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A detailed study of the magnetic behavior of the molecule-based mddhe®EP|HCBD], (OEP=mese
octaethylporphyrinato, HCBBhexacyanobutadiepdrom 1.7 to 20 K was performed. The earlier reported
magnetic transition at 19.6 K, ascribed to a crossover from a one-dimensional Heisenberg-like ferrimagnet to
a two-dimensional Ising-like antiferromagnet, is further probed via ac-dc magnetic studies consisting of dc
magnetization as a function of field at various temperatures, and magnetization as a function of temperature
with both field cooling and zero-field cooling. In addition, the ac susceptibility was measured as a function of
temperature and applied dc field. The appearance of a nonzero out-of-phase component of the ac susceptibility
in zero dc field 88 K accompanied by a shoulder in the in-phase component indicates the presence of a
magnetic transition near that temperature. Irreversibilities and a spontaneous moment observed below 4.2 K
indicate an additional lower temperature transition. The ac and dc data allow a determination of the
temperature-field phase boundaries around these transitions. Evidence of a tricritical point at 2 kOe and 19.6 K
and a multicritical point at 9.5 kOe dn8 K is presented. The nature of the ordered states, along with the
possible mechanisms responsible for the transitions, including dipole-dipole interactions, are analyzed.
[S0163-18297)02446-9

I. INTRODUCTION to weak ferromagnetic states. Based on ac and dc magnetic

The Mn(Il hvrin/ bon d tor f studies, a detailed phase diagram is constructed. Mechanisms
e Mn(lll)-porphyrin/cyanocarbon donor-acceptor fam- responsible for the ordered states are discussed in light of

ily of electron_zranfsfer salts has been of increasing interest iy .ot evidendethat dipole-dipole interactions are respon-
recent years™ This family of quasi-one-dimension&lD)  gjhle for the low-temperature ordering and resultant weak
molecule-based magnets are alternaBg2, s=1/2 ferri-  fgrromagnetism in this compound and other members of the
magnetic linear chains with relatively large intrachain inter—fam“y_ The outline of this paper is as follows. In Sec. Il, we
actions (J|>50 K).° Via synthetic chemistry it has been discuss the experimental apparatus and techniques, in Sec.
possible to subtly affect parameters such as intra- and inteft| we report the results of agn zero and finite dc fieldsand
chain exchange and local spin anisotropy thus shedding lighic susceptibility and magnetization studies. Section IV con-
on the fundamental mechanisms governing the magnetic irsists of a discussion of these data and presentation of the
teractions, the effects of disorder, and also the effects of spiresulting phase diagram. Section V summarizes our conclu-
and lattice dimensionalities and dimensionality crossovers. sions.
[Mn(lll)OEP[HCBD], (OEP=meseoctaethylporphyri-
nato and HCBDB-hexacyanobutadiehés important because
it is one of the few members of the family showing no evi-
dence of structural disorder and/or glassirfess. such it is MagnetizationM data were collected using a Quantum
an important reference to which other more complicatedDesign Model MPMS-5 superconducting quantum interfer-
members of the family may be compared. The compoundnce device magnetometer with a continuous-flow cryostat
consists of §=2) [Mn(llI)OEP|* donor cations trans- and a 5.5 T superconducting solenoid. Susceptibility data
uo-bonded to §=1/2) [HCBD] ~ acceptor anions in a linear were recorded on a Lake Shore Model 7225 ac susceptom-
chain structuré. Earlier studie revealed the presence of a eter with an exchange cryostat and 5.0 T superconducting
magnetic transition at 19.6 K attributed to a transition from asolenoid. Phase sensitive measurements were made using a
one-dimensional Heisenberg-like ferrimagnet to a two-lock-in amplifier. Previous studiésevealed no frequency
dimensional Ising-like state due to weak antiferromagnetiadependence of the ac susceptibility above the lowest attain-
(AFM) exchange between chains forming a plane. able temperature of 1.7 K and within the frequency range of
In this paper, we present a detailed study of the magneti6—10 000 Hz. All measurements were thus recorded at 1
states of this compound at and below its transition at 19.6 KkHz. A dc bias fieldH of 0—2 T was used in addition to the
Evidence is presented for magnetic transitions at 8 and 4.2 lic field, which was kept at a constant 1 Oe. Calibration of

Il. EXPERIMENT
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FIG. 1. (a) In-phase ac susceptibilityy’ as a function of tem- FIG. 2. (a) Out-of-phase ac susceptibilityy” as a function
perature;T as measured in various dc fieldegend, (b) closeup of  of temperature,T as measured in various dc fieldsegend,
low-field data. (b) closeup of low-field data.

the absolute magnitude of the susceptibility along with deture (within 0.2 K) for H<9.5 kOe, above which it becomes
termination of the proper phases of the instrument werelifficult to distinguish the shoulder from the main peak. The
made using a HYGSCN), paramagnetic material. The dc magnitude of the 7.5 K peak iw},(T) increases as H is
susceptibility, x4, was taken asv/H. All magnetic data increased from 2 to 9.5 kOe, however, the peak temperature
were taken on powder samples that had been sealed undgimains constant. The maximum vai@52 emu/mol of the
argon in quartz EPR tubes to avoid contamination with air7 5 g peak inx/,(T) occurs at 9.5 kOe. At 10 kOe, the
The largest uncertainties in the magnetic dat206) arose magnitude of the peak ig};(T) decreases to 0.34 emu/mol,

from the error in measuring the sample mass. Corrections fofnq the temperature of the peak decreases to 7 K. A shoulder
diamagnetism were made usig,=—4.83<10™* emu/mol in xy'(T) is evident forH>2 kOe. It occurs at 19 Knear
as obtained from Pascal’s constahfBhe diamagnetism of XA . o :

Bg: main peak inyy (T)] for H=3 kOe, and decreases in

the quartz sample holders was separately measured and Sl%emperature with increasing field, eventually merging with

tracted from the data. _
the lower temperature peak jyy'(T) .

Isothermal measurements of baoth(H) and x57(H) for
0<H<40 kOe were made at temperatures from 4.2 to 23 K
A. ac susceptibility (Figs. 3 and 4 At 19 K (below the previously determined
transition temperature of 19.6)Kyr(H) shows a maximum
(9.52 emu/moal at 9.1 kOe; the field of this maximum in-
creases as the temperature is decreased, reaching a value of

lll. RESULTS

Both the in-phasey,,(T), and out-of-phasey},(T), com-
ponents of the complex ac susceptibility were measured as
function of temperature from 1.7 to 40 K, in constant dc : i
fields ranging from O to 10 kO&Figs. 1 and 2 In zero dc  24.0 kOe at 4.2 K. The magnitude of the maximunx{(H)
field, as previously reporteda maximum iny4(T) occurs at ~ increases with decreasing temperature untd K, after
22.5 K with a value of 0.42 emu/mol. A maximum ir§(T) which it decreases_ n mé‘g”,'tu%('*) shows no signal
occurs at 7.5 K with a value of 0.006 emu/mol, along with an2P0V€~15 K, at which point it displays a narrow peak2

: - . . kOe wide, (maximum value=0.005 emu/mal centered at
accompanying shoulder i (T). Direct current field depen- ' i
dence of the bothy/,(T) and x,(T) occurs forH>2 kOe. 8 kOe. As the temperature is lowered below 15 K, the peak

As the dc field is increased from 2 to 9.5 kOe, the temperaproadens’ and the field of the maximum increases, reaching a

i f th Kin' (T) d dth itud fvalue of 20.4 kOe at 4.2 K. The magnitude of the peak
ure ot the pea inyi(T) decreases, an € ma,gnl ude oty x7(H) increases with decreasing temperature from 15 to
the peak increases. At 9.5 kOe, the magnitudeofT) is

- . i ~7 K, below which it decreases in magnitude.
maximized, being 1.56 emu/mol at its peak temperature of

9.4 K. At 10 kOe, the magnitude of the peak j#(T) de-

creases relative to its value at 9.5 kOe, falling to a value of
1.00 emu/mol at its peak temperature of 9.0 K. The 7.5 K Previous isothermal studiesf M as a function of H for 5
shoulder iny/,(T) remains at a relatively constant tempera-K<T<25 K revealed a rapid increase Mf(H) near 10 kOe

B. dc magnetization and dc susceptibility
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FIG. 3. Isothermal in-phase ac susceptibiligy,as a function of

! ) FIG. 5. Isothermal magnetizatioN] as a function of fieldH at
field, H at various temperaturdtegend.

various temperaturegegend.

at temperatures below 19.6 K, indicative of a metamagnetiindicating a transition additional to the single metamagnetic
transition. Figure 5 displays isothermisll(H) curves forT  transition observed at higher temperatures. At 1.7 K, the
<5 K, revealing behavior resembling metamagnetism inowest attainable temperature, the magnetization increases
which the magnetization is linear with field below a certainlinearly with field until it abruptly(data were collected in 50
field and subsequently increases rapidly before approachinQe increments near the transition yet no points intermediate
the saturation value of 16 800 emu G/mol expected for ferto the low and high magnetization states were measured
rimagnetically aligned spins. At 4.2 K and below, the initial jumps to~10 000 emuG/mol at 19 kOe, after which it un-
linear part of the curve extends beyond 10 Kidecontrastto  dergoes an inflection point near 25 kOe and 12 000 emuG/
the behavior abay 5 K for which the linear region never mol before approaching saturation. The maximum observed
extends beyond 10 kQereaching~20 kOe at 1.7 K. Be- (H=55 kOg¢ value of the isothermal magnetization at 1.7 K
tween 1.8 and 2.2 K the magnetization shows steplike behavs reduced relative to the higher temperature curves displayed
ior in which M(H) increases abruptly near 15 kOe to in Fig. 5, indicating the possibility of an additional transition
~7 000 emuG/mol, then increases again near 22 kOe téor H>55 kOe.

~12 000 emuG/mol, after which it approaches saturation, Three different types of isothermal hysteresis curves were
observed from 1.7 to 40 K. Above 8 K, no irreversibilities
were observed. From 4.2 to 8 K, the curves show irrevers-

ibility, but zero coercive field. A curve typical of this region,
at 7 K, is displayed in Fig. 6. The curve shows irreversibility
g from 0 to 10 kOe, however, it is constricted at the origin with
E zero measurable coercive field. Below 4.2 K, the curves are
S
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FIG. 4. (a) Isothermal out-of-phase ac susceptibilify; as a FIG. 6. Full hysteresis loop showing magnetizatidn, as a

function of field,H at various temperaturékegend, (b) closeup of  function of field,H at 7 K. Inset shows a closeup of the low-field
higher temperature data. data.
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FIG. 7. Full hysteresis loop showing magnetizatidn, as a

function of field,H at 1.7 K. o .
FIG. 9. Remanent magnetization as a function of temperature,

tricted at th iqin. but with ive field T. Data were recorded by cooling in 40 Oe to 1.7 K, zeroing the
constricted at the origin, but with nonzero coercive ne S'ffield and recording remanence while warming. Solid line is a fit
(

Figure 7 displays a hysteresis loop with a coercive field 0f3 4 k<T<4.2 K) to a power law in reduced temperature. Dashed

~4 kOe at 1.7 K. . line (1.8 K <T=<3.2 K) is a fit to theD-M predictions for a canted
The field-cooledFC) and zero-field coole@ZFC) dc sus-  antiferromagnet below its ordering temperature.

ceptibilities were measured in various applied figlEg. 8),

and showed a bifurcation ned K that was independent of

the measuring field. The remanent moment was measured by H= —2Jimra2 S, S,Hl—ZJimerZ S St
cooling the compound in a field of 40 Oe to 1.7 K, zeroing L bl

the field at 1.7 K, and recording the remanent magnetization

as a function of temperature while warming. The remanence +2 Dsii , 1)
vanishes above 4.2 KFig. 9). :

where Jina and Jiner represent the intra- and interchain ex-

IV. DISCUSSION change strengths respectively, alDGii is the contribution
o . due to single-ion anisotropy. The previous woyielded val-
A. Transitions in zero field ues 0fJiya=— 172 K, Jineer= — 0.4 K, andD~ — 3 K (nega-

For H=0, previously reportédmagnetic studies indicate tive D corresponds to an Ising-like systgnn this section,
a transition afT=19.6 K from a 1D Heisenberg-like ferri- We analyze the zero-field data below 19.6 K, concluding that
magnet to a system of two-dimensionalBD) antiferromag- ~ transitions additional to those expected for the 2D AFM state
netically coupled Ising-like chains, represented by the fol(see discussion belgwoccur, indicative of further dimen-

lowing Hamiltonian: sionality crossovers and additional terms in the Hamiltonian.
In theory, a magnetic transition is marked by a diverging
045 magnetic specific heat. For an AFM, the susceptibility is
é”*ﬁé related to the magnetic specific hegtthrough theoretical
0401 B, relationships derived by FisHérrelating it to the absolute
A 100e # § value of the magnetic energ§(x/,T)/dT~c. Figure 10 dis-
0351 g N, N plays the experimental(x;,T)/JT as a function of tempera-
= ture as measured in zero and applied fields. Two peaks are
g 030 8 observed in all curves, each slightly below the corresponding
E & peaks iny;,(T). These data indicate two transitions.
i 0251 ) The peak at 19.6 K in zero field represents the previously
# discussed 2D AFM transition, while the smaller peak at 8 K
020~ o supports an additional phase transition. Below 8 K, a non-
0.15 zeroxy,(T) is observed along with hysteresis in thig(H)
’ curves and a difference between the ac and dc data. These
0.10 | \ | : data are indicative of a spontaneous mortenot expected

15 20 25 30 in AFM systems, suggesting the system is no longer behav-
T® ing as a simple AFM and has undergone another phase tran-
sition. This 8 K transition is consistent with the observation
FIG. 8. Field-cooledFC) and zero-field-cooledZFC) dc sus-  Of a tricritical point at 19.6 K and 2 kOe that indicates FM
ceptibilities as a function of temperatufe,as measured in various interchain interactions additional to the AFM interchain in-
fields (legend. teractiongsee next sectionWhile some of the data suggests
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wheret is the reduced temperaturé{—T)/T., andg is the
critical exponent determined by dimensionality. A best fit to
2 bl this powerl-l_aw behavior for 34 K T < 4.2 K.,.Fig. 9,
g oK yields a critical temperature df.=4.2 K, with critical ex-
g %8 KOe ponentB3=0.31=0.02. For a three-dimensional transitigh,
et oL Koe is expected to take values of 0.33D Ising to 0.37 (3D
g 6 KOe X . .
& b Heisenbergy*!® The value of3=0.31, along with the inde-
g -6-00e pendence of the FC/ZFC bifurcation point on measuring field
indicate a transition at 4.2 K to a 3D Ising-like system with
no disorder suggesting either of the following additions to
the Hamiltonian:
35 J34S-§ 4
or
_ R . 1
FIG. 10. Derivative ofy’'T with respect toT as a function of 27S.S—3(S.r .1)/r2 5
temperatureT as measured in various fieldggend. r3[3 % (S )(a e, ©)

herer is the distance between spin centers dpgis the

xchange interaction between spins in neighboring planes.
The dipole interaction energy between planes is estimated to
a)e ~0.02 K (see Sec. IV § much less than the intralayer

ferromagnetic character near 8 K, no evidence of a divergin
x (indicative of a pure FM transitionincluding successful
FM scaling analyses collapsing (H,T) data to a universal
curve, is found. These data, in addition to the constricte X o : hy
hysteresis curves similar to those observed in wealllt€ractions. The lack of'masgnetlc disorder is unusual in this
ferromagnet$21® suggest a weak ferromagnetior canted amily of metalloporphyrins!

AFM) state below 8 K. The following addition to the Hamil- Similar to the behavior near 8 K, a traditional FM scaling
tonian is proposed: analysis was unsuccessful at 4.2 K. The lack of scaling, in

addition to the constricted hysteresis curves below 4.2 K
d-SX S, ) indicative of weak ferromagnetism, suggests a canted 3D
state in which the sheets of chains with canted spins that
whered is the Dzialoshinski-Moriya tensor. The bulk re- formed & 8 K are coupled three dimensionally resulting in a
sponse of the powdered material contains components bottulk weak ferromagnetic moment. The experimental low-
parallel and perpendicular to the weak ferromagnetic motemperaturey,,(T) Ref. 8 approaches a nonzero constant
ment. below ~ 4 K in accord with the Dzialoshinski and Moriya
The dimensionality of ta 8 K transition is now discussed. predictions for canted systerhSThe spontaneous moment
While the irreversibilities in the datgy( of Fig. 2) indicate a of a canted system in its ordered state, and well below the
spontaneous moment, bulk dc measurem@hig. 9 show critical region neaifT, is predicted using spin-wave theory,
no remanence. The absence of a measurable remanence shgsed on a two-sublattice model, to behave as
gests a 2D configuration in which the chains are coupled into
sheets with spins on neighbor chains within the sheets canted M~[1=7(T/Tc)?], ©)
relative to one another. Theoretic_all_y, such a configuratioquth 7 typically near 0.488 A value of 7=0.50:-0.02 was
would give rise to a net moment within a sheet, which wouldgpiained from a fit of the low-temperatufé.8 K<T<3.2
give rise to losses and a nonzey6, but zero bulk dc mo- ) magnetization to this function while fixing, at 4.2 K
ment as the sheets are not strongly correlated with one aFig. 9. Thus, the remanence and FC/ZFC data indicate a

other and the sum of their individual moments averages tqansition from 2D weak ferromagnet to 3D weak ferromag-
zero in the bulk. We also note that a transition to a “soft” o 4t 4.2 k.

3D magnet, which would result in reversible magnetization
giving rise to zero remanence, is not consistent with the data
showing irreversibilities between 0 and 10 k(&g. 6). The
description as a 2D system is also consistent with the obser- In this section, we use our combined ac and dc data to
vation of a 3D transition at 4.2 Ksee below. Thus we take map out theH-T phase boundaries below 19.6 K. Analysis
the x” at 8 K and dc hysteresis loops with no remanence asf the data indicate the presence of a mixed phase and both
evidence for a transition from a 2D lIsing-like AFM to a 2D tricritical and multicritical points.
weak ferromagnet at 8 K. The behavior of an anisotropic AFM below its &leem-
Another transition is evident at 4.2 K. Below 4.2 K, a perature,Ty, has been well investigatéd Below Ty, such
spontaneous moment is directly obseryEi). 9 in addition  antiferromagnets undergo two first-order phase transitions as
to nonzero coercive fields, and differences in the FC andhe external field is isothermally increased from zero, the
ZFC susceptibilitiegFig. 8). In theory, a spontaneous mo- first from an AFM to a mixed phasgonsisting of a mixture
ment is related to the FM order parameter and should vanisbf both ferro- and antiferromagnetic domairend the sec-
continuously at the critical temperature accordintf to ond from the mixed phase to a paramagnetic phase. If, in
addition to the AFM interactions, there exist ferromagnetic
M~tA (3 interactions, then there will be a temperature bel®y

B. Transitions in applied fields
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FIG. 11. Proposed phase diagram from ac and dc susceptibility and magnetization measurements. Based of( pRaksdin (open,
closed circles disappearance off,(T) (filled triangleg, maximum slope inyt(H) (#), maximum slope idMy./dH(H) (open squargs
low-temperature steps i (H) (crosses Lines are guides to the eye.

(known as the tricritical point above which only one tran- The mixed phase of a metamagnet consists of a mixture of
sition occurs as an external field is isothermally applied, &oth ferro- and antiferromagnetic domains. The transition
second-order transition from AFM to paramag}?eselow from the mixed to the paramagnetic state should be marked
the tricritical temperature, both the AFM-mixed and mixed- by the disappearance of these domains, thus we use the point
paramagnetic transitions occur. at which x” disappears to mark this boundary. Points using
We utilize our xi(T) and y1(H) data to map thed-T  this criterion at the higher temperature shoulderd{T)
phase boundary. In Fig. 10, we observe the temperature d$ee Fig. 4 are included in Fig. 11.
the larger peak ini(x,,T)/JdT decreasing monotonically as  Near 19.6 K, x}\(T) vanishes forH=<2 kOe . The field
the measuring field is increased, similar to the expected bedependence of botk,,(T) and x},(T) occurs only fortH=2
havior of the Néktemperature. As we did fod=0, we use  kOe . Interestingly, the curves of Fig. 11 indicate a tricritical
the peak ind(x,T)/dT (see Fig. 1D to mark the AFM-  point at 19.6 K and 2 kOe, from which three phaggara-
mixed transition temperature at each fi¢kig. 11). This is  magnetic, mixed, AFMmay be entered.
consistent with other determinations of thisT boundary, The temperature of the smaller pealdify,,T)/JT, which
as will be discussed later in this section. remains almost constant &t=8 K as the field is increased,
Our determination of the AFM-mixed phase boundary viais used to mark the addition&l-T phase boundargFig. 11
x+(H) is based on the following. In theory, when an externalinto the 2D canted magnetic state.
magnetic field of order of the AFM exchange strength is Noting the magnetic transition at 8 K, the phenomena at 8
applied to an Ising-like AFM in its ordered state, the sublat-K and 9.5 kOe are of interest. Hysteresis in the isothermal dc
tice whose magnetization is opposite the field aligns with thecurves is observed belo8 K and 9.5 kOgsee Fig. 6. In a
field, giving rise to a sudden increase in the magnetizationconstant field of 9.5 kOe, the main peak and smaller shoulder
The presence of a demagnetizing fadtigiwhich reduces the in x;(T) merge at a temperature of 8 (§ee Fig. 1 While
internal fieldH;, relative to the external field according to the main peak iny,(T) remains at a constant temperature
Hi=H—NM, suppresses the increaseNh and forces the (7.5 K) for H<9.5 kOe, the peak temperature decreases for
creation of the mixed state. While in the mixed state, theH=9.5 kOe (see Fig. 2 The magnitudes ofy,(T) and
internal field remains constant despite an increase in the e (T) are maximized at 9.5 kOe. The overall maximum
ternal fleld,.and the sgsceptlbmty is limited byNL/We thus  51ye ofx}(H) occurs at 9.5 kOe & ~8 K (see Fig. 3. In
use the point of maximum slofiéin our y7(H) data(see  general, 88 K and 9.5 kOe, the susceptibility is maximized.
Fig. 3, and alsodMy./dHr(H), to mark the AFM- mixed  Examination of the proposed phase diagram of Fig. 11 sug-
transition. The previously reportédic curves are used to gests that 9.5 kOe @n8 K may mark a multicritical point,
examinedMg./dHy(H) above 4.2 K. These results are dis- from which a variety of magnetic phases may be entered.
played in Fig. 11. Both the ac and dc determinations coinciderhis maximization ofy may be related to the coexistence of
with the determination made usidgy/,T)/JT; however, be- multiple phases.
low 8 K atwhich a second transition is evidefsee discus- The abrupt increases in the isothermal dc magnetization
sion below the maximum slope illMg./dH(H) occurs at  data below 4.2 K(Fig. 5 indicate metamagnetism. In a
a lower field thanyt(H), i.e., the ac and dc data no longer metamagnet, interchain couplings are broken under the ap-
coincide. plication of a sufficiently strong field. Below 4.2 K in our
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compound, the field of maximurdM/dH is observed to change has been estimated to be non-negligjipte0.1 K)
increase rapidly with decreasing temperat(feg. 11), un-  along one interchain axis and is presumed responsible for the
like the behavior above 4.2 K where it remains relatively2D AFM ordering process occurring at 19.6 K. The ex-
constant(see Fig. 5 of Ref. i Below 2.2 K, the two steps change along the other interchain axis is expected to be sig-
observed ifM (H) indicate an additional higher-field transi- nificantly weaker. On the other hand, previous stutifes/e
tion, also displayed in the phase diagram of Fig. 11. determined that the interchain dipole-dipole interactions
The nature of the phase intermediate to the AFM andhaye sufficient energy to influence the magnetic state of this

paramagnetic states implied by the two transitions occurringng other members of the metalloporphyrin family near 10 K
below 2.2 K is of interest. Two different physical explana- 54 pelow.

tions are considered: the existence of multifdeeater than
two) magnetic sublattics and the existence of multiple
metastable canting angl&The occurrence of similar step-
like behavior inM(H) has been observed in the linear chain

A system of chains coupled via dipole-dipole interactions
will be anisotropic as a result of the anisotropy of this inter-
action. The competition between single-ion anisotropy, with

. its own preferred orientation of the spins, and the anisotropic
magnets’ FeCl-2H,0, CoCh-2H,0 , and CoBj- 2H,0 in dipole-dipole interactions of the chains allows the possibility

hich, similar to thg MNOEP|[HCBD], the intrachain inter- X . L.
which, similar to thg MnOEP |, the intrachain inter of canting®>® The interchain dipole energy between t&o

actions are significantly stronger than the interchain interac=" ) he i hain di ¢ A
tions. Both four and six magnetic sublattices have been pro= 2 Units separated by the interchain distance of 8.02 A is

posed for these systems, in which only some subset of thgStimated at-0.02 K using the point-dipole approximation.
chains are rotated by a single field, as opposed to a simpféhe single-ion anisotropy on tt&= 2 site is estimated of the
two sublattice system in which all the chains of antiparallelorder 1 K, 50 times larger than the dipole-dipole energy, and
spins are rotated by a single field. The six sublattice modelhus the dominant factor determining a preferred spin orien-
predicts the 3:1 ratio of the saturation magnetization to thatation in this system.

of the intermediate state observed in the above family. For According to the point-dipole approximation, the dipole-
this reason, in addition to neutron data, the six-sublatticalipole energy decreases with distancer a3, thus a rough
description is favored when describing this farrifyin con-  estimate of the relative strengths of the dipole-dipole inter-
trast, the ratio of the saturation magnetization to that of theactions along the two interchain axes is given by
intermediate state in thBMnOEP[HCBD] of ~17/7=2.4  (12.33)/(8.02)*=3.6. This approximately 4 to 1 ratio sug-
(Fig. 5 is inconsistent with either a four or six multiple gests that the interactions along the closer interchain axis
sublattice picture, which predict either 3:1, 3:2 or 2:1 ratios.hecome relevant earlier than those along the farther axis.
In addition, the low-temperature magnetization data fits wellrhys the transition ta8 K is related to interchain dipole-
with the predictions of a two-sublattice mod@lig. 9). For  gipole interactions along the nearer interchain axis, and the
these reasons, a multiple-metastable canting angle descrigznsition at 4.2 K results from the 3D coupling, via the

ti(_)n, in which metastable configurations correspondir_lg to_dipole—dipole interactions along the farther interchain direc-
different cant angles are achieved enroute to saturation, ®on. of the sheets formed at 8 K

more likely than the multiple-sublattice description.

At 1.7 K, the behavior oM (H) changes relative to the
behavior between 1.8 and 2.2 K. Two transitions are ob-
served, however, the lower-field transiti¢occurring at 19 V. CONCLUSION
kOe) is extremely abrupt while the higher field transition Magnetization and susceptibility ~ studies  of
(occurring at 25 kOgis less abrupt and therefore more [MnOEP|[HCBD] reveal transitions ta8 K and 4.2 K (in
closely resembles a spin-flop transition. In addition, the magzerq field in addition to the earlier reported 19.6 K transi-
netization of the intermediate state+s10 000 emuG/mol as  tjon, The transition at 8 K, is marked by a shouldein the
opposed to the-7000 emuG/mol observed between 1.8 andynnhearance of nonzesd, and dc hysteresis with no coercive
2.2 K. This change in behavior at 1.7 K suggests yet anoth&fe|q or spontaneous moment. The transition at 4.2 K is
magnetic transition. marked by dc irreversibilities, the appearance of a spontane-
ous moment and nonzero coercive fields. The disappearance
of the spontaneous moment is well fit by a power law in
reduced temperature with the critical expongnt0.31 indi-

The weak ferromagnetic states occurring below 4.2 and 8ating a 3D Ising-like transition. The behavior of the spon-
K require net interchain interactions that are bothtaneous moment sufficiently beloW, fits the two-sublattice
antisymmetri¢® and anisotropic. We discuss the interchaincanted antiferromagnetic description well.
exchange, single-ion anisotropy and interchain dipole-dipole The phase boundaries have been mapped using both ac
interactions and their relative importance in creating thesand dc techniques. The resulting phase diagram shows the ac
states. A cross-sectional view of ttdnOEP|[HCBD] chain  and dc boundary determinations to be self-consistent. A tri-
compound® reveals four neighbor chains with two at a dis- critical point has been identified at 2 kOe and 19.6 K. A
tance of 8.02 A and two at 12.33 A. The interchain exchangenulticritical point has been identified at 9.5 kOe and 8 K.
in most members of the metalloporphyrin family, has beerBelow 2.2 K multiple magnetic transitions are evident. The
estimated to be negligible due to large interchain distancegjata suggest that the transitions at 8 and 4.2 K are to two and
the bulkiness of the porphyrins, and the lack of conjugatiorthree dimensionally coupled weak ferromagnetic states, re-
between the porphyrin and its substituent grotipehe  spectively. Interchain dipole-dipole interactions are proposed
[MNnOEP|[HCBD] represents an exception in that its ex- as the cause of the transitions.

C. Interchain coupling and dipole-dipole interactions
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In summary, we propose the following description of thesystem via dipole interactions along the farther interchain
evolution of the magnetic state dfinOEP[HCBD]. At high  direction.
temperatures(room temperatupe the system behaves as
Heisenberg-like ferrimagnetic chains. At 19.6 K, the sys- ACKNOWLEDGMENTS
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