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A pressure-induced ferro- to antiferromagnetic transition in genuine organic compounds has been observed
in the b-phasepara-nitrophenyl nitronyl nitroxide crystal. The transition temperatureTC(p) in the ferromag-
netic state decreases asTC(p)5TC(p0)(11ap) for pressuresp<pc56.560.5 kbar @TC(p0)50.61 K, a5

20.048 (kbar21)#. For p.pc , however, experiment demonstrates intrinsically the existence of an antiferro-
magnetic state as well as a pressure-induced enhancement ofTC(p) with a50.004 (kbar21). The results are
discussed within the context of theories derived from the unrestricted Hartree-Fock approximation.
@S0163-1829~97!51246-X#

The realization of bulk ferromagnetism in genuine or-
ganic substances consisting exclusively of light elements
such as H, C, N, and O has long been one of the major
subjects in the field of material science. There have been
mainly two guiding strategies for this; one is to elevate spin
multiplicity within polymers by intramolecular or ‘‘through-
bond’’ interactions.1 A variety of investigation by this means
have been reported so far.2 The other is to bring about fer-
romagnetic interaction between stacked radical molecules by
‘‘through-space’’ exchange interactions. This originates in
the so-called McConnell strategy3 where the interaction be-
tween A and B molecules is described by Eq.~1! as
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B) and SA(SB) are exchange inte-

gral between atomic-sitei and j on the two molecules,p-
electron spin operator on the sitei ( j ) of A~B! molecule, spin
density on the sitei ( j ) and the total spin operator for mol-
ecule A~B!, respectively. One of the experimental checks of
the spin density notation@Eq. ~1!# is examined on the carbe-
nic dimers, for example.4 However, most radical molecules
crystallize antiferromagnetically except in quite a limited
case such as galvinoxyl. Through the investigation of this
exceptional case, the ferromagnetic interaction is revealed to
originate mostly in the indirect charge transfer between the
unpaired electrons on each molecule via fully occupied mo-
lecular orbitals~MO’s! and/or unoccupied MO’s, not by di-

rect charge transfer between singly occupied MO’s
~SOMO’s!.5 Extending this strategy to various radical de-
rivatives, one of the present authors@M.K.# and his group
eventually succeeded in synthesizing a genuine organic fer-
romagnet,b-phase para-nitrophenyl nitronyl nitroxide~b-
p-NPNN; C13H16N3O4, Fig. 1! which orders three dimen-
sionally atTC50.6 K.6–8 Up to now, more than ten radical
crystals have been reported to be ferromagnetic, including
N,N8-dioxy-1,3,5,7-tetramethyl-2,6,-diazaadamantane (TC
51.48K).9

Compared withd or f electrons in insulating inorganic
compounds, the unpaired electrons in organic radicals delo-
calize rather widely on the molecules. With the help of ad-
vanced technique for topological analysis of crystal struc-
tures, the recent development of MO calculation gives
reliable estimation of spin and charge densities on each con-
stituent atomic site in the molecule on the basis of the unre-
stricted Hartree-Fock~different orbitals for different spins!
approximations, as well as energy levels of each MO. The
contribution of MO’s to the magnetic interactions has been
detailed in the charge transfer mechanism5,8 or in the ab-
initio methods,10,11 as effectively described as the isotropic
Heisenberg Hamiltonian,

HAB52JABSASB, ~2!

which awaits checks from the experimental side. Here we
comment that the anisotropic exchange term~such asJxy! is
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weak in organic systems where the quenching of angular
momentum of molecular orbitals is almost complete.

In this paper, we give experimental demonstrations of the
pressure-induced ferro- to antiferromagnetic transition in
genuine organic compounds withb-p-NPNN, following our
previous finding of the pressure-induced reduction of the Cu-
rie temperature, and of magnetic dimensionality in the region
p<7.7 kbar.12 Magnetic6,7 and structural13 properties ofb-
p-NPNN are studied in detail by various experimental
methods.8 These experimental findings, together with the
pressure dependence of lattice parameters observed here at
room temperature, are discussed on the recent theoretical
background of the intermolecular magnetic interactions. We
remark here that the reproducibility of the present results is
ascertained for the cycling of pressurization between ambient
and nonzero pressures.

Figure 2 shows the pressure dependence of the ac-
susceptibility xac for the polycrystallineb-p-NPNN ~72.2

mg! up to p510.4 kbar, which is taken with the CuBe pres-
sure clamp cell12 under the ac-fieldHac~n!,1 Oe, with fre-
quencyn515.9 Hz. The results at the ambient pressurep0

are quite the same as those reported for the temperature re-
gion above 0.4 K.7 It is known that the Curie temperature
TC(p) determined from the crossing point of the extrapolated
straight lines from above and belowTC, as in Fig. 2, agrees
with TC determined by the heat capacity measurement for
p<7.7 kbar.12 From Fig. 2, we see some remarkable points
as follows. The value ofxac in the ordered state decreases
sensitively to the increasing pressure: The shoulderlike curve
of xac aroundTC(p) changes into a cusp forp.6 kbar, giv-
ing only a trace atp510.4 kbar, wherexac is slightly larger
than that in the paramagnetic state around 1 K. It is demon-
strated thatTC(p), which initially decreased with increasing
pressure up top.6 kbar asTC(p)5TC(p0)(11ap) with a
520.048 (kbar21), flinches atpc56.560.5 kbar and turns
to increase with a small but positive value ofa
50.004 (kbar21) for p.7 kbar, just as the pressure-induced
enhancement of the Ne´el temperature of organic antiferro-
magnets referred to in Ref. 12. These results indicate that the
ferromagnetic phase changes into some antiferromagnetic
phase aroundpc . ~The small plateau around 1 K in Fig. 2 is
due to the signal from Al metal for the pressure calibration at
low temperatures.!

Figure 3 illustrates the characteristic magnetization curves
of the polycrystallineb-p-NPNN under various pressures,
which are obtained at a fixed temperature belowTC by the
integration of xac(H) against the external fieldH. Since
xac(H) did not exhibit any relaxation effect for the ac-field
Hac~n!,1 Oe with n515.9 Hz, xac(H), which is observed
here, practically corresponds to the differential susceptibility
dM /dH. The values ofxac observed even with 123 Hz~Ref.
7! and 200 Hz~Ref. 12! for this sample do not give any
relaxation effect either. The magnetization (M ) at p
51.2 kbar ~0.34 K! shows essentially the same ferromag-
netic behavior at ambient pressure atT50.44 K,7 although
the limited field rangeuHu<200 Oe is given here for the
following significant change in this narrow range. The rapid
growth of M at p51.2 kbar becomes gradual against the
increase of external fieldH for the higher pressures. It is

FIG. 1. Schematic molecular
structure of p-NPNN and the
elongated diamond structure of
the crystallizedb phase. The mo-
lecular axis (a) is along thea axis
of the crystal structure, where
each ellipse stands for the
p-NPNN molecule.J12, J13, and
J14 indicate the dominant ex-
change interactions among adja-
cent molecules.

FIG. 2. Pressure dependence of the ac-magnetic susceptibility of
b-p-NPNN up to 10.4 kbar around the transition temperature.
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noteworthy that theM -H curve atp59.0 kbar draws quali-
tatively different from that in the ferromagnetic state: Rather
it looks like anM -H curve characteristic of an antiferromag-
netic with a spin flopping field of someHfl.50 Oe. A small
hysteresis is seen even forp59.0 kbar, which may be due to
canted-weak ferromagnetic moments accompanied in this
phase. Even in the Heisenberg organic antiferromagnets with
a small anisotropy in theg-factor (Dg/g50.3%), the weak
ferromagnetic moments are probable as in a verdazyl radical
crystal and others.14 These may become much clearer if we
can observe theM -H curve with a single crystal at low
temperature.

Other experimental demonstration for the antiferromag-
netic behavior forp.pC is seen in Fig. 4, which shows the
temperature dependence ofxac(H) measured at various ap-
plied field strengths. The cusp ofxac(H) clearly shifts down
to the lower temperatures by the application of the external
field. The inset of the figure shows the relation between the
applied field andTC(p) as determined from the cusp.TC(p)

decreases with the increase ofH. This behavior is character-
istic of an antiferromagnet. A similar phenomenon has been
observed and theoretically analyzed in the case of antiferro-
magneticg-phasep-NPNN.7 However, the pressure-induced
antiferromagnetic state ofb-p-NPNN is different from that
of theg-phasep-NPNN, which has a much stronger interac-
tion (2J/kB54.3 K) than any interaction inb-p-NPNN as is
mentioned below.

The pressure dependence of the lattice parameters ofb-
p-NPNN up top512.6 kbar at room temperature is shown
in Fig. 5. The crystal ofb-p-NPNN belongs to the space
group of F2dd with a512.374 Å, b519.350 Å, andc
510.960 Å at ambient pressure.13 The rapid x-ray analysis
with an imaging plate and a diamond anvil cell is utilized
here.15 The R factor of this crystallographic analysis isRWP
54.9– 10.59% (S55.7– 12.3). The diffraction pattern is
nearly identical at various pressures, but shifts to the direc-
tion of the wide angle with increasing pressure. This indi-
cates that the crystal shrinks while maintaining crystal sym-
metry at the highest pressure applied here. Each lattice
constant, estimated by the Rietvelt method, seems to shrink
in two ways depending on the pressure rangep:5 kbar, as
well as the unit cell volume. The ratio of the shrinkage,
which amounts to at most 4.5% along thec axis, exceeds the
largest thermal shrinkage of 2.1% along thec axis from 300
to 6 K.16

The experimental results mentioned so far cannot be ex-
plained with the spin density product notation Eq.~1! as it is.
When we write the effective interaction between A and B
molecules as in Eq.~2!, JAB contains the kinetic (JK

AB) and
the potential (JP

AB) terms as

JAB5JK
AB1JP

AB. ~3!

Both of them depend on the overlap of MO’s between A and
B molecules in real space, where each MO is constructed on
the basis of the unrestricted Hartree-Fock~different orbitals
for different spins! approximation. What is stressed in the

FIG. 3. Magnetization ofb-p-NPNN against the external field
H.

FIG. 4. Field dependence of the ac susceptibility ofb-p-NPNN
at p56.9 kbar. The inset shows theTC-H phase boundary.

FIG. 5. Pressure dependences of the lattice parameters ofb-
p-NPNN up to 12.6 kbar normalized to those at ambient pressure.
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ferromagnetic interaction of the galvinoxyl radical crystal is
the importance of the charge transfer mechanism relevant to
JK

AB,

JK
AB52

tSS
2

U
1

tSF
2

U2 Jin1~ terms related to other paths!, ~4!

wheretSSstands for the transfer integral between SOMO’s of
A and B molecules,tSF for that between SOMO and other
fully occupied MO,U is the on-site Coulomb repulsion, and
Jin is the intramolecular exchange integrals. Then interplay
or frustration among these contributions may result inJAB

50 in a certain condition, givingTC(p)50 K. In the case of
b-p-NPNN, however, we have to take at least twelve mol-
ecules adjacent to a central molecule in its diamondlike
structure as schematically drawn in Fig. 1. The correspond-
ing exchange integrals are classified into three groups from
the symmetry of the crystal structure with respective value
J12, J13, and J14. From the heat capacity measurement at
7.2 kbar,12 the pressure-induced reduction of the magnetic
dimensionality from the three- to two-dimensional Heisen-
berg system is pointed out from the appearance of short-
range order effect by the heat capacity measurements. With
the present notationJ12, J13, and J14, the transition tem-
peratureT3d in such a reduced system can be written as

kBT3d}S2j2d
2 ~J12,T3d!$uJ131J14u%, ~5!

from the mean field theory, wherej2d is the spin correlation
length in the ac plane in whichJ12.0.8 K is estimated at
p57.2 kbar.12 The antiferromagnetic behavior, we have
found here, is taken to originate with the inversion of the
sign of interlayer exchange interactionJ13 according to Eq.
~4! under the pressure. Another interlayer interactionJ14,
pointed out to have initially a negative sign as mentioned
below, must also remain antiferromagnetic under the pres-
sure to explain the present experimental results. The spin
flopping field of the order 50 Oe is relevant to the magnitude

of J13 andJ14, as well as the anisotropy, probably due to the
dipole-dipole interaction.12

By the ab initio theoretical study,J12 is dominantly fer-
romagnetic (0.18 cm21), J13 is secondary (0.07 cm21), and
J14 is antiferromagnetic (20.014 cm21) at ambient
pressure.10,11 From Fig. 5, the shrinkage of intermolecular
distance forJ12 is expected to be less than 2% aroundp
.pc . It is difficult for J12 to reduce its value so much to
change its sign. Our previous work indicatesJ12.0.8 K
(.0) at 7.2 kbar.12 Recent calculation by Yamaguchiet al.
suggests a possibility of the inversion of the sign ofJ13 for a
few percent of the shrinkage along thec axis.17 With a single
crystal of b-p-NPNN, we are trying to get clearer results
including the structural analysis under pressure.

In summary, we have found a ferro- to antiferromagnetic
transition in genuine organic radical compounds, with the
pressurizedb-p-NPNN, through the experiments of the ac-
magnetic susceptibility in the external field, (M -H) magne-
tization, as well as the pressure dependence of the lattice
constants at room temperature. The transition temperature
TC(p) in the ferromagnetic state, which has the initial value
TC(p0)50.61 K at ambient pressurep0 , decreases as
TC(p)5TC(p0)(11ap) for p,pC56.560.5 kbar witha5
20.048 (kbar21). For p.pC, however, experiment demon-
strates intrinsically the existence of an antiferromagnetic
state, in such aM -H magnetization curve involving the spin-
flopping behavior, as well as the pressure-induced enhance-
ment of TC(p) with a positive value ofa50.004 (kbar21).
The results are understood by the pressure effects which
change the intermolecular interlayer interactionJ13 from
ferro- to antiferromagnetic and also strengthen the interlayer
antiferromagneticJ14, leaving the dominant intralayerJ12
ferromagnetic. These are discussed in comparison with the
recent theoretical works for magnetic interactions by the
charge transfer mechanism andab initio calculation of mo-
lecular orbitals on the unrestricted Hartree-Fock approxima-
tion.
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