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ABSTRACT: The magnetic behaviors of the metamagnetic and ferromagnetic
polymorphs of [FeIIICp2*]

•+[TCNQ]•− (Cp* = pentamethylcyclopentadienide;
TCNQ = 7,7,8,8-tetracyano-p-quinodimethane) were studied as a function of
hydrostatic pressure. Both polymorphs exhibit a reversible enhancement of
magnetic properties with increasing pressure. The Tc for the ferromagnetic
polymorph increased by 70% from 2.95 to 5.01 K at 10.3 kbar at a rate of 0.21 K/
kbar, which is similar to the 0.22 K/kbar reported for [FeCp2*]

+[TCNE]−. The
coercive field and remnant magnetization exhibit exponential-like growth upon
application of external pressure, increasing from zero at ambient pressure to 550
Oe and 8880 emu·Oe/mol at 10.3 kbar, respectively. The Tc for the
metamagnetic polymorph was determined to be 2.10 K from the maximum in
the Fisher specific heat data, that is, d(χT)/dT, and it increases by 38% to 2.90 K
at 2.9 kbar at a rate of 0.28 K/kbar, before vanishing, in accord with a transition
to a paramagnetic state. The metamagnetic critical field, Hc, determined from
dM/dH increases linearly from 1300 Oe at ambient pressure to 1800 Oe at 2.9 kbar, but is not evident at and above 3.9 kbar, also
in accord with a transition to a paramagnetic state.

■ INTRODUCTION

The [FeIIICp2*]
•+[TCNQ]•− (Cp* = pentamethylcyclopenta-

dienide; TCNQ = 7,7,8,8-tetracyano-p-quinodimethane) elec-
tron-transfer salt was first synthesized in an attempt to create an
organic-based conductor.1 While not an organic-based metal,
[FeCp2*]

+[TCNQ]− exhibited metamagnetic behavior.2 This
led to the synthesis of [FeCp2*]

+[TCNE]− (TCNE =
tetracyanoethylene) as the first organic-based ferromagnet,3−5

and subsequently the first organic-based room-temperature
magnet, V[TCNE]x,

6,7 and evidence of their suitability for the
discovery of multifunctional materials.8

[FeIIICp2*]
+[TCNQ]− is an electron-transfer salt resulting

from the reaction of TCNQ and FeIICp2* that crystallizes into
three structurally and magnetically 1:1 distinct phases, namely,5

paramagnetic,9,10 metamagnetic (MM),10 and ferromagnetic
(FO) polymorphs.11 The MM and FO polymorphs have the
same structural motif of chains of alternating cations,
[FeCp2*]

+, and anions, [TCNQ]−. However, the 1-D chains
in the MM phase possess [TCNQ]− planes that are
approximately parallel to the plane of the Cp* ring, the
centroids of both lie along the chain axis, and both planes are
approximately orthogonal to the chain axis.10 In contrast, the
chains in the FO phase have the [TCNQ]− planes
approximately parallel to the plane of the Cp* ring, the
centroids are not aligned, and the planes of both are not
orthogonal to the chain axis.11

The pentamethylcyclopentadienide ligand exerts a strong
crystal field, causing the FeIII to be low-spin. Thus, S = 1/2
[FeCp2*]

+ couples with the S = 1/2 [TCNQ]−. A computa-
t iona l inves t iga t ion of the s imi la r ly s t ructured
[FeCp2*]

+[TCNE]− indicates that the magnetic behavior arises
from strong intrachain coupling and weak interchain coupling
(2 orders of magnitude smaller).12 Thus, although the inter-
and intrachain interactions are necessary for magnetic order,
the paramagnetic behavior above the ordering temperature, Tc,
is appropriately modeled as 1-D chains.13

Ferromagnetic [FeCp*2][TCNQ] (FO) has a magnetic
ordering temperature, Tc, of 3.1 K from the maximum in the
frequency-independent χ′(T) data and 3.0 K from the
maximum in the specific heat, Cp(T), data, and a saturation
magnetization of 16 740 emu·Oe/mol,14 but it does not exhibit
hysteresis at 2 K.15 Aligned crystals of metamagnetic [FeCp*2]-
[TCNQ] (MM) saturate at 15 900 emu·Oe/mol, and have a
1300 Oe critical field, Hc, at 2 K that decreases with increasing
temperature. The Tc is 2.5 K from the maximum in the
frequency-independent χ′(T) data, and peak maximum in
Cp(T) data.

14

Th e 0 -D s t r u c t u r a l i s o l a t e d - i o n n a t u r e o f
[FeCp2*]

+[TCNQ]− suggests that application of hydrostatic
pressure may lead to enhanced intra- and interchain couplings,
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and a higher magnetic ordering temperature, Tc, as observed for
[FeCp2*]

+[TCNE]−,16 and [FeCp2*]
+[DCNQ]− (DCNQ =

2,3-dicyano-1,4-naphthoquinone).17 Herein, we report the
pressure dependence of magnetism for MM and FO due to
their structural and electrochemical similarities to
[FeCp2*]

+[TCNE]−.

■ EXPERIMENTAL SECTION
FO and MM were prepared via the literature methods.14 IR
spectroscopy and AC susceptibility were used to confirm purity. IR
spectra were measured from 400 to 4000 cm−1 using a Bruker Tensor
37 spectrometer (±1 cm−1). A Quantum Design (QD) Physical
Property Measurement System PPMS 9 T was used to measure the
AC susceptibility at ambient pressure. Samples of FO and MM (3−15
mg) were loaded into gelatin capsules in an inert atmosphere and
sealed with silicone grease prior to removal from the inert atmosphere.
A QD 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 the DC pressure-dependent magnetization studies. Samples of
FO and MM (∼1 mg) were sealed into a cylindrical Teflon cell; the
remaining volume of the cell was occupied by decalin (the hydrostatic
pressure media) and capped with Teflon end caps. The loaded Teflon
sample cell was housed in a beryllium−copper hydrostatic pressure
cell, fabricated at the University of Utah from the Kyowa Seisakusho
design, with zirconia pistons and rubber o-rings. Pressure was applied
to the assembly using a Kyowa Seisakusho CR-PSC-KY05-1 apparatus
with a WG-KY03-3 pressure sensor. An Aikoh Engineering model-
0218B digital sensor readout was used as the pressure indicator. For
the zero-field-cooled magnetization, MZFC(T), the sample was cooled
in zero applied field, and the data were taken upon warming in a 5 Oe
applied field, whereas, for the field-cooled magnetization, MFC(T), the
sample was cooled in a 5 Oe applied field, and the data were taken
upon warming in a 5 Oe applied field. The remnant magnetization,
Mr(T), was taken upon warming in a zero applied field after the
sample was cooled in a 5 Oe applied field.
The Aikoh Engineering model-0218B digital sensor readout is an

approximate method for determining pressure, and a superconductor
with a known pressure-dependent transition temperature, Tsc(P), for
example, Pb,18 was used to calibrate the pressure. Since the expected
Tsc for both MM and FO is in the range of 2−4 K,14 no convenient
superconducting pressure calibrant with a lower Tsc was available.
Nonetheless, a statistical analysis of 159 individual pressure
applications (Figure 1) from several previous studies using the

identical digital sensor readout, and using a superconducting pressure
calibrant, enabled the determination of the pressure, P, in kbar, from a
least-squares linear regression fit (eq 1), where x is the readout from
the digital sensor. The error associated with this correlated fit was
assumed to be twice the standard deviation, 2σ, of 0.83 kbar. The data
were collected over several years to remove any technique-based bias,
and χ2 is 0.95301. As pointed out by a reviewer, the pressure
dependence is never the same due to the difference in volume,
tightness of the joints, etc., and this accounts for the scatter of the data.

= −P x0.025 0.7 (1)

The Tc of FO was determined through the extrapolation of the
most linear portion of the remnant magnetization, Mr(T), near zero
magnetization to zero magnetization. The bifurcation temperature was
taken as the temperature at which the divergence of zero-field-cooled,
MZFC(T), and field-cooled, MFC(T), magnetizations occur. The Tc of
MM was determined from the maximum in the d(χT)/dT, that is, the
Fisher specific heat.19,20 Isothermal field-dependent magnetization
measurements, M(H), were performed for both phases at 2 K, and the
coercive field, Hcr, of FO was determined from the extrapolation of the
field intercept at zero magnetization upon reduction of an applied field
of ±50 kOe. The Mr(H) for FO was determined from the
extrapolation of the magnetization intercept at zero applied field
upon reduction of an applied field of ±50 kOe, and the critical field,
Hc, ofMM was defined as the maximum in dM/dH of the virgin curve.

■ RESULTS AND DISCUSSION
The pressure-dependent magnetization as a function of applied
field, M(H,P), at 2 K, as well as the remnant magnetization,
Mr(T,P), zero-field-cooled and field-cooled magnetizations,
MZFC(T,P) and MFC(T,P), for FO, and as a function of applied
field, M(H,P) at 2 K, as a function of temperature at 500 Oe for
MM were measured.
The FO polymorph of [FeCp*2][TCNQ] was previously

analyzed through AC and DC magnetometry and was found to
have a Tc(AC) [from the maximum in χ′(T)] of 3.1 K, a
Tc(MFC(T)) [from the extrapolation of the most linear portion
of MFC(T) to zero magnetization] of 3.0 K, a Tc(Mr(T)) [from
the extrapolation of the most linear portion of Mr(T) to zero
magnetization] of 3.3 K, a bifurcation temperature, Tb [from
the divergence of the MZFC(T) and MFC(T) magnetizations] of
3.0 K, and no coercive field, Hcr.

11,15 These values were
reproduced through similar measurements at ambient pressure:
Tc(Mr(T)) = 2.95 ± 0.05 K, Tb = 2.92 ± 0.05 K, and coercivity,
Hcr, of 0 ± 2.5 Oe. The Hcr is consistent with an initial report of
no coercivity, and within the sensitivity of measurements is
zero.11 Polycrystalline samples were used to be consistent with
those used in the pressure cell.
The Mr(T), MZFC(T), and MFC(T) for FO decrease with

increasing applied pressure by ∼25% at 10.3 kbar (Figure 2).
The rate of the magnetization suppression approaches zero
above 7.7 kbar, which is most apparent in the low-temperature
region of the MFC(T) data (Figure 2). The Tc(Mr(T)) and Tb
increase by 0.21 and 0.25 K/kbar, respectively (Figure 2),
which are similar to the reported trend from AC measurements
of Tc for [FeCp2*]

+[TCNE]− of 0.22 K/kbar.16 The
Tc(Mr(T)) and Tb increased by 70 and 87% from 2.95 and
2.92 K at ambient pressure to 5.01 and 5.46 K, respectively, at
10.3 kbar (Figure 3).
The magnetization at 50 kOe was somewhat reduced from

12 900 emu·Oe/mol at ambient pressure to 11 000 emu·Oe/
mol at 10.3 kbar (Figure 4), in accord with that observed in the
Mr(T), MZFC(T), and MFC(T) data. The Hcr and Mr(P) exhibit
exponential-like growth upon application of an external
pressure, increasing from zero at ambient pressure to 550 Oe

Figure 1. Correlation of 159 calibrated pressures (●) as a function of
the digital sensor readout, x. The red line is the least-squares linear
regression fit (eq 1).
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and 8880 emu·Oe/mol at 10.3 kbar, respectively (Figure 5).
The Mr(H) approaches a constant value at ∼7.7 kbar, while the
rate of improvement in the Hcr decreases, which may indicate
that the Tc has risen sufficiently above 2 K (the hysteresis
measurement temperature) to prevent thermal disruption of
the hysteresis as in the behavior of Hc in metamagnets.21 The
Tc, Tb, and Hcr were restored to their ambient pressure values,
2.88 ± 0.05 K, 3.00 ± 0.05 K, and 0 ± 2.5 Oe, respectively,
upon returning to ambient pressure, indicating reversibility of
the magnetic properties.
Under hydrostatic pressure, the intra- and interchain

separations contract, leading to stronger couplings enhancing
Tc and the bifurcation temperature, Tb. The increase in the
magnetic irreversibility as evidenced by the appearance and
growth of Hc and, consequently, the Mr is more complex, as the
lack of the coercivity at ambient pressure is at variance with the
1 kOe coercivity for [FeCp2*][TCNE] at 2 K at ambient

pressure.7,13 A theoretical analysis in conjunction with a study
of the pressure-dependent structure is needed to understand
the genesis of these effects.
MM has been extensively studied through AC, and, to a

lesser extent, DC magnetometry and was found to have a Tc
[from the maximum in χ′(T)] of 2.6 K,14 Tc [from the
maximum in χ(T)] of 2.55 K,214 and a critical field, Hc [from
the maximum in dM/dH] of 1300 Oe at 2 K.14 These values
were reproduced at ambient pressure: Tc[χ′(T)] = 2.55 ±
0.025 K, and Hc = 1300 ± 50 Oe. In addition, Tc was also
determined from the maximum in d(χT)/dT to be 2.10 ± 0.05
K, as this is a more accurate determination of Tc for an
antiferromagnet.19 This value correlates well with 2.35 ± 0.05
K.14b Polycrystalline samples were used to be consistent with
those used in the pressure cell.
The 500 Oe M(T) has a cusp at 2.42 ± 0.05 K at ambient

pressure, in accord with antiferromagnetic ordering (Figure 6).
The low-temperature magnetization decreases with increasing
applied pressure, and the temperature at which the χ(T)
displays a sharp maximum, or cusp, increases to 3.11 ± 0.05 K

Figure 2. Mr(T), MZFC(T), and MFC(T) of FO at 0.001 (●) (ambient
pressure), 3.3 (■), 5.2 (▲), 7.7 (×), and 10.3 kbar (○), and upon
returning to ambient pressure [0.001 kbar (△)]. The lines are guides
for the eye.

Figure 3. Tc(●) [from Mr(T)] and Tb(▲) of FO, and Tc (■) [from
the temperature at which d(χT)/dT is maximum] for MM as a
function of pressure. Data for the released pressure measurements are
hollow symbols (Δ, o, □). Error bars for temperature are less than the
size of the symbol.

Figure 4. M(H) of FO at ambient pressure, 0.001 (●), and 3.3 (■),
5.2 (▲), 7.7 (×), and 10.3 kbar (○), and upon returning to ambient
pressure [0.001 kbar (△)]. Inset is an expansion of the hysteretic
behavior.

Figure 5. Hcr(P) (■) and Mr(P) (●) of FO; the released pressure
measurements are hollow symbols (o, □). Error bars for Hcr and Mr
are less than the size of the symbol.
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at 2.9 kbar. The Tc for an antiferromagnet is best determined
from d(χT)/dT)19 (Figures 3 and 6, inset) and is 2.10 ± 0.05 K
at ambient pressure, and increases linearly to 2.90 ± 0.05 K at
2.9 kbar, and then abruptly decreases, consistent with a
paramagnetic phase transition (Figures 3 and 6, inset).
The magnetization is suppressed with increasing pressure,

and this results in a significant decrease of the magnitude for
the maximum in the d(χT)/dT with increasing pressure (<3.9
kbar), which is evidence of decreasing magnetization, as occurs
f o r FO ( v i d e s u p r a ) , [ F e C p 2 * ] [ TCNE ] , 1 6

[FeCp2*]
+[DCNQ]−,17 Fe(pyrimidine)2Cl2,

22 and MnNi-
(NO2)4(ethylene-diamine)2.

23 The Tc increases by 0.28 K/
kbar below 2.9 kbar (Figure 3), which is consistent with the
rate observed in [FeCp2*]

+[TCNE]− (0.22 K/kbar), reaching a
maximum of 2.90 ± 0.05 K at 2.9 kbar,16 and 0.33 K/kbar for
[FeCp2*]

+[DCNQ]−.17

The magnetization for MM increased by 6% from 13 700 Oe
at ambient pressure to 14 600 Oe at 9.2 kbar at 50 kOe, which
is in contrast to FO (Figure 7). The “S”-shaped M(H)
characteristic of metamagnetic behavior24 is observed up to 3.9
kbar applied pressure, and a linear Brillouin-like M(H)
characteristic of paramagnetic behavior is observed at and
above 3.9 kbar. The Hc determined from the maximum in dM/
dH (Figure 8) increases linearly from 1300 ± 50 Oe at ambient
pressure to 1800 ± 50 Oe at 2.9 kbar (Figure 9), but is not
evident at and above 3.9 kbar. This is consistent with the
absence of a maximum in the d(χT)/dT value and para-
magnetic behavior; hence, a transition to a paramagnetic state
occurs at ∼3.9 kbar. The Tc, and Hc were restored to their
ambient pressure values: 2.20 ± 0.05 K and 1200 ± 50 Oe,
respectively, upon release to ambient pressure, indicating
reversibility. The increase in Tc and Hc with applied pressure
has also been observed for [FeCp2*]

+[DCNQ]−,17 and
MnII(hfac)2(BBA) (hfac = hexafluoroacetyacetonate; BBA =
1,3-bis[N-t-butylaminoxyl).25

Under hydrostatic pressure, the intra- and interchain
separations contract, leading to stronger couplings enhancing
Tc and the metamagnetic critical field, Hc. However, above 2.9
kbar, a phase transition occurs, leading to paramagnetic
b e h a v i o r . T h i s d i ff e r s f r o m Mn I I ( T CN E ) -
[C4(CN)8]1/2·zCH2Cl2 that exhibits a reversible pressure-

induced piezomagnetic transition from an antiferromagnetic
to a ferrimagnetic state above 0.50 kbar.26 A study of the
pressure-dependent structure is needed to understand the
genesis of these effects.

■ CONCLUSION
Temperature- and field-dependent magnetic studies of the FO
and MM polymorphs of [FeCp*2][TCNQ] at several applied
pressures revealed similar enhancements to the Tc(Mr(T)) for
ferromagnetic FO and Tc[d(χT)/dT] for metamagnetic MM
with an antiferromagnetic ground state, respectively, as the
pressure was increased. The enhancement rates of 0.21 and
0.28 K/kbar, respectively, are similar to that of the structurally
related electron-transfer salt [FeCp2*]

+[TCNE]−, which
displayed an enhancement of 0.22 K/kbar Tc(χ′).16 FO was
determined to exhibit no Hcr at ambient pressure, but Hcr and
Mr(H) increase to 550 Oe and 8880 emu·Oe/mol at 2 K and
10.3 kbar. MM exhibits a linear increase of Hc with pressure,

Figure 6. M(T) at 500 Oe for MM as a function of pressure: 0.001
(●), 1.3 (■), 2.9 (▲), and 3.9 kbar (×), and upon returning to
ambient pressure [0.001 kbar (△)]. Inset is d(χT)/dT (note: for ≥3.9
kbar, the d(χT)/dT plots are coincident).

Figure 7. KM(H) ofMM at ambient pressure, 0.001 (●), 1.3 (■), 2.9
(▲), 3.9 (×), 4.8 (○), 6.6 (□), and 9.2 kbar (⧫), and upon returning
to ambient pressure [0.001 kbar (△)]. Inset is an expansion about the
critical fields: at 1.3 kbar, an incomplete spin flop, as previously
reported for eicosane-aligned samples, is evident.14

Figure 8. dM/dH of MM at several applied pressures: 0.001 (●), 1.3
(■), 2.9 (▲), 3.9 (×), 4.8 (○), 6.6 (□), and 9.2 kbar (⧫), and upon
returning to ambient pressure [0.001 kbar (△)].
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reaching 1800 Oe at 2.9 kbar. Both the Hc and the Tc are absent
at and above 3.9 kbar for the MM polymorph, indicative of a
pressure-induced transition to a paramagnet. Studies of the
pressure-dependent structures are needed to understand the
genesis of these effects.
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