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Magnetic properties of low-dimensional quantum spin systems made of stable organic biradicals
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Stable organic biradical crystals PNNNGQ,ANNNO, and PIMNO of the PNNNO family were synthesized.
{PNNNO=2-[4’- (N-tert-butyl-N-oxyamino)phenyl]-4,4,5,5-tetramethyl-4,5-dihydrétlimidazo} 1 - oxyl
3-oxide, BPNNNO=2-[2',6',-difluoro—4'-(N-tert-butyl-N-oxyamino) phenyl 4,4,5,5-tetramethyl-4,
5-dihydro-1H-imidazot1-oxyl  3-oxide, PIMNG=2-[4'—(N-tert-butyl-N-oxyamino)-pheny-4,4,5,
5-tetramethyl-4,5-dihydro--imidazot 1-oxyl.} PNNNO and PIMNO crystallize to form quasi-one-
dimensional lattices, but,PNNNO 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 consis#rdLf spin pairgdimerg
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,;FNNNO 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.[S0163-182609)00342-2

. INTRODUCTION coupling/  where ~ PNNNG=2-[4’-(N-tert-butyl-N-
_ oxyamino)phenyl-4, 4, 5, 5-tetramethyl-4,5-dihydroH-
The study of quantum spin systems has attracted mucimnidazol1-oxyl 3-oxide. We synthesize two related biradi-
attention for several decades. According to Haldane’s concals of b, PNNNO and PIMNO and observe the change of
jecture in 1983, different ground states are expected for ththe magnitude of the intramolecular exchange couplings,
antiferromagnetic chain systems of integer and half-oddyhere EPNNNO=2-[2’,6',-difluoro-4"-(N-tert-butyl-N-
integer Spin§. EXperimental Study on th€=1/2 andS=1 Oxyamino) phenﬁ|-4, 4,5, 5-tetramethy|-4, 5-dihydro.H_-
system have been reported for several compounds 6f Cu imidazot1-oxyl 3-oxide, and PIMNG-2{4-(N-tert-
and NF*, respectively, and the existence of an energy gap imbutyl-N-oxyamindphenyl-4,4,5,5-tetramethyl-4,5-dihydro-
theS=1 antiferromagnetic chain system was confirmed for & H-imidazol-1-oxy!®° The molecular structures of these bi-
Ni?* compound[ NENP=Ni(C,HgN,),NO,(CIO,)].* The  radicals are shown in Fig. 1.
intermediate states between t8e1/2 andS=1 antiferro- The characteristics of the PNNNO family are excellent
magnetic chains are now an attractive problem. Thestability and crystallinity, tuning of the intramolecular ferro-
theoretical and experimentat® studies on thé&=1/2 ferro-  magnetic exchange coupling by the chemical modification,
magnetic and antiferromagnetic alternating chain have beeand the existence of the weak intermolecular antiferromag-
reported. The reported compounds are Cu compduratsd ~ netic interactions in addition to the large intramolecuar inter-
an organic monoradicdlin these compounds, the ratio of actions in the crystals. _ .
the exchange Coup|ing_,:‘]F/|JAF| is at most about tWO, The PNNNO fam"y includes tw&=1/2 spins, which a.re
whereJr andJ e represent ferro- and antiferromagnetic ex- mainly distributed on the NO groups marked by the ellipses
change couplings, respectively. in Fig. 1. The ellipses correspond to the molecular orbital of

In this article, we report on the magnetic properties of theUnpaired electrons, i.e.,- a singly occupied molecular orbital
antiferromagnetic lattice o§=1/2 spin pairs in which the (SOMO). An S=1/2 spin mainly concentrates on an NO
two spins are strongly coupled ferromagnetically. We de-
signed stable organic biradicals, in which t8e 1/2 spins B Fign
coupled ferromagnetically withB:/kg=216— 638 K. By at- W N Pt
tributing the ferro- and antiferromagnetic exchange cou- E :é :é
plings to the intra- and intermolecular ones, we have success- o/ 0/ F O
fully obtained the spin systems with a large(=6, 18, 44.

We have recently found that an organic biradical of FIG. 1. Molecular structures of the compounds studied here.
PNNNO has a large intramolecular ferromagnetic exchangegllipses represent a molecular orbital of unpaired electrons.

PNNNO PIMNO F;PNNNO.
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NO groups within ellipses of a broken curve. Hereafter, we — 1ype.r Q- Q- AEQ - O Qe O
distinguish these radical units in PNNNO angPRINNO as

tBu-NO (corresponding td\-tert-butyl nitroxide and NN g

(corresponding to nitronyl nitroxidaunits, respectively. The Type-ll O~ A0~ O-O-O-O
two NO groups in the NN skeleton are equivalent to each

other. The removal of the oxygen atom of the NN unit in () P S
PNNNO yields PIMNO. We call the radical unit of the bro- . 8
ken ellipses in PIMNO as INcorresponding to imino nitrox- === 8 O A O

group within an ellipse of a solid curve, and the other on the (a) 8 8 8
. JAF
g g

o
T~
]
~—

ide) unit.

The sign of the intramolecular exchange coupling be-
tween two radical units is understood by the spin polarization 8
effect. The bonding scheme of the two radical units in the ) 8 """
PNNNO family brings about a ferromagnetic exchange cou-
pling between théBu-NO and NN(IN) units. =

The intermolecular exchange interaction in organic crys- ... - g ......
tals is governed by the overlap between the molecular orbit- g
als. Especially the antiferromagnetic exchange couplings are
brought about by the overlap between SOM&'#\s men- g
tioned above, the SOMO of the PNNNO family is distributed = - 8 """
mainly on the NO groups. Therefore, intermolecular antifer- g
romagnetic interactions are expected for the contacts be- I
tween the NO groups. We must mention that the nitrogen
and oxygen atoms in the NO groups have partially positive (@ £
and negative charges, respectively. In the neutral organic O

molecular crystals, the crystal structures are always domi- =7 O

i

nated by the electrostatic energies. The close spacing be-
tween the NO groups is preferable in the electrostatic as-
pects, and such contacts are sometimes observed in the NN

=

derivativest’ O O O
Therefore, the PNNNO family is an attractive magnetic
system with ferro- and antiferromagnetic interactions. The O O O
magnetic properties of PNNNO,PNNNO, and PIMNO are -, O S R e S\ O --------------
investigated and discussed on the basis of the crystal struc- . Y

tures. The crystal structures of PNNNO angPRNNO are

similar to each other: both include uniform chains con- O
structed by the contacts between the NN units. For biradi- ™
cals, two types of uniform chain structures are possible,

which are shown in Fig. 2. PNNNO ang™NNNO involve

the chain of type | and PIMNO includes the one of type Il. In  FIG. 2. Schematic illustration of the magnetic interaction net-
the extreme limit ofJc— o, both models become equivalent works studied in this work(a) Two types of uniform chains with

to the antiferromagnetic uniform chain 8f= 1. However, in  intramolecular ferromagnetic coupling@Jg) and intrachain antifer-
the limit of J=—0, type | and Il become the antiferromag- romagnetic coupling (2xr). Type I: the model of PNNNO, Type
netic uniform chain oS=1/2 and isolated dimer model, re- !l: the model of PIMNO.(b) Type-I chain with interchain antifer-
spectively. For type I, the numerical calculation has alreadyomagnetic interactionslgg). The magnetic model forJPNNNO.
been reported for the case M/|JAF|$8-11 We perform the (c) Isolated 4-spin model Wlt|S= 1/2. The t_axtreme limit of the
numerical calculations for both models with the wider range™0de! (b) whenJ,e—0. (d) Antiferromagnetic honeycomb lattice

of Je/|Jae| to analyze our experimental results. Among theWith S=1. The extreme limit of the modeb) when Jg—c.

three compounds, only,PNNNO has an energy gap above (i, \hich are confirmed by the heat capacity measure-
the singlet ground state. The temperature dependence of the, s
paramagnetic susceptibilitieg) decreases exponentially to

zero asT—0. The characteristic of JPNNNO is seen in the
high-field magnetization. The high-field magnetization pro-

cess shows a two-step saturation of which intermediate pla- The materials PNNNO, JPNNNO, and PIMNO are syn-
teau corresponding to the half value of the saturation magthesized by following the method described in the
netization. Our theoretical treatments reveal that thditerature$® and purified by the recrystallization from con-
interchain interactions play an important role on the appeareentrated solutions.

ance of the plateau. This is a rare example of the observation Static magnetic susceptibilities were measured using a
of the plateau in a magnetization curve in a two-dimensionagjuantum design MPMS 5S superconducting quantum inter-
system. The other two compounds undergo antiferromagierence device magnetometer in the temperature range of
netic phase transitions due to the weak interchain interact.8—350 K for the randomly oriented crystals. The magneti-

o

Y )

IIl. EXPERIMENT
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FIG. 5. Two kinds of dihedral angles in PNNNO skeleton.

_ _ cases, noticeable is the uniform chain along bhexis. The
FIG. 3. (a) Crystal _structure of PNNNO viewed along th@xis.  ¢|gse spacing between the NN units is commonly observed.
Black a}nd shaded.elllpses represents the NO groupBweNO and The PNNNO molecules related by the twofold screw sym-
NN units, respectivelyP2,/n, a=6.155,b=11.356,c=24.995 i\ have the contacts with the interatomic distances of

A, B=96.48°,v=1735.8 A3, Z=4.(b) Schematic display of the .
crystal structure of PNNNO. Black and shaded circles correspond té"'988 and 5.230 A between the nitrogen and oxygen atoms.

the tBu-NO and NN units, respectively. Solid and broken lines The R,PNNNO molecules related by theglide reflection

represent the exchange path of the intra- and intermolecular intefYMMetry have the contact with the interatomic distance of
actions, respectively. 4.9816) A between the oxygen atoms.

In contrast with the similar chain structures, molecular
zation processes for microcrystalline samples down to 0.5 Kacking between chains are different from each other. The
were measured using #e cryostat in static fields up to 17 packing between the molecules connected by an inversion
T produced by a superconducting magnet with a samplesymmetry is different. In the crystals o5FNNNO, notice-
extraction method or in pulsed magnetic fields up to 40 T ofable is the short conta¢B.8788) A] between the oxygen
a duration time of about 10 ms produced by a wire-woundatoms of theBu-NO’s related by an inversion symmetry. On
pulse magnet. The specific heat was measured by the therm@le other hand, theBu-NO’s of the PNNNO molecule are
relaxation technique in &He cryostat in the temperature separated with the distance of 4.896 A between the nitro-

region between 0.7 and 4.5 K. gen and oxygen atoms.
The different interchain molecular arrangements are re-
IIl. CRYSTAL STRUCTURES lated to the difference in the molecular structures. There is

noticeable difference in the dihedral angles between the ben-
A. PNNNO and F,PNNNO zene ring and radical planes. We defiég and 6, as the
The crystals of PNNNO belong to the monoclinic system,dihedral angles between the benzene ring and the NN plane
space groupP2;/n, with a=6.1552), b=11.35§2), ¢ or tBu-NO plane, respectivelyFig. 5. The molecule of
=24.995(6) A, B=96.482)°, V=1735.8(7) A3, andZ F,PNNNO has larged, (53.8°) and smallg, (2.2°),
=4. The crystal system of J”NNNO is the orthorhombic whereas the one of PNNNO takes 25° and 22°, respectively.
system, space groupPbca with a=19.8074), b  The origin of the larged, in F,PNNNO is explained by the
=13.98%4), c=13.456(3) Av=3727(2) A3 andz=8. electrostatic repulsion between the oxygen atom of the NN
The crystal structures of PNNNO angPNNNO are com- unit and the fluorine atom of the benzene ring. Noticeable is
pared in Figs. &) and 3b) and Figs. 4a) and 4b). In both  the strong relationship between the sm&ll and the short
contact oftBu-NO’s in F,PNNNO.
@ ® The magnetic model of PNNNO is represented by the

type-I chain in Fig. 2a) by the consideration of the intramo-
lecular ferromagnetic coupling and the antiferromagnetic
.0  oe coupling between the NN units along theaxis. In the case
- of F,PNNNO, the interchain interactions produced by the
et e contact oftBu-NO’s yield the two-dimensional model shown
o in Fig 2(b).
-—-© o~
e B. PIMNO

The crystals of PIMNO belong to the monoclinic system,
space groupP2;, with a=6.2252), b=10.49493), c

FIG. 4. (a) Crystal structure of FPNNNO projected on thab =13.029(2) A, p=94.372)°, V=848'7(3.) A% and Z
plane. Pbca a=19.857, b=14.010, c=13.481 A, V =2. The crystal_stru.cture of EIMNO prOJected on the .
=3750.5 A3 z=8. Black and shaded ellipses represent the NOPlane is shown in Fig. 6. Noticeable is the close spacing
groups oftBu-NO and NN units, respectivelyb) Schematic dis- between thetBu-NO and imino nitroxide(IN) to form a
play of the crystal structure of,PNNNO. Black and shaded circles Uniform chain with the interatomic distance of-NO
correspond to théBu-NO and NN units, respectively. Solid and 4.588(8) A between the molecules related by the transla-
broken lines represent the exchange path of the intra- and intermdion symmetry along théy axis. The magnetic model of
lecular interactions, respectively. PIMNO can be expressed by the type-II chain in Fig) »n
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FIG. 6. (a) Crystal structure of PIMNO viewed along teeaxis. 1.0 e
P2,, a=6.277, b=10.495, c=13.036 A, 3=94.37°, V=849.5 O PNNNO |
A3 z=2. Black and shaded ellipses represent the NO groups of r m——— ]
tBu-NO and IN units, respectivelyb) Schematic display of the -;;095— o .
crystal structure of PIMNO. Black and shaded circles correspond to g L
thetBu-NO and IN units, respectively. Solid and broken lines rep- f [ ]
resent the exchange path of the intra- and intermolecular interac- £0.90 =
tions, respectively(c) Disorder of the site of the oxygen atom in SO ]
PIMNO. (see text = r ]

0.85 N 7
the assumption of the intramolecular ferromagnetic coupling r ]
and the antiferromagnetic coupling betweentBa-NO and 0,80l L ]

IN units.
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FIG. 7. (8 Temperature dependence gfT of PIMNO. (b)

IV. THEORETICAL TREATMENTS OF THE SPIN Temperature dependence gfT of PNNNO.

CHAINS OF TYPE | AND I

The Hamiltonian of the type-I Heisenberg chain in Fig. V- MAGNETIC AND THERMODYNAMIC PROPERTIES
2(a) is described by OF PIMNO AND PNNNO

The temperature dependences yfs of PIMNO and
PNNNO are shown in Fig. 7, where the valuesxgfl are
plotted as a function off. We analyze these experimental
results based on the theoretical models described in the pre-
vious section. The susceptibilities of the type-I and -Il chains
as a function okgT/|2J4¢ for variousa at an interval of
one are calculated. Using these, we adjust the value of
2Jae/kg in order to fit the observed data. This fitting proce-
dure includes at most 1% ambiguity in the estimation of the
values ofJ,e and Jg. This uncertainty is small enough in
comparison to the experimental error. The calculated results
for the parameter set of 2/kg=216 K and Jag/kg=
whereS denotes th&s=1/2 spin operator anbl is the num-  —12 K reproduces well the experimental results of PIMNO.
ber of sites, which should be even. We define Jz/|Jar|.  The calculation with 2r/kg=638 K and D pr/kg=—14.5
For these models, we perform exact diagonalizations of & also satisfactorily fits the experiments of PNNNO. The
chain with even length up to 14 spins and calculate the sussolid curves in Fig. 7 represent the calculations with the
ceptibility. Numerical studies of the type-Il chain at finite above parameters.
temperatures were reported only fo<8.!! Since PIMNO In the low-temperature regiory,'s show broad maxima
corresponds to the type-Il chain with>8, we perform the at aroumd 3 K in PIMNO ard 2 K in PNNNO. Figure 8)
calculations fora: with wider range. We find that the devia- shows the temperature dependence of MhEB ratios of
tion between the susceptibility curves for 14-spin and 12PIMNO under various applied fields. It is obvious that the
spin uniform chains is within 1% fokgT/|2Jae/=0.4. linear field dependence is lost below 2.5 K. This behavior
Therefore, we use the curves for 14 spinskal/|2Jag| corresponds to the spin flop when the material undergoes an
=0.4 as an approximation for infinite spins. It is worth men- antiferromagnetic ordering. The magnetization isotherm at
tioning that, both models of type | and Il for the same the lowest temperatur@®.5 K) exhibits an upturn above 0.2
yield indistinguishable curves in the above-temperaturel, corresponding to the spin flog=ig. 8b)] These behaviors
range, in spite of the fact that the ground states of thessuggest the antiferromagnetic phase transition occurs at 2.5
models are expected to be different from each other. K.

N/2

H=—2JAFZi (Shi-1-Soiv1—aSy-1-Sy). (4D

The Hamiltonian of the type-Il chain in Fig(& is written as

N/2

H==23p2 (Su-Soi1=0SeSoi0), (42
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6:'@; T l T sured under various applied fields) Temperature dependence of
. A\ B heat capacity of PNNNO plotted as a function@fT.
5 PIMNO 1
—'"g 45_ E JK ! mol 1. Assuming that the lower-temperature range
VR ] below 0.7 K gives the value cS=0.2~0.3J K1 mol™?*
=t ] by the simple extrapolation t6— 0 based on the spin-wave
S 2F ] model, the total magnetic entropy at 4.5 K is estimated at
- ] about 7.8 JK! mol™ 1. In general, the total magnetic en-
1 E tropy (S, at T—oo for N spins of the spin value o ap-
E ‘ ’ ' | 1 proachesNkg In(2s+1). In the present case, each molecule
. S T R 4 5 includes two S=1/2 spins, andS,; should approach

T(K) 2NpkgIn2 (=11.5 JK'! mol 1) atT—. If we take into

FIG. 8. (@ Temperature dependence Mif/B of PIMNO mea- account thatle is more than ten times larger thadug| in

sured under various applied fieldd) Magnetization isotherm of PIMNO, it is expected that, akgT<|2Jxe|, two S=1/2

PIMNO at 0.5 K below 1.5 T(c) Temperature dependence of heat spiljs within each molecule a,re strongly coupled ferromag-
capacity of PIMNO plotted as a function G¥/T. netically to form anS=1 species. Then, we can expect the

magnetic entropy oNpkgIn3 (=9.13 JK! mol™?) to-
ward T=|2J,¢|/kg . The magnetic entropy of PIMNO at 4.5
The three-dimensional phase transition is furthermore exK is estimated to be about 7.8 JK mol™ %, which corre-
amined by the heat capacity measurements. Figym 8 sponds to 85% oN,kgIn 3. This behavior agrees well with
shows the temperature dependence of the heat capacity thfe expectation of the existence of 1 mol 1 species,
PIMNO. The \-shaped peak was observed at 2.5 K. Thiswhich are coupled antiferromagnetically to one another at
also indicates that antiferromagnetic ordering appears at 25<|2J,¢|/kg. The slow saturation towartl,kgIn 3 sug-
K. The open circles plotted are the raw data without thegests the low-dimensional nature of this material. Therefore,
subtraction of the lattice contribution, which is small in this we conclude that PIMNO undergoes an antiferromagnetic
temperature region, on the assumption of the Debye temperardering at 2.5 K.
ture of about 90-140 K reported for the organic radical hav- In the case of PNNNO, an antiferromagnetic ordering is
ing similar chemical structur¥. The lattice contribution at 3 also observed at 1.1 K. The spin flop related to the antifer-
K is at most 3% and decreases with a function Tof2. romagnetic ordering is found in the magnetic measurements.
Therefore, the lattice contribution is negligibly small and A nonlinear field dependence appears below atid in the
does not affect our following discussion. temperature variation of the magnetization with various ap-
The magnetic entropy changA $) obtained by the inte- plied fields.[Fig. %a)] The magnetization isotherm at the
gration of C/T with T between 0.74.5 K is 7.5 lowest temperatur€d.5 K), which is very similar to that of
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AL B R S magnetic contribution in the interchain interactions is sus-
pected.

In the crystals of PIMNO, the oxygen site of the imino
nitroxide unit is disordered; the probability of the occupancy
of the O1 and O2 sites are 6461 and 35.87) %, respec-
tively. [Fig. 6(c)] We can see the close spacing between the
02 site and théBu-NO along thea andc directions with the
interatomic distances of abb& A . These interchain inter-
actions result in the antiferromagnetic order at 2.5 K. On the
i other hand, the chains in PNNNO are considerably separated.
. A B R B Between the molecules related by an inversion symmetry, we
2 bppy® 10 12 can notice the short distance of 4.89 A between the N and O

atoms in thetBu-NO’s. Other interatomic distances are
200 by | —— longer tham 6 A . This is the reason for the loweFy of
r ] PNNNO than the one of PIMNO.

2.05(;‘)‘ !
- PIMNO
T=05K

—_
w
T

B

M (u_/mol)

05"

—_
~

- PNNNO
T=0.5K VI. MAGNETIC PROPERTIES OF F ,PNNNO

._.
[o)
i
1

B
T

The temperature dependencexgf of F,PNNNO takes a
maximum at around 18 K and below this temperatuyg,
values go exponentially to zero as the temperature decreases.
r 1 [Fig. 11(a)] The magnetization isotherm at 0.5 K is shown in

| | | | ] Fig. 11(b). The magnetization saturates with two steps. The
2T 6 8 10 1z 14 finite magnetization is not observed below 9 T, above which
M it begins to grow. In the field region of 15-25 T, the mag-

FIG. 10. (a) Magnetization isotherm of PIMNO at 0.5 K up to neétization takes half the value of the saturation magnetiza-
14 T. (b) Magnetization isotherm of PNNNO at 0.5 K up to 14 T. tion. Above 25 T, it again increases and reaches a saturation
at 29 T. The saturation magnetization value corresponds to
the parallel alignment of 1 mol d=1 spins. The two-fold

. saturation of the magnetization process y#PNNNO con-
PIMNO, has an anomaly at about 0.12 T, corresponding {9 ,qts with the linear increase of the magnetization of

fche Spin ﬂOP' The temperature dependence of the heat ?apaﬁNNNO in spite of the fact that these two compounds have
ity exhibits a\-shaped peak at 1.1 K. The entropy gainedyne similar structuregdescribed in the preceding section
within the experimental temperature range (045 K) is Here, we discuss the magnetization isotherm of the type-I
estimated to be 6.0 J¥ mol L. The eXtrapOIation tor chain shown in F|g @) In the extreme limit oﬂF_>oo, the
=0 addsAS by 0.6~0.7 JK'* mol™* and the total en- type-I chain becomeS=1 antiferromagnetic uniform chain.
tropy at 4.5 K is estimated to be 6.7 JK mol™, which  Numerical calculations for theS=1 antiferromagnetic
corresponds to 73% dfizkg In 3. This behavior is the evi- chain'® reveal that no plateau appears in the magnetization
dence of the antiferromagnetic phase transition of PNNNO aisotherm. In the other limit oflr—0, the type-I chain is
1.1 K. reduced to the combination &= 1/2 antiferromagnetic uni-
The magnetization isotherms of PIMNO and PNNNO atform chain and isolate®=1/2 spins. TheS=1/2 antiferro-
0.5 K are shown in Fig. 10. The values of the magnetizatiormagnetic uniform chain is Bethe-anzatz soluble and the
of both compounds increase linearly and reach the saturatioground state was exactly elucidated. Thus, in this limit no
moment for parallel-aligne®=1 species (2ug mol™ 1), plateau also appears. Since the type-I chain exhibits no pla-
whereas an ideal one-dimensional compound is expected teau in these two extreme limits, it is reasonable to refer that
show the field dependence with a concave shape. We cotthe type-lI chain with an intermediate value & is also
sider that the linear field dependence of each material reflecexpected to have no plateau in the magnetization process
the influence of the interchain interactions, since the systerfrom the interpolation of two extreme. The observed plateau
is in the three-dimensional antiferromagnetic ordering in thisn F,PNNNO must come from the existence of interchain
temperature region. interactions. In fact, the crystal structure suggests the exis-
From the saturation fieldBg,), we can roughly estimate tence of interchain interactions.
the antiferromagnetic exchange couplings. On the assump- For the description of the magnetization isotherm of
tion of the antiferromagnetic uniform chains®f 1, we can F,PNNNO, we define the critical fields d.y, B¢y, Beo,
estimate d/kg=—14.1 and—11.4 K from Bg,=10.5 and andBg,. [Fig. 11(c)] The magnetization is zero beloB,,
8.5 T for PIMNO and PNNNO, respectively. For PIMNO, and the beginning and the end of the plateau is represented
the value ofJ is slightly larger than the one obtained from by B.; and B.,, respectively.B,; is the saturation field
the susceptibility (5= —12 K). The large value reflects where the magnetization reaches the full saturation magneti-
the contribution of interchain antiferromagnetic interactions.zation.
On the other hand, for PNNNO, the estimated value is The minimum size of the spin system that yields a plateau
smaller than the one from the susceptibilityJi@=—14.5 in the magnetization isotherm is a 4-spin systentefl/2.
K). The reason is not clear, but the existence of the ferroThe magnetic model of JPNNNO shown in Fig. () has

M (u_/mol)
5
T
|

o

o .
R
|
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22 FIG. 12. Temperature dependencexgl of F,PNNNO. Solid
20k curve is the calculation based on the Hamiltoni@?3) with &
C =0.8, j=—11, and 2/kg=-37 K, which corresponds to
= 2Jr/kg=407 K, 2J,/kg=—67 K, and 2, /kg=—7.4 K in Fig.
Em 2(b). Broken curve is the calculation fof=0.8, j=—15, and
2 2J/kg=—37.5 K, which corresponds to J2/kg=562.5 K,
= 2J)/kg=—67.5 K, and r/kg=—7.5 K in Fig. 2b). Dot bro-
C g ] ken curve is the calculation for an isolated 4-spin model shown in
0500 . ] Fig. 2(c) with 2J-/kg=790 K and D/kg=—71.2 K.
0.0 sl'?'(})'zo up a 4-spin system shown = 1/2 [Fig. 2(c)] to examine
JAr - The 4-spin model of Fig.(2) shows a two-step satura-
© tion process with a plateau of half the value of the saturation
magnetization[Fig. 11(d)] In the extreme limit ofJz— o,
N — the system is identical to an isolated dimer modeBef1,
| and the following relation is retained &t=0: By/Bgy
=0.5. ForJ—0, B, becomes zero. In the case o&kQ¢
Mo | <, the magnetization process with two-step saturation is
2 /! expected. AtT=0, B.,=B.;, and B.,=B,, the critical
/ fields can be written as a function ®f=|J/J g,
/o ;
Bo  Bu By B Beorr=0)/ |23 el =[ (14 2%+ 4x%) V2= x— (1+x*)12]/2
@ (6.1
e —— - Bsair=0)/[23ael =[1=x+(1+x)*?]/2. (6.2
Since our experiment was done at 0.5 K, the critical fields of
" B.o (=B¢1) andBg,; (=B in F,PNNNO are approximated
Tsa‘ ----------------- : to the fields that give the magnetization valuedvhf,{4 and
: 3Mg,f4, respectively. In this caseB.y/Bg,=12.5/27.7
=0.451#0.5. Then we can obtain the exchange couplings of
2J,rkg=—71.2 K and Jr/kg= 790 K. However, the value

Boo=Bet Beo=Bsa of 2Jr/kg=790 K is too large to explain the temperature
FIG. 11. (8 Temperature dependence g, of F,PNNNO.  dependence of,T above 100 K(Fig. 12. As T decreases,
Solid curve represents the data after the subtraction of the Curighg yalue of)(pT of F,PNNNO increases starting from the
impurity, which corresponds to 12 mmol 8f 1/2 speciegbroken value of 0.88 emu K mait for 320 K and reaches a maxi-
curve. (b) Magnetization isotherm of JPNNNO at 0.5 K. Open mum at around 150 K. Below this temperature,

circles represent the calculated results based on the Hamiltonian . . .
(6.3 with 5-08,j= 11, and 3, — 37 K, which corresponds Xp! decreases. Thg,T behavior above 100 K is mainly

overned by the magnitude df-. In the case of 2:/k
t0 20¢/kg=407 K, 2)ic/ks=—67 K, and Dpe/kg=—7.4 K in 9 Y g ) FoB

Fig. 2(b). (c) Definition of the critical fields and schematic illustra- :bﬁ(t) f’etr:i Iior?lr; fe\rl‘v"rﬁ’ii;‘atc”gﬁe‘;a'gﬁ dgff’tg thS:?grl?nat;?on
tion of the magnetization with a plateau of half the value of the f1 | of S=1 T The 4 p_ del withd2/k
saturation magnetizatiorid) Schematic display of the magnetiza- 0 mol of S=1 species. The 4-spin model withl/kg

tion expected for the isolated 4-spin model shown in Fig)at ~ — /90 K and Z,/kg=—71.2 K cannot reproduce the
T=0. XpT versusT behavior. This disagreement comes from the

elimination of the antiferromagnetic contributidng in the
two kinds of antiferromagnetic exchange couplingsJg system of FPNNNO in the isolated 4-spin cluster model.
and J,¢ as intra- and interchain exchange couplings. Thewe must takel 5 into consideration to explain the observed
interatomic distances suggest thHt- is larger thanJae. magnetic properties. The analysis of the two-dimensional lat-
Therefore, as a starting point for the understanding, we pickice shown in Fig. &) is desired. However, the exact treat-
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ment of the model with infinite size is difficult. Then we itself can be slightly better reproduced with the parameter
make an approximation by an infinite system with taking  set: §=0.8, j=—15, and 3/kg=—37.5 K, i.e., e/kg
into account as much as possible. =562.5 K, 2,/kg=—67.5 K, and dr/kg=—-7.5 K.

In the extreme limit ofJ.— o, the model of Fig. th) is  However, j=—15 is too large to explain the temperature
reduced to a honeycomb lattice 8f 1. [Fig. 2d)] In the ~ dependence of,T above 150 K(Fig. 12 The solid curve
case ofJ,r<J)q, the model can be approximated by a clus-in Fig. 12 represents the calculqtion basg on the Harniltonian
ter inside the loop shown in Fig.(@. This cluster is an (6-3. Forth’e correction of the diamagnetic susceptibility, we
alternating chain oB=1. Note that all thel} is correctly use Pascal’s law. The ambiguity of the diamagnetic correc-

taken into account. The half of thise is also taken into UON can affect the slope of the temperature dependence
. . A N above 150 K, but does not change the maximum value of
consideration. The system is still infinite in one direction at

. o ~ " xpl. For the estimation of, it is reliable to use the high-
least. The numerical study of the magnetizatiorSsf1 an temperature data, since at low temperature such as 0.5 K the

tiferromagnetic alternating chain for various alternating ratiobehavior is influenced by other small interactions. Moreover
has already been reported. The calculated magnetization prg- ;g expected to be almost independent on the temperaturé,
cess indicates the plateau at the half value of the saturatiofpcayse it is the exchange coupling within a molecule. The
magnetizatiort’ Recently, experimental study of this system influence of the thermal expansion on the intramolecular in-
was done and a plateau was obsertedihe values of the  teraction is expected to be small. Therefore, we think that the
critical fields are listed in Table VI of Ref. 14 for variods  value of 2J-/kz=407 K is reliable and conclude the inter-
whereJap/Ipe=(1—8)/(1+ 5). From Fig. 11b), the criti-  molecular interactions areJ2q/kg=—67 K, and 2r/kg
cal fields of EFPNNNO are estimated to bB, ;=95 T, =-7.4K.
Bc1=15.4 T,B,=25.8 T,B,=29.0 T. The comparison of  The observed saturation processesthe field region of
these data to the ones listed in Table(®) in Ref. 14, gives 9~15 T for the first saturation and of 227 T for the
the approximate value of to be 0.8. second ongein Fig. 11 exhibit almost linear field depen-
Next, we perform the numerical calculation of the mag-dence, whereas the calculation indicates the increase of the
netization for FPNNNO. We consider a cluster inside the magnetization with the shape of inverSaype. The reason
loop shown in Fig. &). The Heisenberg Hamiltonian for the for the difference in the experiments and calculation is a
model is written as follows: feature problem. The linear field dependence is probably re-
flecting the two-dimensionality of PNNNO. F,PNNNO is
a rare example having an energy gap and a plateau in the
magnetization process among spin systems with dimensions
higher than one.

N/4
H=—2JZ [—i(Ssi-3 Sai—2+Ssi-1-Sai)

T(1=6)S4i—2-Sgi—1+ (14 8)Syi- Syi 1], (6.3

. . VIl. SUMMARY
whereSdenote thés=1/2 spin operator anl is the number

of sites so thaiN/4 is an integer. We defind<0 andj,§ Three related organic biradicals PNNNGQPRNNO, and
>0. Thus the parameters in Fig(k? are represented hj  PIMNO were synthesized and the magnetic properties are
=jJ, Jar=(1—8)J, Jpr=(1+8)J. This Hamiltonian was examined by susceptibility and magnetization measurements
recently studied and ground-state phase diagram wagown to 0.5 K and up to 34 T. The numerical calculations
reported:®1’ are also done considering the crystal structures. Each biradi-

For the estimation of the magnetization proces§ a0,  cal involves two spins 06=1/2, which couple ferromagneti-
we calculate the lowest energy of the SubSpEg-:SjZ under cally. These spin pairs couple antiferromagnetically in the
the periodic conditions for length up té=24 by the Lanc-  cTystal. PNNNO and PIMNO are well understood by one-
zos method and extrapolate the finite size data to the thermélimensional antiferromagnetic chain models of ferromag-
dynamic limit using the method introduced by Sakai andnetic spin pairs. Both compounds undergceNerders at 1.1
Takahasht? That is, Shanks’ transformation for the estima-and 2.5 K, respectively, due to weak interchain interactions.
tion of By, By, andB,,, and finite size behavior predicted The heat capacity measurements of both compounds reveal
by the conformal field theory for the saturation process ardne three-dimensional nature of these transitions. On the
employed:® other hand, FPNNNO has two kinds of antiferromagnetic

For the calculation of the temperature dependence of théteractions and forms a two-dimensional system. The mag-
susceptibilities, we perform exact diagonalization of a chairetism of RFPNNNO is characterized by the singlet ground
by the Householder method with increasing length up to 15tate and a plateau in the magnetization isotherm. These
spins. Since differences between the susceptibility curves fdproperties are quite rare among higher-dimensional spin sys-
12 spins and the ones for 8 spins are indistinguishable withifems than one-dimensional ones. Our theoretical calculation
the accuracy of 1% whekgT/|J|=0.23, we use the curves USing an one-dimensional approximation gives a qualita-
for 12 spins as an approximation of the thermodynamic limittively good explanation for the observed results.

(N—).
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