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We report magnetic studies of Fe(TCNE)2•x(CH2Cl2), a member of the family of high-Tc molecule-based
magnets,M (TCNE)x•y~solvent! (M5V, Mn, TCNE5tetracyanoethelyne!. Based on extensive static and
dynamic magnetic measurements we show that this system has a complex magnetic behavior, with a mixture
of ferrimagnetic and random anisotropy characteristics. The constricted hysteresis curve with a spin-flop shape,
the ac susceptibility in the presence of a dc field, consistent with the spin-flop picture, and the remanent
magnetization suggest ferrimagnetic behavior. The ac susceptibility data in zero dc field have modest fre-
quency dependence suggesting glassiness, while the field-cooling/zero-field-cooling magnetization data show
irreversibilities, starting at;97 K, and increasing below;20 K, all consistent with the behavior of reentrant
random anisotropy magnets~RAM!. Ferromagneticlike scaling analyses provide a critical temperatureTc

597 K and the critical exponentsb50.45 andd52.5, relatively consistent with random anisotropy magnet
predictions. Also, the curvature of theT,Tc data in the modified Arrott plot is characteristic for RAM.
Correlating the static and dynamic magnetic studies and analyzing the similarities with other members of this
family of hybrid organic/inorganic compounds, we discuss the origins of anisotropy and randomness and the
possible interconnections between ferrimagnetism and RAM~sperimagnetism! in Fe(TCNE)2•x(CH2Cl2).
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I. INTRODUCTION

The initial discovery of a spontaneous moment at ro
temperature in the V(TCNE)x•y(CH2Cl2) molecule-based
magnet1 ~TCNE5tetracyanoethylene!, led to considerable
interest in generating a broad class of hybrid organ
inorganic materials2,3 displaying cooperative magnetic be
havior at high temperature. The interest in these unusual
tems, for which a substantial fraction of the spin is suppl
by p electrons, was stimulated further by the possibility f
some of these low-density room-temperature magnets to
stitute for ferrites or other materials in various application4

Earlier magnetic studies of V(TCNE)x•y~solvent! sys-
tems ~with the solvent being CH3CN5acetonitrile or
C4H8O5tetrahydrofuran) revealed5,6 static critical behavior
consistent with existing models for random anisotropy m
nets ~RAM!, previously applied only for site-diluted an
amorphousf and d electron systems.7–11 It also was shown
that the spinless organic solvent has a key role in modula
magnetic properties.5,6

Using Mn instead of V resulted in the recent synthesi12

of Mn(TCNE)x•y(CH2Cl2) for which static and dynamic
critical analyses revealed13 reentrant spin-glass behavio
with a high-temperatureT transition to a three-dimensiona
~3D! Heisenberg ferrimagnet and a lowT transition to a spin-
glass~SG! phase. It was proposed that in that case the r
dom exchange rather than random anisotropy was res
sible for the unusual low-temperature behavior.
PRB 610163-1829/2000/61~1!/492~9!/$15.00
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We report here results of extensive magnetic studies
Fe(TCNE)2•x(CH2Cl2). Static and dynamic magnetic mea
surements reveal a rich and complex behavior with both
rimagnetic and reentrant RAM characteristics. We disc
the possible origins of this unusual behavior based on co
lations between static and dynamic magnetic data a
throughout, we compare and contrast the results
Fe(TCNE)2•x(CH2Cl2) with earlier studies of the othe
members of the family, mainly V(TCNE)x•y(solvent) and
Mn(TCNE)x•y(CH2Cl2).

The outline of this paper is as follows. Section II provid
a brief review of RAM theory with an emphasis on som
predictions that can be checked experimentally. In Sec.
we discuss the samples and the experimental techniq
while in Sec. IV we report the results of ac susceptibility a
dc magnetization studies, together with static scaling an
ses. Section V consists of a discussion of these results in
context of existing models for ferrimagnetism and RAM
Section VI is reserved for conclusions.

II. THEORETICAL AND EXPERIMENTAL BACKGROUND

Theoretical research on magnetic order in disordered
tems has concentrated on two different approaches: the
assumes random exchange only, neglecting the effect
random anisotropy leading to the concept of SG,14,15 while
the second assumes that magnetic order is created by ran
anisotropy in the presence of ferromagnetic exchange, in
ducing the notion of RAM.16 The theoretical studies of th
RAM were initiated and stimulated by the experimen
492 ©2000 The American Physical Society
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PRB 61 493MAGNETIC PROPERTIES AND CRITICAL BEHAVIOR . . .
work on amorphous alloys of rare-earth and transition-m
ions.10,17

Most theoretical studies of RAM are based on t
Hamiltonian16,18,19

H522J(
i , j

Si•Sj2Dr(
i

~ n̂i•Si !
22Dc(

i
~N̂•Si !

2

2gmB(
i

H•Si . ~1!

The first term is the Heisenberg~ferromagnetic! exchange of
strengthJ (J.0), the second is a random uniaxial aniso
ropy term of strengthDr (Dr.0) and local orientationn̂i ,
the third is a coherent~nonrandom! uniaxial anisotropy term
of strengthDc (Dc.0) and orientationN̂, while the last is
the Zeeman term due to the applied fieldH. The continuum
version of the RAM Hamiltonian gives the macroscopic e
ergy density:20

e5
1

2
a~¹ iMm!~¹ iMm!2

1

2
b r~M•n̂r !

22
1

2
bc~M•N̂!2

2M•H, ~2!

where the magnetizationM is assumed to be of fixed lengt
M0 , a}Ja2 (a being an interatomic separation!, and b r
and bc are proportional to the microscopic anisotropiesDr
andDc . In this model the randomness comes from allowi
the anisotropy axisn̂r to point in arbitrary directions and to
change significantly over a spatial scaleRa .

When the random anisotropy is large compared to
change and the coherent anisotropy is negligible, each sp
directed almost along the random anisotropy axis at its s
Collective behavior is only a secondary phenomenon in
state, calledsperomagnetic~SM!.20,21 When the random an
isotropy is weak~and any uniform anisotropy and/or applie
field are negligible! the system behaves cooperatively, ho
ever, it has no net magnetization.18,19,22The local ferromag-
netic magnetization changes direction significantly at d
tances on the order of the finite ferromagnetic correlat
length, leading to a correlated spin glass20 or correlated
speromagnetic~CSM! state.10

In the presence of a moderate applied field a magn
moment is produced, leading to a field-induced new regi
called theferromagnet with wandering axis~FWA!.20 In the
limit of high applied magnetic fields the noncollinear stru
ture aligns even further toward the applied magnetic fie
the random anisotropy being able only to slightly tilt th
spins from the direction of the applied field. A cohere
uniaxial anisotropy can have the effect of an applied fie
leading to either one of the states mentioned above, dep
ing on its strength.20

These theoretical studies provide important predictio
that can be checked experimentally. Discussed below
three such predictions, referring to the field dependence
the magnetization in the approach to saturation, the crit
exponents obtained from a ferromagnetic-like scaling an
sis, and the curvature of the data in the modified Arrott plo

The first prediction is for the field dependence of the m
netization for the FWA and the SM. Starting from Eq.~2!,
al
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Chudnovsky and co-workers introduced20 the exchangeHex,
random anisotropyHr , and coherent anisotropyHc fields
defined by

Hex5aM0 /Ra
2 , ~3!

Hr5b rM0 , ~4!

Hc5bcM0 . ~5!

For the FWA, a RAM with a small random anisotropy (Hr

!Hex) in a moderate applied field (Hr
4/Hex

3 ,H,Hex), it
was found that the first-order energy density approach le
close to saturation, to the following field dependence of
magnetization:20

M02M ~H !

M0
5

1

15S Hr
4

Hex
3 ~H1Hc!

D 1/2

. ~6!

The same approach gives for the RAM with a small rand
anisotropy (Hr!Hex) in the large field (Hex!H) regime the
following expression:20

M02M ~H !

M0
5

1

15S Hr

H1Hc1Hex
D 2

. ~7!

This last result is valid in the large field limit also for a RAM
with large random anisotropy (Hex!Hr).

20

Another prediction refers to the critical exponents o
tained from a ferromagnetic-like scaling analysis~for sys-
tems with the spontaneous magnetization as order par
eter!. The scaling assumption23,24 is that near the critical
temperatureTc the M (H,T) data obey the scaling equation
of state:

m257a61b6~h/m!, ~8!

and

m5 f 6~h!, ~9!

where

T5~T2Tc!/Tc , ~10!

m5M /uT ub, ~11!

h5H/uT ubd, ~12!

and a6 ,b6 are critical amplitudes, whilef 6 are universal
scaling functions. The critical exponentsb andd are defined
by

M;uT ub, ~13!

valid immediately belowTc in the limit of zero field, and

M;H1/d, ~14!

valid at Tc . The linear scaling plot@m2 versush/m, based
on Eq. ~8!# and the logarithmic scaling plot@m versush,
based on Eq.~9!# allow the collapse of the magnetizatio
data onto two universal curves, one forT.Tc (1) and one
for T,Tc (2). The best such data collapse provides t
critical exponents andTc .
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494 PRB 61GÎRŢU, WYNN, ZHANG, MILLER, AND EPSTEIN
By comparing the equations of state of a RAM and
ferromagnet~FM! Gehring and co-workers7 were able to pre-
dict that for the RAM, the critical exponents~labeled with
the subscripta) can be related to the ones of the correspo
ing FM by7

ba5b
62d

2
, ~15!

da511
2g

~62d!b
5d2

42d

62d

g

b
, ~16!

whered is the lattice dimensionality andb1g5bd. There-
fore, for meaningful values ofd (d52 or 3! ba.b andda
,d. If for a 3D FM system the exponents are 0.32<b
<0.36 andd54.87 ~Ref. 23! for the corresponding RAM
system they would be 0.48<ba<0.54 andda53.58.7

The modified Arrott plot,24 is based on the Arrott-Noake
equation of state:25

~H/M !1/g5a8T1b8M1/b, ~17!

wherea8 andb8 are critical amplitudes. It allows the dete
mination of the critical parameters by making theM (H,T)
data fall on a set of parallel straight-line isotherms~the one at
T5Tc passing through origin! by plotting M1/b versus
(H/M )1/g and choosing appropriately the exponentsb and
g. ~Note that for the mean-field exponentsb51/2 andg
51 the usual Arrott plot26 is recovered.!

For RAM the prediction, based on equation-of-state c
culations, is that the modified Arrott plots show curves th
are not perfectly parallel, especially at low fields, where th
curve and shift so that forT,Tc they all pass through the
origin18 or may not intersect the vertical axis at all.19 This
type of low-field behavior reflects the fact that there is
FM long-range order at any finiteT ~the magnetization goe
to zero with the field!.

These predictions have been tested experimentally,10,11

the approach to saturation5–7,27,28 and the curvature in the
Arrott plots being confirmed5,6,28 while the exponents found
are relatively consistent with the expectations.5–7 Addition-
ally, other types of magnetic behavior may contribute
identifying RAM. The ‘‘rough’’ free-energy landscape~with
a large number of barriers and valleys with metasta
minima! induced by the random anisotropy causes slow
laxation processes and irreversibilities similar to the o
observed in SG.29,30 Glassy behavior manifested in the fr
quency dependence of the ac susceptibility and the bifu
tion between field-cooled~FC! and zero-field-cooled~ZFC!
magnetization have been observed for RAM.28,31

III. EXPERIMENTAL

A. Materials

The preparation of Fe(TCNE)2•x(CH2Cl2) is described
elsewhere.12 This compound has unpaired spins on both thd
orbitals of the transition-metal ion and thep* molecular
orbital of the@TCNE#2 bridging organic ion. The results o
a Mössbauer spectroscopy study of Fe(TCNE)2•x(CH2Cl2)
confirmed that iron is divalent and high spin (S52).12 The
cyanocarbon acceptor@TCNE#2 has a spin of 1/2 due to a
unpaired electron in a molecular orbital ofp* character.
-

l-
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y
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-
s
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High-spin 3d6 FeII in an octahedral crystal field has
triplet orbital ground state. The orbital momentum is on
partially quenched, leading to large deviations of the Land´ g
factor from the spin-only value.32,33 Any small distortion
from the octahedral symmetry~very common for such sys
tems with triplet ground states! together with the spin-orbit
interaction will remove some or all of the orbital degenera
and introduce magnetic anisotropies with large zero-fi
splittings,32,33 which will affect the overall magnetic behav
ior of the compound.

For V(TCNE)x•y(solvent) the structural correlatio
length is short and depends upon the solvent used~e.g.,;10,
15, and 25 Å , when the solvent is CH3CN, C4H8O, and
CH2Cl2, respectively5,6!. In contrast, the
Fe(TCNE)2•x(CH2Cl2) diffraction pattern exhibits sharp
x-ray diffraction lines similar to the ones observed f
Mn(TCNE)x•y(CH2Cl2),12 indicating a much less disor
dered partially crystalline structure.

All magnetic data for Fe(TCNE)2•x(CH2Cl2) were taken
on powder samples that were handled in argon and se
under vaccum in quartz EPR tubes to avoid possible de
dation in air. Studies on multiple samples from differe
batches reproducibly show similar overall behavior. T
quantitative variations from sample to sample mention
throughout the paper are attributed to the differences in
vent content, which was estimated12 as 0.4<x<1.1. For the
Fe(TCNE)2•x(CH2Cl2) reported here, elemental and the
mogravimetric analyses lead to an estimation ofx;0.72.

B. Experimental techniques

The measurements of the linear ac magnetic susceptib
and its harmonics were made with a Lake Shore 7225
Susceptometer/dc Magnetometer first in zero applied dc fi
in the temperature range 5<T<150 K, on warming. Both
the in-phase (x8) and out-of-phase (x9) linear susceptibili-
ties, x5x81 ix9, were measured under an ac fieldHac
5H0 sin(2pft) with H051 Oe and a wide range of frequen
cies f (5< f <10 000 Hz!. Measurements of the linear a
magnetic susceptibility as a function of applied dc fields
<H<50 000 Oe were made at constantT, in the temperature
range 5<T<100 K, with H051 Oe andf 51 kHz, after the
zero dc field measurements.

The dc magnetization was measured with a Quantum
sign MPMS 5 magnetometer. The temperature depende
of the static susceptibility was determined based on mag
tization data collected on cooling between 350 and 5 K in a
dc applied field of 5000 Oe. Hysteresis curves were obtai
at 5 K for applied fields of255 000<H<55 000 Oe, after
cooling with no applied field through the transition. The rem
anent magnetization was measured after taking precaut
for properly zeroing the applied dc field, to within 0.05 O
The sequence for the measurements consisted of cooling
system in a small dc field~10 Oe at first! from 150 to 5 K,
well below the transition; turning the applied field to zero
5 K; taking data on warming in zero applied dc field at;0.2
K/min; repeating the sequence for higher fields, up to 50
~Fields higher than 50 Oe were avoided because of the d
ger of trapping flux in the superconducting magnet wh
would than compromise the zeroing of the dc field. Fie
lower than 10 Oe lead to noisy data.!
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Field-cooled~FC! and zero-field-cooled~ZFC! magneti-
zation data were collected on warming in the range 5<T
<150 K in various applied dc fields. The sequence for
measurements consisted of cooling the system in zero
plied dc field from 150 K to 5 K; turning the applied field o
at 5 K; taking ZFC data on warming at;0.5 K/min in the
applied dc field; cooling the system in the same applied
field from 50 K to 5 K; taking FC data on warming in th
applied dc field; repeating the sequence for higher fie
(10<H<500 Oe!.

IV. RESULTS AND ANALYSIS

The dc susceptibilityx(5M /H) in the range 5–350 K a
H55000 Oe is displayed asx21 andxT versusT in Fig. 1.
The xT product increases asT is lowered from 350 K, with
a peak near 97 K. A simple fit of thex data to the mean-field
Curie-Weiss lawx5C/(T2u) ~shown as solid lines for
bothx21 andxT in Fig. 1 for 250<T<350 K gives a value
of u550 K. The range of temperature 250<T<350 K for a
good fit suggests that probing the dc susceptibility at hig
T would be necessary to reach the true Curie-Weiss reg

While the temperature of the peak in the dc susceptibi
is consistently the same from batch to batch, the magnit
may vary by as much as 50%. Correspondingly, whileu is
nearly the same, the value of the Curie constantC varies
from batch to batch, likely due to the differences caused
the solvent content.34 Due to the variation inC and unknown
Landég factor the number of spins cannot be precisely
termined.

The in-phasex8 and out-of-phasex9 components of the
complex ac susceptibility as a function ofT, at various fre-
quencies, in the absence of an applied dc field are show
Fig. 2. The real part of the susceptibility displays a cle
peak at;97 K and a broader feature at;25 K, whilex9 has
a weak peak at;97 K and a stronger one below 20 K. A
the imaginary part of the susceptibility is related to loss
the weak peak at highT suggests a transition with sma
hysteresis. The frequency dependence ofx8 is weak, starting

FIG. 1. x21 as a function ofT ~left axis! andxT as a function of
T ~right axis!, measured in dc applied fields of 5000 Oe. The so
lines are a fit to the Curie-Weiss mean-field law in the range
<T<350 K.
e
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below 90 K and becoming more obvious only below 40
Despite being noisy, especially at low frequencies, thex9
data show a much clearer frequency dependence at and
low 20 K.

ZFC and FC magnetizations, Fig. 3, were measured

0

FIG. 2. x8 andx9 as funtions ofT, measured atH50, H051
Oe, and 20< f <10 000 Hz. Thex9 20 and 10 000 Hz data were to
noisy to be shown.

FIG. 3. FC~filled symbols! and ZFC~empty symbols! magne-
tizations as functions ofT for 10<H<500 Oe.
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various applied dc fields (5<H<500 Oe!, on warming. Ir-
reversibilities manifested asMFCÞMZFC start at the bifurca-
tion point observed near;97 K and become more pro
nounced below;20 K.

The hysteresis curve taken at 5 K, Fig. 4, has an unu
constricted shape with an inflection point at;610 kOe
reminescent of spin-flop field-induced transitions.35 The inset
of Fig. 4 shows a low-field detail of the hysteresis loop w
small remanence and a coercive field of;2000 Oe. It is
noted that while the shape and the position of the inflect
point is the same from batch to batch differences in the m
nitude of the saturation magnetization arise, likely from t
variance in solvent content.34

Results of dynamic susceptibility measurements in
presence of an additional applied dc magnetic field
shown in Fig. 5. At highT ~above the transition! x8 de-
creases monotonically with increasing dc field. As the te

FIG. 4. M (H) hysteresis curves@including the initial ZFC
M (H) curve starting at origin# at 5 K, for dc fields up to 55 kOe
The inset shows a detail of the low-field region with small rem
nence and a coercive field of;2000 Oe.

FIG. 5. x8 as a function ofH, measured atH051 Oe andf
51000 Hz, in the range of 5<T<100 K.
al

n
g-
e

e
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perature is lowered, a peak inx8 is observed down to 5 K.
The peak position shifts systematically toward higher appl
fields, moving from;8 kOe at 90 K to;13 kOe at 5 K.
The magnitude of the peak inx8 has a maximum at;70 K
and decreases again upon loweringT. The existence of a
peak inx8(H) indicates a maximum indM/dH, which can
be related to a metamagnetic or a spin-flop transition, c
sistent with the hysteresis data.

Remanent magnetizationM rem was measured on warmin
in zero field after cooling in various dc fields, to probe t
formation of a spontaneous moment. The remanent magn
zation, Fig. 6, drops sharply with increasingT from 5 to 20
K, decreases gradually up to 90 K and vanishes abruptl
;97 K. The shape of the curve is independent ofH.

To further probe the high-T transition we attempted a
static ferromagneticlike critical analysis. To determine t
critical parameters separately we used first the reman
magnetization data to get initial estimates forTc andb based
on Eq. ~13!, and then the critical isotherm to determined
based on Eq.~14!.36

The fit of the low-field remanent magnetization~assuming
that it is the best probe of the spontaneous magnetization! to
the power-law behavior belowTc , according to Eq.~13!
~inset of Fig. 6!, for a range of the reduced temperature
0.001<T<0.2, givesTc597.05 K andb50.45. The errors
in the determination of these values are estimated to be
62% for Tc and about65% for b, mainly due to the vari-
ous possible choices for the temperature ranges where
data were fitted. The final choices were made such that
region fitted was within the expected critical regime, a
such that the best fit could be obtained. We note that fits
the higher field data gave similarTc’s but systematically
lower values forb ~96.98 K and 0.42, for 20 Oe; 96.93 K
and 0.40, for 50 Oe!.

Isothermal magnetization dataM (H), Fig. 7, were col-
lected for variousT ~74–118 K, starting with the highestT)
by zero-field cooling and measuring from 0 to 55 kOe,
perform a static critical analysis near the transition.M in-
creases monotonically with decreasingT. At the low limit of

-

FIG. 6. Remanent magnetization as a function ofT, measuring
after cooling in dc fields of 10, 20, and 50 Oe. The inset show
detail of the 10 Oe data with the critical region and the power-l
fit ~solid line! based on Eq.~13!. The values obtained from the fi
areTc597.05 K andb50.45, for 0.002<T<0.18.
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the temperatures scannedM (H) has theS shape seen in the
5 K hysteresis curve~Fig. 4!, consistent with the results fo
the ac susceptibility in a dc superimposed field~Fig. 5!.

ChoosingT597.0 K, obtained from the scaling analys
of the remanent magnetization, as the initial estimate forTc ,
the fit based on Eq.~14! of the magnetization on the critica
isotherm givesd52.77, Fig. 8. The error of this value i
estimated to;610%, again due to the various possibleH
ranges for fit. The criterion has been to choose values oH

FIG. 7. M (H) as measured at variousT ranging from 74 to 118
K. Data was collected every 2 K in the range 74–84 K and 110–
118 K, every 1 K for 84–90 K and 104–110 K, every 0.5 K fo
90–94 K and 100–104 K, every 0.2 K for 94–96 K and 98–100
every 0.1 K for 96–98 K. For clarity, only data for selected te
peratures~every 2 K in therange 74–84 K and 110–118 K, every
K for 84–94 K and 100–110 K, every;0.5 K for 94–100 K! are
shown.

FIG. 8. M (H) isotherm at 97 K with a fit~solid line! to a power
law in H based on Eq.~14!. The critical exponent obtained from
fitting in the range 30<H<55 kOe isd52.77.
that are large enough to remove possible domain-wall effe
but small enough compared toTc (mBH!kBTc).

24

The values forb andd obtained as described above we
used as initial guesses to obtain the modified Arrott plot24

M1/b versus (H/M )1/g displayed in Fig. 9. The modified Ar
rott curves in Fig. 9 preserve some curvature even in
vicinity of the transition for every choice of critical expo
nents, which made more difficult the determination of t
critical exponents. Therefore, the operational criterion for
choice of critical exponents based on Arrott plots is to obt
parallel curves over as wide range as possible, particularl
the high-field regions.37

The final choice of the scaling parameters was made ju
ing by three simultaneous criteria, which in order of the
importance were best data collapse on the linear scaling
~Fig. 10!, best data collapse on the logarithmic scaling p
~Fig. 11!, and largest range of parallel curves in the modifi
Arrott plot ~Fig. 9!. The linear scaling plot, Fig. 10, and th
logarithmic scaling plot, Fig. 11, allowed the collapse of t
magnetization data on the two universal curves. The lin
plot was found to be more sensitive to the choice of
critical exponents, as the logarithmic scales tend to hide
partures from data collapse.24 The scaling parameters tha
met the three criteria mentioned above wereTc597 K ~with
an estimated error of below62%), b50.45 (65%) and
d52.5 (610%), while the range of reduced temperatur
was 0.001<uT u<0.23.

V. DISCUSSION

In this section we discuss the data and the results of
analysis for Fe(TCNE)2•x(CH2Cl2) in the context of
ferrimagnetism, RAM, and reentrance. Throughout,
compare and contrast the results reported here with ea
studies of the other members of the family, main
V(TCNE)x•y(solvent) and Mn(TCNE)x•y(CH2Cl2).

A. Ferrimagnetic behavior

The Curie-Weiss fit of the dc susceptibility data~Fig. 1!
gives a positiveu due to the limited range of temperature

,

FIG. 9. Modified Arrott plots@M1/b versus (H/M )1/g] of the
H>2 T M (H) data from Fig. 7 forb50.45 andd52.5. For clar-
ity, only data for selected temperatures~see Fig. 7! are shown.
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498 PRB 61GÎRŢU, WYNN, ZHANG, MILLER, AND EPSTEIN
available. Higher T data may lead to negativeu,
which would indicate ferrimagnetic behavior. A simila
behavior was seen in the related compou
Mn(TCNE)x•y(CH2Cl2),13 in which case, based on da
available from other Mn-based compounds bridged
TCNE,3,38 an antiferromagnetic coupling between theS
55/2 MnII and the spin 1/2@TCNE#2 was proposed. In the
case of Fe(TCNE)2•x(CH2Cl2) a similar antiferromagnetic
coupling between theS52 FeII and the spin 1/2@TCNE#2

is expected due to superexchange~virtual reverse electron
transfer from TCNE2 to FeII).

The hysteresis curves~Fig. 4! are constricted with a spin
flop shape, consistent with the ac susceptibility data take
a dc field ~Fig. 5!. For the field-induced transition to tak
place anH of about 10 kOe is needed. This behavior

FIG. 10. Static scaling analysis on a linear plot ofm2

5(M /uT ub)2 versush/m5H/(M uT ug) usingH>2 T M (H) data.
Data collapse is obtained forTc597 K, b50.45, andd52.5. Inset
shows entire range of data.

FIG. 11. Static scaling analysis on a log-log plot ofm
5M /uT ub versush5H/uT ubd usingH>2 T M (H) data. Data col-
lapse is obtained forTc597 K, b50.45, andd52.5.
d

y

in

consistent with the antiferromagnetic coupling between
spins on the transition-metal ion and the ones on the org
ligand, and with the existence of sublattices, the spins
which can flip due to the applied field.

Also, the remanent magnetization~Fig. 6! has an unusua
shape. Such shapes were observed previously in the sim
compound Mn(TCNE)x•y(CH2Cl2),13 as well as in various
ferrites39 and were accounted for based on the existence~at
least locally! of different sublattices, within the ferrimagneti
system, each with its own temperature dependence of
sublattice magnetization.

B. Double-transition RAM behavior

The ac susceptibility data in zero dc field~Fig. 2! has
some frequency dependence~better seen inx9) enhanced
below;20 K consistent with reentrant SG’s~Refs. 29,30! or
double transition RAM’s~Ref. 10! but not with regular fer-
romagnets or ferrimagnets. Irreversibilities, starting at;97
K and increasing below;20 K, are observed in the FC/ZFC
magnetization data~Fig. 3!. Such behavior suggests slo
relaxation processes usually present in reentrant ran
exchange29,30 or double-transition random anisotrop
systems.10 However, that the remanent magnetization is d
ferent from zero, suggesting that there is a spontaneous m
netization in the system below the 97 K transition, demo
strates that this system is not a typical SG.29,30

The deviations from parallelism in the modified Arro
plots ~Fig. 9! also suggest that this system is neither a typi
FM nor a typical ferrimagnet. Moreover, ferromagneticlik
scaling analyses showed through the successful data coll
that the magnetization is a valid order parameter and, co
quently, this system cannot be a SG. Furthermore, the va
obtained for the critical exponents are out of the range
typical crystalline23,24 or amorphous43 ferromagnets,23 but
relatively similar to the ones obtained for RAM’s.7,42,44Also,
in the case of Fe(TCNE)2•x(CH2Cl2) for T,Tc the modi-
fied Arrott plot curves~Fig. 9! are concave, bending towar
the horizontal axis as expected for RAM’s.18,19,28

For RAM a double transition was observed in rare-ea
alloys.45,46,27The theoretical explanation proposed was20 that
temperature-dependent anisotropy causes a low temper
crossover from a CSM to a SM~the high-T transition being
from a paramagnet to a CSM!. Hence, an increased low-T
random anisotropy causes the system to ‘‘freeze’’ even
ther and appear more disordered, spin glasslike.

To explore the nature of the low-T state of the system we
compared in Fig. 12 the low-temperature magnetization d
~the virgin curve in the hysteresis plot of Fig. 4! with the
predictions of Eqs.~6! and ~7!. Equation~6! is valid for a
FWA, a RAM with small anisotropy in a moderate applie
field (Hr

4/Hex
3 ,H,Hex), while Eq. ~7! is valid for a RAM

with small anisotropy at high fields (Hr
4/Hex

3 ,Hex,H) and
also for a RAM with high anisotropy at high fields (Hex
,Hr,H). The fit was performed in a limited range of d
fields (30<H<55 kOe!, close to saturation, to avoid th
region with spin-flop behavior at;13 kOe. The results for
the moderate field approximation wereM0'19 100 emu Oe/
mol, Hr

4/Hex
3 '920 kOe, andHc'0.1 Oe, while the quality

of the fit was relatively poor. In the large field approximatio
the values obtained for the fit parameters wereM0'14 500
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emu Oe/mol,Hr'52.6 kOe, andHc1Hex'2400 Oe, the
quality of the fit ~measured as the sum of the deviations
the fit from the data squared! being; tenfold better than in
the moderate field case.

The (H1Hc1Hex)
22 dependence describes theM (H)

curve better than (H1Hc)
21/2 and, therefore, the system

should be either a RAM with small anisotropy~CSM! in a
high field or a RAM with large anisotropy~SM! in a high
field, but not a FWA. Moreover, we note that the maximu
value of the exchange field (Hex52.4 kOe forHc'0) ob-
tained from the large-field fit is much less than the appl
fields used for the fit and, therefore, satisfies the condition
validity of the expression used@Eq. ~7! is valid for Hex
!H].

To further distinguish between the two possibilities le
we note the large value of the random anisotropy field co
pared to the exchange one,Hr552.6 kOe@Hex52.4 kOe,
which indicates a SM rather than a CSM. The only weakn
of this result, raised by the condition of validity of Eq.~7!
(Hr,H), is that the fit is strictly valid only at the highe
extremity of the field range used.

Given the experimental evidence for RAM behavior me
tioned above, the origins of randomenss need to be
dressed, especially as Fe(TCNE)2•x(CH2Cl2) is partially
crystalline. Although the concept of RAM was introduced
explain the anomalous magnetic behavior of amorphous
tems it also has been applied in a crystalline context.7 In the
case of Fe(TCNE)2•x(CH2Cl2) the anisotropy is intrinsic to
the FeII ion in a distorted octahedral environment. The ra
domness may be enhanced by dilution, likely caused by
solvent, just as was the case for V(TCNE)x•y~solvent!,5,6,41

and increased by the various binding configurations
@TCNE#2.13,40

The complex double-transition behavior
Fe(TCNE)2•x(CH2Cl2) is puzzling, as the crossover from
CSM to SM is expected to lead to a zero spontane
moment20 not to an enhancement of it. Noting that the ad
tional ‘‘freezing’’ and the increase of the remanent magne
zation appear to occur simultaneously, we speculate
there may be a connection between ferrimagnetism and
enhancement of random anisotropy. Given the partial c

FIG. 12. M (H) at 5 K ~from the virgin hysteresis curve of Fig
4! for dc fields up to 55 kOe. The dotted and the solid lines rep
sent fits ofM (H) in the range 30<H<55 kOe based on Eqs.~6!
and ~7!, respectively.
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tallinity of these compounds it is likely that a magnetic la
tice exists at least locally within each crystallite and it co
sists of various sublattices,~made up of Fe21, and
@TCNE#2s, respectively! leading to ferrimagnetic configura
tions. The magnetic moment could increase upon decrea
the temperature due to the difference between the excha
couplings between the various sublattices and the diffe
temperature variation of the sublattice moments, as was
viously shown for ferrites39 and Mn(TCNE)x•y(CH2Cl2).13

The various exchange interactions between sublattices
lead to low-T canted spin configurations,47 which could in-
crease the moment as the spins are no longer locally ant
allel. Favoring only particular~canted! spin configurations,47

the exchange interactions also may contribute to an a
tional ‘‘stiffness’’ of the spins, resulting in a enhancement
anisotropy simultaneous with the increase in magnetic m
ment.

We end our discussion of Fe(TCNE)2•x(CH2Cl2) pro-
posing that this system is an unusual candidate for a sp
magnet. While traditionally the term sperimagnet has be
used for a system with rare-earth and transition-metal i
locally coupled antiferromagnetically but with random sp
orientation due to the nonuniform anisotropy,21,48we suggest
extension of this concept to a molecule-based magnet. S
lar to the typical sperimagnet, in this case the spins locate
the d orbitals and those located in thep* organic orbitals
interact antiferromagnetically, while the solvent dilutio
likely causes randomly distorted environments and, hen
RAM behavior.

VI. CONCLUSION

We reported extensive magnetic studies
Fe(TCNE)2•x(CH2Cl2), a high-Tc molecule-based magne
with a mixture of ferrimagnetic and RAM charcateristic
The ferrimagnetic behavior is suggested by the constric
hysteresis curve with a spin-flop shape, the ac susceptib
in the presence of a dc field, consistent with the spin-fl
picture, and the remanent magnetization suggest ferrim
netic behavior. The spins on the Fe21 ion and on the
@TCNE#2 ions likely form ~at least locally! sublattices that
couple antiferromagnetically.

The ac susceptibility data in zero dc field has weak f
quency dependence~better seen inx9, especially below;20
K! suggesting glassiness while the FC/ZFC magnetiza
data shows irreversibilities, starting at;97 K, and increas-
ing below;20 K, all consistent with double-transition RAM
behavior. Ferromagneticlike scaling analysis reveals crit
exponents relatively consistent with RAM predictions. Als
the curvature of theT,Tc data in the modified Arrott plot is
characteristic for RAM. The origin of randomness in th
partially crystalline compound likely resides in the solve
vacancies and in the ability of@TCNE#2 to bind in different
orientations, both being able to change the environm
around the transition-metal ion and hence the magnetic
isotropy.

A closer look at theT,20 K behavior, where the glass
behavior is enhanced~suggesting a CSM to SM crossove
upon decreasingT), and the remanent moment has a sign
cant increase, leads us to speculate that the ferrimagnetic
RAM behaviors might be correlated. We proposed that
various exchange interactions between local sublattices

-
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lead to low-T canted spin configurations, which could in
crease the local moment as the spins are no longer~locally!
antiparallel. Simultaneously, increased anisotropy may oc
due to the additional ‘‘stiffness’’ induced by the exchang
interactions favoring only specific spin configuration
Based on this complex behavior we proposed th
Fe(TCNE)2•x(CH2Cl2) is a molecule-based candidate for
ur

t

sperimagnet, evolving from a correlated sperimagnet be
97 K to a sperimagnet below 20 K.
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