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Pressure effects on intermolecular interactions of the organic ferromagnetic crystallingg-phase
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The pressure effects on intermolecular magnetic interactions in a prototype and genuine organic ferromag-
net, B-phase crystal op-nitrophenyl nitronyl nitroxide, have been studied by the simultaneous measurements
of magnetic susceptibility and heat capacity under the hydrostatic pressure of the range 0—7.7 kbar. A reduction
of the Curie temperature from 0.61 K at an ambient pressure to 0.35 K at 7.2 kbar has been observed. This
makes a significant contrast to the pressure-induced enhancement ofehtefiperature of organic antifer-
romagnets. The reduction of exchange interactions in the present compound is verified by the estimation of the
ground-state energy under the pressures. Another remarkable feature of the results is a lowering of magnetic
lattice dimensionality under pressure; the heat capacity curve under the pr&sur@ kbar shows the
short-range-ordering behavior expected of a low-dimensional Heisenberg ferromagnetic above the Curie tem-
perature. This suggests that the interactions between the ad@c@fanes are relatively weakened to other
interactions in the compressed crystal. These observed results are interpreted in terms of the virtual charge
transfer mechanism rather than pressure effects on the dipolar interactions.

[. INTRODUCTION tization, heat capacityzero-field muon spin rotatiotf, neu-
tron diffraction’® and ferromagnetic resonanteEven so,

A movement to search out bulk ferromagnetic organicdetailed mechanism of the ferromagnetic couplings remains
materials consisting exclusively of light elements such as Han open question. Theoretical calculation of the magnetic
C, N, and O is becoming quite active in recent years, in bottinteractions has suggested the existence of ferromagnetic ex-
fields of molecular physics and material science. Followingcthange interactions in this system, giving qualitative agree-
the discovery of the example of organic ferromagnet, thénent with the observed Curie temperatur< 0.6 K_-ls
B-phase crystal of p-nitrophenyl nitronyl nitroxide From experlmental point of view, pressurization of this com-
(B-p-NPNN; C;aH 1N ;0,),! several examples have been pound will also give a cr_umal information a_lb_out a question
reported within a couple of yeafs® The essential condition whether th? ferﬁrom_agnehsm qﬁ-p-NPNN_ originates in di-
for introducing ferromagnetic coupling between radical moI-pOIar coupling®” or in exchange interactions.
ecules is becoming clear in some cases, where the intermo-
lecular charge transfer is possible via different molecular Il. EXPERIMENT
orbitals®’ In experimental researches for controlling the e molecular structure g8-p-NPNN is shown in Fig.
charge transfer between molecules, a variety of derivativg ) - together with other two molecules which bring about
crystals of several promising radicals have been systematfarromagnetic interactions in solid state. The nitroxide radi-
cally prepared, by which intermolecular interactions are varca| crystal 1b) exhibits the highest Curie temperature
ied between ferro- and antiferromagnetic ofes Another (T.=1.48 K) of the genuine organic radical ferromagnets
method to control the overlapping of molecular orbitals is toever reportetiand the verdazyl radicald) shows a chracter-
apply pressure to a radical crystal, so that its magnetic profstic feature of isotropic Heisenberg ferromagnet in one di-
erties are continuously examined as a function of commension at temperaturds>T,.%’
pressed topological configuration of radical molecules. How- The crystals of3-p-NPNN were prepared by the method

ever, the investigation of pressure effects on magneticlescribed previousfyThe crystal belongs to the space group
organic radical crystals has rarely been reported. In our pre-

vious study on genuine organic antiferromagnets, we found CH,
that their Nel temperatures or exchange interactions in- . O N C”s\N_“
crease more than 50% under a hydrostatic pressure up @[N,F@_NOZ HoC CH, s »—@m
~ 9-11 7" N+ N N-N
P=7 kbar: o 0+ CH; CHY
In the present work, we will describe the pressure effects :
on magnetic and thermal properties for the ferromagnetic(a) T¢=0861K (b) T.=1.48K (c) T,=067K

organic radical crystalB-p-NPNN. The ferromagnetism of

B-p-NPNN at an ambient pressure has been well character- FIG. 1. Molecular structures of some genuine organic ferromag-
ized by the measurements of magnetic susceptibility, magneretic radical crystals.
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FIG. 3. (1) Schematic structure of the cryostat for the simulta-
neous measurement of magnetic susceptibility and heat capacity
under the hydrostatic pressure. adiabatic tubeB, thermometer 1;

C, coil system forac susceptibility;D, liquid *He pot; E, me-
chanical heat switchz, thermometer 26, pressure clamp celH,
superconducting magnet;, heater and subheatef2) Pressure
clamp cell.a, locking nut;b, piston;c, cylinder;d, pressure trans-
mission oil;e, sample;f, Sn;g, Cu seal;h, Teflon seali mush-

5 5
LC ﬁéj i L%d%%ﬁﬁ%ﬁi%&@o room plug.
5 % C) !

¢ < .
(b) () Ill. EXPERIMENTAL RESULTS

Figure 5 shows the results of the simultaneous measure-

FIG. 2. (a) Schematic drawing of the crystal structure of . o :
B-p-NPNN. Each ellipsoid represents the radical molecule. Thements of magnetic susceptibility and heat capacity of

possible exchange paths are denoted Withand J;3. Molecular £-p-NPNN at an ambient pressurg{). The signal ratio of

arrangement on thac plane(b) and thebc plane(c) (Ref. 18. heat c_apacity of the sample it_self to th? lotal heat qapacity,
including the pressure cell, Apiezon-J oil and so on, is about

40% around 1 K, and it increases acceleratedly at lower tem-
) o peratures. The lattice heat capacity is negligibly small in this
of F2dd, and we use here the axis definition of temperature region. The sharp heat capacity peak e
a=12.374, b=19.350, andc=10.960 A'® The crystal appears at 0.610.02 K and the susceptibility shows an
structure is schematically shown in Fig. 2. abrupt increase around this temperature. The overall behav-
The ac susceptibility and the heat capacity were measurggr of C, andy is essentially in agreement with that reported
simultaneously under the hydrostatic pressure by the use ofgreviously' This proves that the crystals are stable enough
cryostat with the CuBe pressure clamp c@fig. 3. The
temperature lower thadHe temperatures was achieved by .
the adiabatic demagnetization of the sample itself. The poly- sn
crystalline sample oB-p-NPNN (0.389 g and the pressure
transmission 0i(0.344 g of Apiezon-J ojlwere placed in the
pressure cell together with a small tip of Sn metal. The pres--
sure was calibrated against the pressure dependence of th
superconducting transition temperature of-%An example
of this calibration is given in Fig. 4, where the transition L /;
temperature is detected by the temperature dependence of the : i A
susceptibility of Sn. We can determine the value of the hy-
drostatic pressurd® within the experimental error of 0.1

kbar. The susceptibility was measured at 200 Hz and peak- - a5 3 s 37 —

P= 5.7 (kbar) ; P= 0 (kbar) 7

ts)

unt

X (arlsd

to-peak field of about 0.5 Oe. The measurements were car- T(K)
ried out at the pressune=0.001(=P,), 2.5, 5.4, 7.2, and
7.7 kbar. The value of the susceptibilityX and the heat FIG. 4. An example of the pressure calibration from the super-

capacity C,,) were quite reproducible for pressure cycles of conducting transition temperature detected by the susceptibility
P—P,. measurement of Sn.
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FIG. 5. Results of the simultaneous measurements of magnetic FIG. 7. Pressure dependence of the magnetic transition tempera-

susceptibility and heat capacity gfp-NPNN at an ambient pres-

sure P,).

ture Ty (P) of the genuine organic ferromagng;p-NPNN, and
antiferromagnets, TANOL and TPV.

even in the pressure transmission oil. In this paper, the Curiend the value o€, becomes greater in the temperature range
temperaturel .(P) is defined as the temperature where thehigher thanT .(P). At P=7.2 kbar, a round shoulder appears
heat capacity gives the sharp peak\ofype.

As the pressure increases, these anomalieS irand x

clearly in theC, curve forT>T(P).
As in Fig. 6, the susceptibility foP=7.2 kbar exhibits a

clearly shift to the lower temperature side as seen in Fig. 6plateau belowl .(P). Even under lower pressure this can be
In addition, the\-type heat capacity peak becomes lowerseen as a rather gradual changeyiagainst temperature, as
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in the results folP=P, and 2.5 kbar. Such a kind of plateau
has also been observed in another organic ferromagnet with
T.(P,)=1.48 K2 These properties of are related with the
demagnetization effect and/or relaxation effect when mea-
sured by theac method.

The pressure dependence of the Curie temperature is
shown in Fig. 7, which can be expressed as

T(P)=T(Po)(1—aP), @

with a=0.05+0.01 kbar 1. This makes a noticeable con-
trast to the pressure-induced enhancement of thel ten-
perature of the genuine organic antiferromagnets, 2, 2, 6,
6-tetramethyl-4-piperidinol-oxyl (TANOL) and 1, 3,
5-triphenylverdazyl(TPV) studied by some of the present
authors’™ 11

Prior to the discussion of the present results, it is useful to
estimate here the temperature dependence of magnetic heat
capacityC,(T) and that of entropys(T) under the pressure
which are related by

T
S(T)=f0 {Crn(T)/THdT. 2

The value of C, in the lower temperature region
T=<0.2-0.3 K is extrapolated on the spin wave theory as

()

In principle, n is 2 for three-dimensional Heisenberg ferro-
magnet andZ for two dimensiong® Above 2 K, or

T>3T.(P), C»(T) may be approximated, as in ordinary
paramagnetic state, &,=CT 2. Then the total heat ca-

Cn(T)=AT"+BT""1,

FIG. 6. Results of the simultaneous measurements of magnetieacity can be expressed @2+ DT?, the second term of

susceptibility and heat capacity @-p-NPNN atP=2.5 and 7.2
kbar. The dotted line indicates the Curie temperaturedferP,,,

2.5, and 7.2 kbar.

which is the lattice contribution. Although the values of
above parameters cannot be determined uniquely, we can
smoothly extrapolate the observéx, toward T=0 K and
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FIG. 8. Temperature dependence of the magnetic entropy of F|G. 10. Dependence of the heat capacity3ep-NPNN on the
B-p-NPNN under the hydrostatic pressure. The scattering of theypplied field under the pressure Bf=7.2 kbar.
data forP=0 kbar mainly comes from the experimental error be-
tween first and second runs of me_asurements. The dotted curve ﬂémperature with increasing pressure, and the other is the
drawn in the reference of the previous report B0 kbar (Ref. lowering of the magnetic lattice dimensionality accompany-
1. ing the short-range ordering appeared in the round shoulder
T— using these relations: anyhow the chang€gtT) or  0f Cp in Fig. 6. Here we discuss these results taking the
S(T) is dominant in the temperature range where the experivariation of exchange interactions g+p-NPNN under pres-
mental data are taken. Figure 8 shows the temperature deure into consideration, after making some remarks on the
pendence of the magnetic entropy. The experimental value gfressure effects of dipole-dipole interactions.
S(0) at each pressure shows a little excess to the theoretical
value of S()=NKkgIn(2S+1) with S=3. The discrepancy
may be due to the experimental error at higher temperatures
where the signal ratio of the heat capacity becomes quite Recently it has been suggested that the Curie temperature
smaller in the present measurements with a small amount ¢ff B-p-NPNN is governed mainly by the dipole-dipole
the sample crystal. couplings® If this is the case, the Curie temperature would

The effects of applied magnetic field grandC, are also  increase with compression. The present results, decreasing
examined at each pressure. Representative results are sholy{P) with pressurization, are in the opposite direction. In
for xy atP=7.7 kbar in Fig. 9, and fo€C, atP=7.2 kbar in  order to see the role of the dipolar couplings, we calculated
Fig. 10. The anomalies of and C, are easily affected by the dipolar interactiond), over a sphere of radius of 250 A,
weak field even up to 1 kOe under pressure, just as thosessuming the ferromagnetic spin alignments alongathb,
examined a=P,.! This implies that the ferromagnetism andc axes, which are the principal directions in this case. In
of B-p-NPNN does not change qualitatively under thethe calculation the spin density data obtained by neutron dif-

A. Dipolar interactions in B-p-NPNN

present pressure range. fraction experiments are used with slight modification for
normalization; po=0.285, py=0.260, andpc=—0.092
IV. DISCUSSION Our calculation yields the value oD,/kg=—0.016,

— _ _ 22
The important feature of the experimental results obe/kB_ 0.029, andD,/kg=0.045 K These values are

- . : .. too small by one order of magnitude to explain the observed
-p-NPNN is twofold. O th duct f the C -~
pp 1S tWoto ne 1s the reduction of the ure T.(P,)=0.6 K. Therefore, we are of the opinion that the

. - Curie temperature of3-p-NPNN is essentially determined

ﬁﬁ"g P=7.7 (kbar) by the exchange interactions. The results of the calculation
< Hjols([krgﬁ) also show that the ferromagnetic spin alignment alongothe
+20d run axis is most stable. This is consistent with the observations in
2 3 « 3rdrun ZF-uSRX neutron diffraction’®> and ferromagnetic
g ‘:ZZOI'S(S(‘)%“ resonancé? The dipole interaction seems to play a role in
£ 3 determining the direction of the magnetic easy axis, but only
g * a minor role in the determination of the Curie temperature.
48
tz B. Exchange interactions inB-p-NPNN and their pressure
Booga O 3; . dependence
(X 1] --I""“m.g o
0 : T bl > We hergaﬂer c_onfine our attention to the inFerm_oIecuIar
T(K) exchange interactions defined by the spin Hamiltonian

FIG. 9. Dependence of the magnetic susceptibility of _ o ea
B-p-NPNN on the applied field under the press@ére 7.7 kbar. H=2 Hij= 22, 4SS (4)
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where S and S; denote theS= 3 Heisenberg spin operator 6T T T
for the molecules andj, respectively, and the summation is

taken over all adjacent molecular pairs in the crystal as illus- - Zj)%fg;“)
trated in Fig. 2. In the above equation, orly depends on . wo 1st run
pressure. It is suggested that there are two dominant ex- @ 4r oo, «~ 20d run
change paths in thig-phase crystal. One is the interaction = e o T TN
which links the molecules on thec plane so as to afford a B L A \\\
two-dimensional structure and the other is the interaction = oo' / 9\6\ ®
which links the molecules on thec planes so as to build a © 2r y / Tree,
diamondlike three-dimensional netwolkee Fig. 2. The / , \(\;)L'
molecular orbital calculation, based on the room temperature - s/

structure atP= P, gives the value of 2,,/kg=0.48 K for P

the intraplane interaction andlz/kg=0.22 K for the inter- S T E F
plane interactior? Interactions other thad,, and J;5 are 0 02 04 T (K?.G 08 1

estimated to be much smaller, and these values result in the
mean-field Curie temperature of 0.6 K in good agreement ) .
with the experimental result. On the other hand, the sponta- FIG. 11. Magnetic heat capacity fp-NPNN under the pres

tizati NPNN is sh ¢ th sureP=7.2 kbar. The curves correspond to the theoretical estimates
neous magnetization ¢-p- IS shown 10 grow as the - ¢ 0 peat capacity for the two-dimensional Heisenb@jgerro-

temperature decreases beldw(P,), nearly in accordance magnet andb) antiferromagnet $= % |J|/kg=0.4 K) (Ref. 25.
with the isotropic three-dimensional Heisenberg mddel.
The critical magnetic entropy oB-p-NPNN estimated pressed a€(P)=E(P,)(1—0.01%) in the present pres-

here isS(T¢) =0.425() as seen in Fig. 8, which is smalller sure range, suggesting effective reduction of magnetic inter-
than the theoretical value 0.8@») for the isotropicS=3  gctions.

Heisenberg ferromagnet with fcc structutee coordination It is recalled here that the magnetic heat capacity at
numberz=8) % Itis recalled here that=8 is also expected p_72 kbar shows the characteristic shoulder above
in B-p-NPNN (Fig. 2). The critical entropy becomes smaller 1 (p)  which is compared with the theoretical results for a
with decreasing lattice dimensionality both in Ising andyq-dimensional Heisenberg ferromagnet wk 3, rather
Heisenberg system. _ _ than those for the antiferromagnéfig. 11).2° This means
Here we discuss the reduction df(P) and the lowering  {hat the lowering of the lattice dimension under the pressure.
of the magnetic lattice dimensionality under pressure. Thgye expect from the crystal structure that odly is respon-
transition temperature of magnetic compounds with localizedjpe to the two-dimensional short-range ordering under pres-
spin systems ordinarily increases with increasing pressurgyre The transition temperature of two-dimensional layers

when their magnetic symmetry is unchanged. The reductioweamy coupled througl5 is given, in the mean field ap-
of T.(P) is rare and implies that the mechanism of Chargeproximation by

transfer or symmetry of molecular orbitals is varied by the

pressurization. First we consider pressure dependence of ex- To(P)o{€xp(312)} 213, 7
change interactions. We may estimate the effective value of

the exchange interactiozs from the ground state energy ~ Where&,p(J1o) is the spin correlation length within the iso-

in an isotropic Heisenberg magnetic system with the exlated layer aff=T(P). The reduction off(P) indicates
change interactiod by that compression results in the decrease Jgf and/or

¢,p(Jd19). Furthermore, the appearance of the short-range-
ordering effect abovd .(P) means thatl;3 changes more

— _N71<251 _
E=—N2JS{1-r/z§. ®) sensitively against pressure gp-NPNN.

The value ofr in Eq. (5) originates from the quantum effects

which dominate in antiferromagnetic systems, and ranges in C. Charge transfer under pressure

0<r=12*In ferromagnetic systems as in the present crystal, Now we consider the dependence of the exchange inter-
we may setr =0. The value ofE is also related with the action on pressure based on the charge transfer mechanism

magnetic heat capacity as reported in the study of galvinoxyl.We write the exchange
interaction in the form
E=—f0 CrdT. (6) Jj=I5+35, ®)

whereJﬁ and JiFJ-’ are the effective exchange coupling con-
§tants relevant to the kinetic and the potential exchange in-
tegrals, respectively. Both of them depend on the overlap of
the molecular orbitals between the adjacent molecules in the
real space. The kinetic term can be expressed as

Following the same extrapolation process as employed in th
estimation of the magnetic entropy in the previous section
we can geE experimentally at each pressupPeby the inte-
gration of Eq.(6). The value ofE for P=P, is 5.9 (J/mo),
which give zJ/kg=2.9 K, comparable order of magnitude
with (4J,,+4J,9)/kg mentioned above. The discrepancy JiK: —té,S/U +t%7FJin/U2

may be due the anisotropic structure ®fp-NPNN crystal. :

The pressure dependence Bf or E(P), is roughly ex- + (terms related to other transfer paths  (9)
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where the transfer integrtéd _g stands for the charge transfer that of the pair, 1 and 3. This would explain the more sensi-
between the SOMO'§singly occupied molecular orbitalef  tive reduction ofl;; mentioned above, resulting in the reduc-
molecules andj, ts_g does for that between SOMO and a tion of the Curie temperature.
fully occupied molecular orbitdle.g., NHOMO (next high- In Ref. 21, the lattice constangs b, andc at room tem-
est occupied molecular orbijgl U is the on-site Coulomb peratures are reported to be shrunk by 1.4%, 1.7%, and 2.1%
repulsion in SOMO, and™ is the intramolecular exchange at 6 K, respectively, with the same crystal symmetry. By the
integrals between SOMO and the fully occupied moleculacompression of3-p-NPNN up to 7.7 kbar, they are expected
orbitals. The second term is an analog of the third-order efto be shrunk by, at most, 2% from the reference of the com-
fect in Anderson’s theor$f the first term being the ordinary pressibility of other organic compounds. The pressure-
second-order perturbation. The essential factors for ferroinduced phase transition, as observed at low temperatures in
magnetic coupling estimated from the study of the galvi-the case of TMMCI[(CH,),NMNnCl,],%% is not the present
noxyl are the larges_r andJ™ and smallts _g. In other case with a monotonic decreaseTig(P) as in Eq.(1). It
words, the positive sign of the net exchange interactionsshould be remarked here for the fact that(P) of
Jij , results from the condition that the second term in@y.  B-p-NPNN shows the reduction by about 40% against such a
exceeds the other contributions such as the first term in Eqninute change of lattice deformation in this experiment.
(9) and JiF]-’. These conditions are well confirmed in galvi- The dependence af; on the structural parameters such
noxyl, and the origin of the feromagnetic interactions hasas distance or angle among radical molecules is theoretically
been attributed to the contribution of the second term in Eqestimated by the Hartree-Fock-basaal initio method®® In
(9). addition to these studies abag8tp-NPNN, experimental in-
The above conditions are also basically retained irformation of the spin density or the spin delocalization in
B-p-NPNN and some other ferromagnetic radicals. In thethis crystaf! is very important. In order to establish a more
present CaseJin and tg_g should be very small, because sophisticated physical picture, the structure and compress-
SOMO's are well separated from each other in the crystalibility data under pressure at low temperatures are required.
Theref()re’]ij is essentia”y determined by the second term inFrom the theoretical side, analyses of the contribution of the
Eq. (9). overlaps between SOMO's and between SOMO and the rel-
In the previous studies of organic antiferromagneti¢s, €vant occupied molecular orbital to the exchange interactions
on the other hand, the large enhancement of thel kem-  are also urged.
perature under pressure has been attributed to the increase of
ts_s due to a small change transfer in the intermolecular V. CONCLUSION

distance or librational distortion under high pressure. The A drastic reduction of the Curie temperature of a genuine

geeilj;litt?v?r:ezil\gIj[haenir;ljciFf);/rrlgr:z:\%.n;i%ei?;[gr:éﬁgglI?(/) tgf"esqrganic ferromagnet under the hydrostatic pressure has been
sure. Another example of the strong dependence of the e observed with thes-phasep-NPNN crystal. This means that

. ; ) the ferromagnetic interactions mainly originate in the ex-
\c/:vr;]aer;get;ger?ggggrsé 0|2 it(;lrjlfitr?l;ﬁtizlregc?:t? 2”23& Abvmgalr'r’“xe hange interactions rather than the dipole couplings. The re-
pr 29 usly ed by . uction of the effective exchange interaction is also verified
crystal techniqués: T(h;JS the antiferromagnetic interaction, by the consideration of the ground-state energy of this com-
the first term in Eq.(9), seems to be readily affected by a ; i .
small change in r(llative location of the n¥o|ecu|es inythepou.nd under pressures. _The low dimensional magnetic be-
lattice havior appearing under high pressure suggests that the ferro-

In view of these experimental facts, the pressure effect 0magnetlsm of this radical crystal is due to the cooperation of

: ! fhtra- and interlayer exchange interactions, the latter being
B -p-NPNN_ can be interpreted as follows. We first SUPPOSE, e sensitively reduced by pressure. The strong pressure
that tg_g is much more enhanced under pressure tha

; . e i . nden f the critical temperature is explain th
ts _g . With pressure insensitiie andJ", the antiferromag- Qjepe dence of the critical temperature is explained by the

! PR : charge transfer mechanism in which the net ferromagnetic
netic contribution increase more rapidly than the ferromag- 9 9

. . . L coupling is determined by competition between ferromag-
netic one, though both increase with pressurization. Thus th piing y P 9

fletic and antiferromagnetic interactions and that the latter is
balance shifts to the reudction to the net ferromagnetic inter: g

actions. This seems to be consistent with the fact that th(raeadny affected by pressurization.
pressure coefficient has similar values for the ferromagnetic
and antiferromagnets as in Fig. 7. Next we infer that the
fraction of the antiferromagnetic contribution id;, is This work was partly supported by the Grant-in-Aid for
smaller than that i3 at P=P,. This means that the mo- Scientific ResearcPriority Area(No. 228-04242108and B

lecular pair, 1 and 2, has smaller valuetdf J/t3_. than  (No. 07454085
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