimated
about 7.8 J K21 mol21. In general, the total magnetic en
tropy (Stot) at T→` for N spins of the spin value ofs ap-
proachesNkB ln(2s11). In the present case, each molecu
includes two S51/2 spins, and Stot should approach
2NAkB ln 2 (511.5 J K21 mol21) at T→`. If we take into
account thatJF is more than ten times larger thanuJAFu in
PIMNO, it is expected that, atkBT<u2JAFu, two S51/2
spins within each molecule are strongly coupled ferrom
netically to form anS51 species. Then, we can expect t
magnetic entropy ofNAkB ln 3 (59.13 J K21 mol21) to-
wardT.u2JAFu/kB . The magnetic entropy of PIMNO at 4.
K is estimated to be about 7.8 J K21 mol21, which corre-
sponds to 85% ofNAkB ln 3. This behavior agrees well with
the expectation of the existence of 1 mol ofS51 species,
which are coupled antiferromagnetically to one another
T<u2JAFu/kB . The slow saturation towardNAkB ln 3 sug-
gests the low-dimensional nature of this material. Therefo
we conclude that PIMNO undergoes an antiferromagn
ordering at 2.5 K.

In the case of PNNNO, an antiferromagnetic ordering
also observed at 1.1 K. The spin flop related to the anti
romagnetic ordering is found in the magnetic measureme
A nonlinear field dependence appears below about 1 K in the
temperature variation of the magnetization with various
plied fields. @Fig. 9~a!# The magnetization isotherm at th
lowest temperature~0.5 K!, which is very similar to that of

FIG. 9. ~a! Temperature dependence ofM /B of PNNNO mea-
sured under various applied fields.~b! Temperature dependence o
heat capacity of PNNNO plotted as a function ofC/T.
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PIMNO, has an anomaly at about 0.12 T, corresponding
the spin flop. The temperature dependence of the heat ca
ity exhibits al-shaped peak at 1.1 K. The entropy gain
within the experimental temperature range (0.7;4.5 K! is
estimated to be 6.0 J K21 mol21. The extrapolation toT
50 addsDS by 0.6;0.7 J K21 mol21 and the total en-
tropy at 4.5 K is estimated to be 6.7 J K21 mol21, which
corresponds to 73% ofNAkB ln 3. This behavior is the evi-
dence of the antiferromagnetic phase transition of PNNNO
1.1 K.

The magnetization isotherms of PIMNO and PNNNO
0.5 K are shown in Fig. 10. The values of the magnetizat
of both compounds increase linearly and reach the satura
moment for parallel-alignedS51 species (2mB mol21),
whereas an ideal one-dimensional compound is expecte
show the field dependence with a concave shape. We
sider that the linear field dependence of each material refl
the influence of the interchain interactions, since the sys
is in the three-dimensional antiferromagnetic ordering in t
temperature region.

From the saturation field (Bsat), we can roughly estimate
the antiferromagnetic exchange couplings. On the assu
tion of the antiferromagnetic uniform chains ofS51, we can
estimate 2J/kB5214.1 and211.4 K from Bsat510.5 and
8.5 T for PIMNO and PNNNO, respectively. For PIMNO
the value ofJ is slightly larger than the one obtained fro
the susceptibility (2JAF5212 K!. The large value reflects
the contribution of interchain antiferromagnetic interactio
On the other hand, for PNNNO, the estimated value
smaller than the one from the susceptibility (2JAF5214.5
K!. The reason is not clear, but the existence of the fe

FIG. 10. ~a! Magnetization isotherm of PIMNO at 0.5 K up t
14 T. ~b! Magnetization isotherm of PNNNO at 0.5 K up to 14 T
to
ac-

at

t
n
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n-
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p-

.
s
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magnetic contribution in the interchain interactions is s
pected.

In the crystals of PIMNO, the oxygen site of the imin
nitroxide unit is disordered; the probability of the occupan
of the O1 and O2 sites are 64.1~6! and 35.8~7! %, respec-
tively. @Fig. 6~c!# We can see the close spacing between
O2 site and thetBu-NO along thea andc directions with the
interatomic distances of about 5 Å . These interchain inter-
actions result in the antiferromagnetic order at 2.5 K. On
other hand, the chains in PNNNO are considerably separa
Between the molecules related by an inversion symmetry,
can notice the short distance of 4.89 Å between the N an
atoms in the tBu-NO’s. Other interatomic distances a
longer than 6 Å . This is the reason for the lowerTN of
PNNNO than the one of PIMNO.

VI. MAGNETIC PROPERTIES OF F 2PNNNO

The temperature dependence ofxp of F2PNNNO takes a
maximum at around 18 K and below this temperature,xp
values go exponentially to zero as the temperature decrea
@Fig. 11~a!# The magnetization isotherm at 0.5 K is shown
Fig. 11~b!. The magnetization saturates with two steps. T
finite magnetization is not observed below 9 T, above wh
it begins to grow. In the field region of 15–25 T, the ma
netization takes half the value of the saturation magnet
tion. Above 25 T, it again increases and reaches a satura
at 29 T. The saturation magnetization value correspond
the parallel alignment of 1 mol ofS51 spins. The two-fold
saturation of the magnetization process in F2PNNNO con-
trasts with the linear increase of the magnetization
PNNNO in spite of the fact that these two compounds ha
the similar structures~described in the preceding section!.

Here, we discuss the magnetization isotherm of the typ
chain shown in Fig. 2~a!. In the extreme limit ofJF→`, the
type-I chain becomesS51 antiferromagnetic uniform chain
Numerical calculations for theS51 antiferromagnetic
chain13 reveal that no plateau appears in the magnetiza
isotherm. In the other limit ofJF→0, the type-I chain is
reduced to the combination ofS51/2 antiferromagnetic uni-
form chain and isolatedS51/2 spins. TheS51/2 antiferro-
magnetic uniform chain is Bethe-anzatz soluble and
ground state was exactly elucidated. Thus, in this limit
plateau also appears. Since the type-I chain exhibits no
teau in these two extreme limits, it is reasonable to refer t
the type-I chain with an intermediate value ofJF is also
expected to have no plateau in the magnetization proc
from the interpolation of two extreme. The observed plate
in F2PNNNO must come from the existence of intercha
interactions. In fact, the crystal structure suggests the e
tence of interchain interactions.

For the description of the magnetization isotherm
F2PNNNO, we define the critical fields ofBc0, Bc1, Bc2,
andBsat. @Fig. 11~c!# The magnetization is zero belowBc0,
and the beginning and the end of the plateau is represe
by Bc1 and Bc2, respectively.Bsat is the saturation field
where the magnetization reaches the full saturation magn
zation.

The minimum size of the spin system that yields a plate
in the magnetization isotherm is a 4-spin system ofS51/2.
The magnetic model of F2PNNNO shown in Fig. 2~b! has
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two kinds of antiferromagnetic exchange couplings ofJAF

and JAF8 as intra- and interchain exchange couplings. T
interatomic distances suggest thatJAF8 is larger thanJAF .
Therefore, as a starting point for the understanding, we p

FIG. 11. ~a! Temperature dependence ofxp of F2PNNNO.
Solid curve represents the data after the subtraction of the C
impurity, which corresponds to 12 mmol ofS51/2 species~broken
curve!. ~b! Magnetization isotherm of F2PNNNO at 0.5 K. Open
circles represent the calculated results based on the Hamilto
~6.3! with d50.8, j 5211, and 2JkB

5237 K, which corresponds
to 2JF /kB5407 K, 2JAF8 /kB5267 K, and 2JAF /kB527.4 K in
Fig. 2~b!. ~c! Definition of the critical fields and schematic illustra
tion of the magnetization with a plateau of half the value of t
saturation magnetization.~d! Schematic display of the magnetiza
tion expected for the isolated 4-spin model shown in Fig. 2~c! at
T50.
e

k

up a 4-spin system shown inS51/2 @Fig. 2~c!# to examine
JAF8 . The 4-spin model of Fig. 2~c! shows a two-step satura
tion process with a plateau of half the value of the saturat
magnetization.@Fig. 11~d!# In the extreme limit ofJF→`,
the system is identical to an isolated dimer model ofS51,
and the following relation is retained atT50: Bc0/Bsat
50.5. ForJF→0, Bc0 becomes zero. In the case of 0,JF
,`, the magnetization process with two-step saturation
expected. AtT50, Bc05Bc1, and Bc25Bsat, the critical
fields can be written as a function ofx5uJF /JAF8 u,

Bc0(T50) /u2JAF8 u5@~112x14x2!1/22x2~11x2!1/2#/2
~6.1!

Bsat(T50) /u2JAF8 u5@12x1~11x2!1/2#/2. ~6.2!

Since our experiment was done at 0.5 K, the critical fields
Bc0 (5Bc1) andBsat (5Bc2) in F2PNNNO are approximated
to the fields that give the magnetization values ofM sat/4 and
3M sat/4, respectively. In this case,Bc0/Bsat512.5/27.7
.0.451Þ0.5. Then we can obtain the exchange couplings
2JAF8 /kB5271.2 K and 2JF /kB5790 K. However, the value
of 2JF /kB5790 K is too large to explain the temperatu
dependence ofxpT above 100 K~Fig. 12!. As T decreases,
the value ofxpT of F2PNNNO increases starting from th
value of 0.88 emu K mol21 for 320 K and reaches a max
mum at around 150 K. Below this temperatur
xpT decreases. ThexpT behavior above 100 K is mainly
governed by the magnitude ofJF . In the case of 2JF /kB
5790 K, the room temperature value ofxpT should be
about 1 emu K mol21, which corresponds to the formatio
of 1 mol of S51 species. The 4-spin model with 2JF /kB

5790 K and 2JAF8 /kB5271.2 K cannot reproduce th
xpT versusT behavior. This disagreement comes from t
elimination of the antiferromagnetic contributionJAF in the
system of F2PNNNO in the isolated 4-spin cluster mode
We must takeJAF into consideration to explain the observe
magnetic properties. The analysis of the two-dimensional
tice shown in Fig. 2~b! is desired. However, the exact trea

rie

an

FIG. 12. Temperature dependence ofxpT of F2PNNNO. Solid
curve is the calculation based on the Hamiltonian~6.3! with d
50.8, j 5211, and 2J/kB5237 K, which corresponds to
2JF /kB5407 K, 2JAF8 /kB5267 K, and 2JAF /kB527.4 K in Fig.
2~b!. Broken curve is the calculation ford50.8, j 5215, and
2J/kB5237.5 K, which corresponds to 2JF /kB5562.5 K,
2JAF8 /kB5267.5 K, and 2JAF /kB527.5 K in Fig. 2~b!. Dot bro-
ken curve is the calculation for an isolated 4-spin model shown
Fig. 2~c! with 2JF /kB5790 K and 2JAF8 /kB5271.2 K.
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ment of the model with infinite size is difficult. Then w
make an approximation by an infinite system with takingJAF
into account as much as possible.

In the extreme limit ofJF→`, the model of Fig. 2~b! is
reduced to a honeycomb lattice ofS51. @Fig. 2~d!# In the
case ofJAF!JAF8 , the model can be approximated by a clu
ter inside the loop shown in Fig. 2~d!. This cluster is an
alternating chain ofS51. Note that all theJAF8 is correctly
taken into account. The half of theJAF is also taken into
consideration. The system is still infinite in one direction
least. The numerical study of the magnetization ofS51 an-
tiferromagnetic alternating chain for various alternating ra
has already been reported. The calculated magnetization
cess indicates the plateau at the half value of the satura
magnetization.14 Recently, experimental study of this syste
was done and a plateau was observed.15 The values of the
critical fields are listed in Table VI of Ref. 14 for variousd,
whereJAF /JAF8 5(12d)/(11d). From Fig. 11~b!, the criti-
cal fields of F2PNNNO are estimated to beBc059.5 T,
Bc1515.4 T,Bc2525.8 T,Bsat529.0 T. The comparison o
these data to the ones listed in Table VI~a! in Ref. 14, gives
the approximate value ofd to be 0.8.

Next, we perform the numerical calculation of the ma
netization for F2PNNNO. We consider a cluster inside th
loop shown in Fig. 2~b!. The Heisenberg Hamiltonian for th
model is written as follows:

H522J(
i

N/4

@2 j ~S4i 23•S4i 221S4i 21•S4i !

1~12d!S4i 22•S4i 211~11d!S4i•S4i 11#, ~6.3!

whereSdenote theS51/2 spin operator andN is the number
of sites so thatN/4 is an integer. We defineJ,0 and j ,d
.0. Thus the parameters in Fig. 2~b! are represented byJF

5 jJ, JAF5(12d)J, JAF8 5(11d)J. This Hamiltonian was
recently studied and ground-state phase diagram
reported.16,17

For the estimation of the magnetization process atT50,
we calculate the lowest energy of the subspaceS jSj

z under
the periodic conditions for length up toN524 by the Lanc-
zos method and extrapolate the finite size data to the ther
dynamic limit using the method introduced by Sakai a
Takahashi.13 That is, Shanks’ transformation for the estim
tion of Bc0, Bc1, andBc2, and finite size behavior predicte
by the conformal field theory for the saturation process
employed.18

For the calculation of the temperature dependence of
susceptibilities, we perform exact diagonalization of a ch
by the Householder method with increasing length up to
spins. Since differences between the susceptibility curves
12 spins and the ones for 8 spins are indistinguishable wi
the accuracy of 1% whenkBT/uJu>0.23, we use the curve
for 12 spins as an approximation of the thermodynamic li
(N→`).

We estimated the magnetic couplings to reproduce w
both susceptibility and magnetization consistently, and
tained the parameter set ofd50.8, j 5211, and 2J/kB5
237 K, i.e., 2JF /kB5407 K, 2JAF8 /kB5267 K, and
2JAF /kB527.4 K. The observed results are compared w
the calculation in Fig. 11~b!. The magnetization isotherm
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itself can be slightly better reproduced with the parame
set: d50.8, j 5215, and 2J/kB5237.5 K, i.e., 2JF /kB
5562.5 K, 2JAF8 /kB5267.5 K, and 2JAF /kB527.5 K.
However, j 5215 is too large to explain the temperatu
dependence ofxpT above 150 K.~Fig. 12! The solid curve
in Fig. 12 represents the calculation base on the Hamilton
~6.3!. For the correction of the diamagnetic susceptibility, w
use Pascal’s law. The ambiguity of the diamagnetic corr
tion can affect the slope of the temperature depende
above 150 K, but does not change the maximum value
xpT. For the estimation ofJF , it is reliable to use the high-
temperature data, since at low temperature such as 0.5 K
behavior is influenced by other small interactions. Moreov
JF is expected to be almost independent on the tempera
because it is the exchange coupling within a molecule. T
influence of the thermal expansion on the intramolecular
teraction is expected to be small. Therefore, we think that
value of 2JF /kB5407 K is reliable and conclude the inte
molecular interactions are 2JAF8 /kB5267 K, and 2JAF /kB

527.4 K.
The observed saturation processes~in the field region of

9;15 T for the first saturation and of 25;27 T for the
second one! in Fig. 11 exhibit almost linear field depen
dence, whereas the calculation indicates the increase o
magnetization with the shape of inverse-S-type. The reason
for the difference in the experiments and calculation is
feature problem. The linear field dependence is probably
flecting the two-dimensionality of F2PNNNO. F2PNNNO is
a rare example having an energy gap and a plateau in
magnetization process among spin systems with dimens
higher than one.

VII. SUMMARY

Three related organic biradicals PNNNO, F2PNNNO, and
PIMNO were synthesized and the magnetic properties
examined by susceptibility and magnetization measurem
down to 0.5 K and up to 34 T. The numerical calculatio
are also done considering the crystal structures. Each bir
cal involves two spins ofS51/2, which couple ferromagneti
cally. These spin pairs couple antiferromagnetically in t
crystal. PNNNO and PIMNO are well understood by on
dimensional antiferromagnetic chain models of ferroma
netic spin pairs. Both compounds undergo Ne´el orders at 1.1
and 2.5 K, respectively, due to weak interchain interactio
The heat capacity measurements of both compounds re
the three-dimensional nature of these transitions. On
other hand, F2PNNNO has two kinds of antiferromagnet
interactions and forms a two-dimensional system. The m
netism of F2PNNNO is characterized by the singlet groun
state and a plateau in the magnetization isotherm. Th
properties are quite rare among higher-dimensional spin
tems than one-dimensional ones. Our theoretical calcula
using an one-dimensional approximation gives a qual
tively good explanation for the observed results.
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