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ABSTRACT: The reversible hydrostatic pressure dependent DC magnetic
behavior of the ferromagnetically ordered electron transfer salt
[FeIIICp2*]

•+[TCNE]•− (Cp* = pentamethylcyclopentadienide; TCNE =
tetracyanoethylene) was studied up to 12.2 kbar. A significant departure
from the ambient pressure ferromagnetic behavior was observed under
pressure. The temperature dependent magnetization data were typical of a
ferromagnet at ambient pressure but exhibited an extreme reduction with
increasing applied pressure, while metamagnetic-like behavior was evident in
the field dependent magnetization data at 4.2 kbar and above. Hence, the
decrease of the intermolecular separations due to increasing pressure
enhances the nearest neighbor couplings, leading to an increase in magnetic
ordering temperature, Tc. Furthermore, the presence of a metamagnetic-like
behavior suggests an increase of the antiferromagnetic contribution to the
interchain interactions. The low field magnetization data indicate that spin canting is induced by pressure, leading to a canted
antiferromagnetic phase with a much lower magnetization than the low-pressure ferromagnetic state. This unprecedented
magnetic behavior is consistent with the field, temperature, and pressure dependences of the magnetization below 20 K.

■ INTRODUCTION

Organic-based magnets1 were first realized through the
synthesis and study of [bis(pentamethylcyclopentadienyl)iron-
(III)]+[tetracyanoethenide]−, [FeIIICp2*]

•+[TCNE]•−, 1,
which magnetically orders below its ordering or critical
temperature, Tc, of 4.8 K.2−5 Ordering as a ferromagnet was
ascertained from the saturation magnetization4 and magnetic
structure elucidated from neutron diffraction studies.6 The
discovery of ferromagnetic ordering in an organic-based magnet
(OBM) has been of significant importance to theoretical solid-
state physics and shows potential for accessing multifunctional
materials.7−10 [FeCp2*]

•+[TCNE]−• is an electron transfer salt
possessing parallel linear chains of alternating S = 1/
2[FeCp2*]

•+ cations and S = 1/2[TCNE]•− anions, with11

and without solvent.12,13 Several [MIIICp2*]
+[A]•− analogs

have been synthesized through the variation of the para-
magnetic metal center (M = Fe, Mn, Cr) and/or the
cyanocarbon electron acceptor [A = TCNE, 7,7,8,8-tetracya-
no-p-quinodimethane (TCNQ), hexacyanobutadiene (HCBD),
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), and 2,3-dicya-
no-1,4-naphthoquinonide (DCNQ)].5 This family of electron
transfer salts has very similar structural motifs, which give rise
to metamagnetic, ferromagnetic, and paramagnetic properties.
For example, [FeCp2*][TCNQ] has been isolated as three
polymorphs, each having a different magnetic ground state,

namely, one each with an antiferromagnetic, ferromagnetic, and
paramagnetic ground state.5

This suggests that the magnetic properties of this type of
magnet are sensitive to the small variations in the nearest
neighbor couplings arising from small structural differences
within the family and perhaps the unique spin density of the
va r ious l i g ands , a s computa t i ona l l y no ted fo r
[FeCp2*]

•+[TCNE]•−.11 The 10 pairwise nearest neighbor
interactions identified for the 12 K structure of
[FeCp2*]

+[TCNE]− were characterized by strong intrachain
ferromagnetic coupling and weak (2 orders of magnitude
smaller) interchain ferro- and antiferromagnetic couplings and
proposed dipolar interactions. Thus, although the inter- and
intrachain interactions are necessary for the existence of the 3-
D magnetic order, the paramagnetic behavior above Tc is
appropriately described by a 1-D spin model.4 The presence of
isolated ions in this family of compounds, i.e., their 0-D
structural nature, presumably allows hydrostatic pressure to
affect the magnetic interactions in all of the directions of the
crystal lattice.
The previous hydrostatical pressure-dependent magnetic

study of [FeCp2*]
•+[TCNE]•− based on AC susceptibility
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data revealed low- and high-pressure regions of magnetic
behavior, characterized by different rates of increase of the Tc.
Above 5.30 kbar a new, higher-temperature magnetic AC peak
was observed at a temperature denoted as T1. Upon release of
the applied pressure, the field dependent magnetization, M(H),
revealed complex hysteretic behavior, explained as an
irreversible pressure-induced phase transition with incomplete
conversion.14 This effect was reinvestigated in order to clarify
the origin of pressure-induced formation of the metamagnetic-
like behavior, as well as understand the increase in Tc with
increasing pressure.
In addition, the pressure dependence for [FeCp2*][TCNE]

is compared with that recently reported for the similarly
structured ferromagnetic (FO) and metamagnetic (MM)
polymorphs of [FeCp2*][TCNQ],

15 [FeCp2*][C4(CN)6],
16

[FeCp2*][DDQ],
16 and [FeCp2*][DCNQ],

17 as well as other
TCNE-based magnets including 1-D [MnTRPP][TCNE]
[H2TRPP = meso-tetrakis(4-R-substitutedphenyl)porphyrin; R
= OC10H21, OC14H29, F],

18 2-D MnII(TCNE)I(OH2), and 3-D
MnI I(TCNE)3/ 2( I3) 1 / 2 ·zTHF19 and MnI I(TCNE)-
[C4(CN)8]1/2·zCH2Cl2.

20 In addition to these materials,
pressure also has been used to study other organic-based
magnets,21 and both the enhancement of Tc, e.g., β-4′-
cyanotetrafluorophenyldithiadiazolyl]22 and benzo(1,2-d′:bis-
[1,3,2]dithiazole) tetrachlorogallate,23 and the reduction of
Tc, e.g., 4-nitrophenylnitronyl nitroxide

24 and [TDAE]+[C60]
−

[TDAE = tetrakis(dimethylamino)ethane],25 have been
observed.

■ EXPERIMENTAL SECTION
[FeCp2*]

+[TCNE]− was prepared via the literature method.3 IR and
AC susceptibility measurements were used to confirm the purity of the
sample. IR spectra were measured from 400 to 4000 cm−1 on a Bruker
Tensor 37 spectrometer (±1 cm−1). A Quantum Design Physical
Property Measurement System QD (PPMS 9T) was used to perform
ambient pressure AC susceptibility magnetometry. Ground samples of
1 (3−15 mg) were loaded into gelatin capsules in a glovebox
atmosphere and sealed with silicone grease prior to PPMS
measurements. A Quantum Design Superconducting Quantum
Interference Device (SQUID) Magnetic Property Measurement
System (MPMS-5XL 5 T; sensitivity = 10−8 emu or 10−12 emu/Oe

at 1 T) was used to perform DC pressure dependent measurements, as
previously described.26 Samples of 1 (∼1 mg) were loaded into a
Teflon cell; the remaining volume of the Teflon cell was filled with
decalin (the hydrostatic pressure media) and capped with Teflon
plugs. The loaded Teflon sample cell was placed in a beryllium−
copper hydrostatic pressure cell fabricated at the University of Utah
based on the Kyowa Seisakusho design with zirconia pistons and
rubber o-rings. Pressure was applied to the assemblage by using a
Kyowa Seisakusho CR-PSC-KY05-1 apparatus with a WG-KY03-3
pressure sensor. The Aikoh Engineering Model-0218B digital sensor
readout is an approximate method for determining pressure, and a
superconductor with a known pressure dependent transition temper-
ature has been used in previous magnetic studies to calibrate the
pressure. Since Tc between 2 and 8 K is expected for 1,14 no
convenient superconducting pressure calibrant was suitable. As
reported for [FeCp2*][TCNQ],

15 calibration was achieved from a
least-squares linear regression fit P = 0.025x − 0.7, where x is the
readout from the digital sensor from previous pressure data. The error
associated with this correlated fit was assumed to be the standard
deviation of the slope and intercept of the linear regression fit
propagated through the pressure determination and is 0.048 kbar (χ2 =
0.953).

The Tc was determined from the extrapolation of the most linear
portion of the remnant magnetization, Mr(T), to zero magnetization.
Isothermal field dependent measurements, M(H), were performed at 2
K, with a field sweep rate of 40, 267, and 5000 Oe/min in the ranges of
±1, |1 − 5|, and |5 − 50| kOe, respectively, for ≤4.2 kbar, and 469 and
7000 Oe/min in the range ±15 and |15 − 50| kOe, respectively, above
4.2 kbar. The coercive field, Hcr, was determined from the
extrapolation of the field intercept at zero magnetization upon
reduction of an applied field of ±50 kOe, and the Mr was determined
from the extrapolation of the magnetization intercept at zero applied
field upon reducing the applied field from 50 kOe.

■ RESULTS AND DISCUSSION

Prior to the pressure dependence study of the magnetic
properties of [FeCp2*][TCNE], the ambient pressure magnetic
properties were determined and compared to that previously
reported to confirm the sample purity. Randomly orientated
polycrystalline samples were prepared, as this was needed for
the hydrostatic pressure studies. The Tc was determined to be
5.11 ± 0.03 K from 5-Oe DC remnant magnetization, Mr(T),
measurements and 5.00 ± 0.01 K determined as the peak of

Table 1. Summary of the 2 K Ambient and Pressure Dependent Magnetic Behavior of Polycrystalline [FeCp2*][TCNE] (1),
[FeCp2*][C4(CN)6] (2), and the Ferromagnetic (FO) and Metamagnetic (MM) Polymorphs of [FeCp2*][TCNQ]

P, kbar method Tc, K rate,a K/kbar ϕ30 Tb, K rate,a K/kbar Hcr, Oe M(5 T), emu Oe/mol Mr, emu Oe/mol

1 ambient Mr(T) 4.84 5.15 1000e4 16 300e,4 15 600e,4

1 ambient Mr(T) 5.11 540 12 800 10 500
1 12.2 Mr(T) 7.48 0.20 7.80 0.22 3450 11 000 10
1 ambient NDa 4.7427

1 ambient Cp
b 4.8228

1 ambient AC 4.95c12 0.008
1 ambient AC 5.1d14

1 13.75 AC 7.8514 0.2214

FO ambient AC 3.131 031 16 74031

FO ambient Mr(T) 2.9515 2.9215 12 90015

FO 10.3 Mr(T) 5.0115 0.2115 5.4615 0.2515 55015 11 00015 888015

MM ambient AC 2.531 031

MM ambient d(χT)/dT 2.1015 15 90031

MM 2.9 d(χT)/dT 2.9015 0.2815 14 600f15

2 ambient AC 2.9316 0.09416

2 3.1 d(χT)/dT 2.4616 6516 50 40016 3516

2 11.4 d(χT)/dT 4.8016 0.2816 79516 13 10016 2016

aNeutron diffraction. bHeat capacity. cTf (10 Hz). dTf (16 Hz). eAligned single crystal. f9.2 kbar.
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χ′(T) at 10 Hz at ambient pressure. This is in agreement with
4.8 K from Mr(T)

4 and neutron diffraction,6 4.7427 and 4.82
K,28 from adiabatic calorimetry utilizing the drift method.29 The
2 K coercive field, Hcr, was 540 ± 10 of Oe. The saturation
magnetization, Ms, was 12 800 emu Oe/mol, and the remnant
magnetization, Mr, (magnetization at H = 0 in the hysteresis M
vs H cycle from positive DC fields) was 10 500 emu Oe/mol.
The Hcr, Mr, and Ms were expectedly reduced from 1000 Oe,
15 500 emu Oe/mol, and 16 300 emu Oe/mol, respectively4

(Table 1), that were obtained for large aligned single crystals,
that are very anisotropic,3,4 but not for the randomly orientated
polycrystalline samples that were studied herein.
The DC magnetization of [FeCp2*][TCNE] as a function of

temperature, field, and pressure was investigated to comple-
ment the previous pressure dependence of the AC suscept-
ibility.14 Overall, there is general agreement with the previous
DC and AC susceptibility measurements as Tc(P) increases
with increasing pressure.
The pressure dependences of the 5-Oe remnant magnet-

ization, Mr(T), show that the onset temperature (Tc) at 5.11 K
at ambient pressure increases with applied pressure to 7.48 K at
12.2 ± 0.83 kbar, Figures 1 and 2. This Tc increase corresponds

to a 46.4% rise at an average rate of 0.21 ± 0.02 K/kbar, Figure
2. This is in accord with the previously reported value from AC
data, ∼0.22 K/kbar.14 Nevertheless, a crossover around 6.6 ±
1.5 kbar between two linear regimes is clearly observed in
Figure 2. Tc increases linearly with the applied pressure up to
about 6.6 kbar with a rate of 0.25 ± 0.02 K/kbar and then with
a rate of 0.15 ± 0.04 K/kbar above 6.6 kbar. Concomitantly, the
5-Oe remnant magnetization dramatically decreases by 2 orders
of magnitude from 2345 emu Oe/mol at ambient pressure to
∼10 emu Oe/mol at 12.2 kbar (Figure 1).
The 5-Oe remnant magnetization decreases almost linearly

between ambient pressure and ∼6.6 kbar (Figure 1). Above this
pressure, which also corresponds to the crossover pressure
observed for the rate of change for the critical temperature with
respect to pressure, ΔTc/ΔP (Figure 2), the remnant
magnetization is very small (<100 emu Oe/mol), indicating
the disappearance of the ferromagnetic ordered phase and
appearance of an ordered magnetic phase with a nonzero, but

small spontaneous magnetization. This high-pressure magnetic
phase is attributed to a canted antiferromagnetic (weak
ferromagnet) ordered state32 that is also consistent with the
pressure dependence of the hysteretic data, M(H), Figure 3.
The 2 KM(H) data have a Hcr,Mr, andMs of 540 Oe, 10 500

emu Oe/mol, and 12 800 emu Oe/mol, respectively at ambient
pressure. With increasing applied pressure, the Hcr gradually
increases up to ∼4 kbar and then more steeply to 3520 Oe at
12.2 kbar, Figures 3 and 4. The change of regime in the Hcr
increase coincides with the crossover observed around 6.6 ± 1.5
kbar for the Tc(P), Figure 2, and Mr(P), Figure 1.
Concomitantly, the Mr and Ms values extracted from the 2 K
M(H) data also decrease upon pressure change with different
variations, as illustrated in Figure 4.
The fact that the Mr decreases faster (from 10 500 emu Oe/

mol at ambient pressure to 1840 emu Oe/mol at 12.2 kbar, a
82% reduction) than Ms (from 12 800 emu Oe/mol at ambient
pressure to 10 994 emu Oe/mol at 12.2 kbar, only a 14%
reduction) especially above 4 kbar implies canting of the two
sublattices in the magnetically ordered phase. The canting angle
is determined from 2arccos[2Mr(P)/Ms(P)].

33 Note in contrast
to ref 33, the angle of the two limiting cases for ferro- and
antiferromagnetic phases has been defined at 0° and 180°,
respectively.34 The pressure variation of the canting angle is
given in Figure 5. Below 5.9 kbar, the Mr/Ms ratio is larger than
0.5. Thus, the ordered magnetic phase is ferromagnetic, and the
two sublattices are parallel (i.e., a 0° canting angle). At 5.9 kbar,
the Mr value is reduced significantly in comparison to Ms, and
only a canting of the two sublattices can explain this result. The
canting angle at 5.9 kbar is ∼74°, and it reaches 141° at 12.2
kbar with a quasi-saturation that suggests that the antiferro-
magnetic phase (i.e., an 180° canting angle) is not attained even
at higher pressure in the absence of a high pressure structural
transition.
These results are in accord with a decrease of the

intermolecular separations induced by the applied pressure,
which in turn enhances the nearest neighbor intra- and
interchain couplings and thus increases Tc (Figure 2).
Concomitantly, the 5-Oe remnant magnetization decreases,
indicating that the magnetic moments cant to reduce the
magnetization with increasing pressure and thus are not

Figure 1. Pressure dependence of 5-OeMr(T) of [FeCp2*][TCNE] at
0.001 (blue), 1.9 (red), 4.2 (green), 5.9 (cyan), 8.0 (purple), 9.7
(brown), and 12.2 (orange) kbar. Inset: Pressure dependence of the 5-
Oe remnant magnetization at 2 K. The solid red line is the linear fit of
the pressure decrease of the 5-Oe remnant magnetization.

Figure 2. Tc(P) (●) determined from theMr(T,P,5 Oe) data shown in
Figure 1 for [FeCp2*][TCNE] (the Tc after released pressure is shown
as a blue symbol). The temperature error bars are obscured by the data
points. Tc(P) (▲) previously reported from AC susceptibility data.14

The solid red and blue lines are linear fits of all the DC and AC data
below 5.9 K and above 5.6 K, as described in the text.
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anymore perfectly ferromagnetically aligned. Above 6.6 kbar,
the remnant magnetization is very small, indicating a large
canting angle between two antiferromagnetically coupled
magnetic sublattices. As suggested by the previous AC
susceptibility measurements above 5.30 kbar,14 a crossover
between 4 and 7 kbar from a ferromagnet to a canted
antiferromagnet is clearly observed as the canting angle
increases with applied pressure while the magnetization
dramatically decreases. Additionally, the intrachain collinear
ferromagnetic coupling between the S = 1/2 [FeIIICp2*]

•+ and
S = 1/2 [TCNE]•− lattices11 may also cant with increasing
pressure, and also contribute to the canted antiferromagnetic
behavior.
Note that the shape of the hysteresis loop is also qualitatively

altered at 4.2 kbar. At higher pressures, the hysteresis loop
resembles that of a canted antiferromagnet with a meta-
magnetic-like behavior, with a large coercive field and an S-
shaped variation.5,33 Unfortunately, due to the large magnetic
hysteresis, it is not possible to separate (even on the first
magnetization curve) the effects of the magnetic domain
reorientation and the metamagnetic critical field that both lead
to the S-shaped signatures in the same DC field region. It
should be noted that S-shaped virgin curves are also suggestive
of spin glass behavior in ferromagnetic materials,35 and spin
glass behavior has been observed for 1 from AC studies, for
which the figure of merit, ϕ, is 0.008.14,30

The pressure-induced crossover between the ferro- and
canted antiferromagnetic states was further investigated
through the temperature dependences of the field-cooled
magnetization, MFC(T), at different applied pressures (a
representative behavior is shown at 500 Oe in Figure 6; the
data at other DC fields are shown in the Supporting
Information) and several applied fields (a representative
behavior is shown at 6.5 kbar in Figure 7; the data at other
pressures are shown in the Supporting Information). Below 4.2
kbar, the MFC(T, 500 Oe) data are typical of a ferromagnetic
state with a rapid increase of the magnetization at the transition
temperature (Figure 2). Between 4.2 and 5.1 kbar, a shoulder
appears for the MFC(T) data around 7.5 K, and a clear
maximum is observed at higher pressures. This is the signature
of the ordered canted antiferromagnetic phase (Figures 6). This
behavior further confirms the crossover between a ferromag-
netic state at low pressure and a canted antiferromagnetic state

Figure 3. 2-K hysteretic M(H,P) plots of [FeCp2*]
+[TCNE]− at 0.001 (blue), 1.9 (red), 4.2 (green), 5.9 (cyan), 8.0 (purple), 9.7 (neon green), and

12.2 (orange) kbar. Note that the data after pressure was released gave reproducible data.

Figure 4. The 2 K coercive field, Hcr(P) (black ●), magnetization at 5
T considered at saturation, Ms(P) (red ●), and remnant magnetization
(magnetization value at H = 0 in the hysteresis M vs H cycle from
positive DC fields), Mr(P) (blue ●) of [FeCp2*][TCNE]. The lines
are guides for the eyes.

Figure 5. Pressure dependence of the canting angle between the two
sublattices in [FeCp2*][TCNE] at 2 K. This angle is calculated from
the Ms(P) and Mr(P) values shown in Figure 4 for a canting
antiferromagnetic phase: canting angle = 2arccos[2Mr(P)/Ms(P)].

33

The lines are guides for the eyes.
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stabilized above 4.2 kbar,36 as is also suggested by previous AC
measurements and the appearance of the aforementioned peak
in the susceptibility data at T1.

14

In the canted antiferromagnetic phase at 6.5 kbar (Figures 7),
the noncompensation of the two antiferromagnetically coupled
sublattices is seen at ∼20 Oe with a rapid increase of the
magnetization similar to the ferromagnetic phase (at 0.4 kbar),
but with a much lower magnetization at 2 K (490 vs 4700 emu
Oe/mol at 20 Oe). At higher DC fields, a shoulder around 8.5
K is first seen between 100 and 700 Oe before observing a clear
maximum at 7.7 K at 1000 Oe. At and above 3000 Oe, the
maximum in the magnetization disappears as is expected above
the spin-flip field characteristic of metamagnetic behavior.
These magnetization data clearly confirm the presence of a
canted antiferromagnetic phase above 4.2 kbar with a
metamagnetic-like behavior under a DC field.
The pressure dependent magnetic behavior of [FeCp2*]-

[TCNE] (1) is similar to that of structurally related

[FeCp2*][C4(CN)6] (2),16 [FeCp2*][DCNQ],17 and the
metamagnetic (MM) and ferromagnetic (FO) polymorphs of
[FeCp2*][TCNQ]

15 as Tc increases with increasing pressure,
but other aspects of the magnetic behaviors including the
ground and higher pressure magnetic states differ. [FeCp2*]-
[C4(CN)6] differs from [FeCp2*][TCNE] as it does not
magnetically order with a spin-glass state at ambient pressure
but, above 3.1 kbar, exhibits metamagnetic behavior with
hysteresis indicative of a weak ferromagnet (canted anti-
ferromagnet), and above 3.1 kbar its coercive field increases
with increasing pressure, while the remnant magnetization
decreases with increasing pressure, as observed for [FeCp2*]-
[TCNE].16

The ferromagnetic polymorph of [FeCp2*][TCNQ] (FO)
has a similar increase in Tc(P) and decrease in the 50-kOe
magnetization to [FeCp2*][TCNE]. Likewise, the coercivity of
both of these ferromagnets increases with increasing pressure;
however, [FeCp2*][TCNQ] does not exhibit a transition to a
canted antiferromagnet below 10.3 kbar, and unlike [FeCp2*]-
[TCNE] its remnant magnetization increases with increasing
pressure.15 In contrast, the metamagnetic polymorph (MM)
has an antiferromagnetic ground state whose Tc(P) also
increases with increasing pressure, as does metamagnetic
critical field, Hc(P). However, above 3.9 kbar, a transition to
a paramagnetic state occurs.15 [FeCp2*][DCNQ], like the
metamagnetic phase of [FeCp2*][TCNQ], has its Tc(P) and
Hc(P) increase with increasing pressure; however, a transition
to a paramagnetic state was not reported.17 Hence, albeit
structurally quite similar, differing electron acceptors lead to
different magnetic behaviors, Table 2, and theoretical insight
and computational support are needed to identify the
competing interactions and their magnitudes, which are
modified under hydrostatic pressure.

Furthermore, the pressure dependent behavior of [FeCp2*]-
[TCNE] is more complex than that observed for 1-D
[MnTRPP][TCNE] [H2TRPP = meso-tetrakis(4-R-
substitutedphenyl)porphyrin; R = OC10H21, OC14H29, F],
which undergoes a decrease in Tc(P) with a small applied
pressure, before reaching a minimum, and then Tc(P) increases
with additional increasing pressure, or 2-D,18 layered
M n I I ( T C N E ) I ( O H 2 ) a n d 3 - D s t r u c t u r e d

Figure 6. MFC(T,P, 500 Oe) at 0.4 (blue), 2.2 (red), 3.1 (green), 4.2
(purple), 5.1 (yellow), 6.5 (black), 8.0 (cyan), 9.9 (neon green), and
12.2 (orange) kbar. Inset displays a zoomed view about the 5.1 kbar
and greater applied pressure measurements. These data are
representative of the data obtained at other applied fields, see Figures
S1−S11.

Figure 7. MFC(T,H,6.5 kbar) at 20 (blue), 100 (red), 200 (green), 300
(purple), 500 (yellow), 700 (black), 1000 (cyan), 1500 (neon green),
2000 (orange), 3000 (dark green), and 5000 Oe (gray). These data are
representative of the data obtained at other pressures, see Figures
S12−S20.

Table 2. Summary of the Magnetic Behaviora at Ambient
and High Pressure for [FeCp2*][TCNE] (1),
[FeCp2*][C4(CN)6] (2), and the Ferromagnetic (FO) and
Metamagnetic (MM) Polymorphs of [FeCp2*][TCNQ]

ground magnetic
state, 1 atm

P >
ambient

transition
pressure, kbar ref

[FeCp2*]
[TCNE]

FO CW ∼6.6 this
work

[FeCp2*]
[C4(CN)6]

SG AF/
CW

∼3.1 16

[FeCp2*]
[TCNQ], MM

AF/MM P ∼2.9 15

[FeCp2*]
[TCNQ], FO

FO FO 15

[FeCp2*][DDQ] P P 16
[FeCp2*]
[DCNQ]

AF/MM AF/
MM

17

aFO = ferromagnet; AF = antiferromagnet; SG = spin glass; CW =
weak ferromagnet (canted antiferromagnet); P = paramagnet; MM =
metamagnet.
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MnII(TCNE)3/2(I3)1/2·zTHF
19 for which Tc(P) increases with

increasing pressure but does not have pressure dependent
magnetic transition to a different magnetic state. The rate of
increase of Tc(P) for the FeCp2*-based magnets, 0.24 ± 0.04
K/kbar (Table 1), however, is substantially reduced from 6.6 to
7.1 K/kbar reported for MnII(TCNE)I(OH2) and
MnII(TCNE)3/2(I3)1/2.

19 In contrast, in addition to having a
substantially larger dTc(P)/dT, 3-D network structured
M n I I ( T C N E ) [ C 4 ( C N ) 8 ] 1 / 2 · z C H 2 C l 2

2 0 a n d
[Ru2(O2CMe)4]3[Cr(CN)6]

37 undergo different types of
magnetic transitions.

■ CONCLUSION
The pressure dependent DC magnetic investigation of
[FeCp2*][TCNE] yielded an enhancement of the Tc from
5.11 K at ambient pressure to 7.48 K at 12.2 kbar in agreement
with previous AC data under pressure.14 A clear crossover
between two linear regimes of Tc (with rates of 0.25 and 0.15
K/kbar below and above 6.6 ± 1.5 kbar, respectively) are
observed around 6.6 kbar. Concomitantly, the 5-Oe remnant
magnetization dramatically decreases by 2 orders of magnitude,
indicating a partial compensation of the magnetic moment in
the ordered phase. The detailed analysis of the 2 K M(H)
hysteresis curves as a function of the applied pressure
confirmed the observed crossover that was unambiguously
attributed to a change of magnetic ground state from an
ordered ferromagnetic phase below 4.2 kbar (as previously
reported2−5,11) to an ordered canted antiferromagnetic phase at
5.9 kbar and above. The canting angle that reaches 141° at 12.2
kbar was evaluated from the magnetization at saturation under
5 T and from the remnant magnetization determined on the
M(H) hysteresis loops at different applied pressures. With
increasing pressure, the intermolecular separations decrease,
increasing the nearest neighbor ferromagnetic and antiferro-
magnetic couplings,11 that in turn increases the Tc, while these
competing couplings lead to canting that is enhanced with
increasing pressure. Thus, the magnetization dramatically
decreases with applied pressure. Future structure determina-
tions as a function of pressure and supporting theoretical and
computational investigations enabling the prediction of the
pressure dependence of the couplings should identify the
origins of the unique magnetic behavior of [FeCp2*][TCNE].
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