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Millimeter-wave investigation of the antiferromagnetic phase inl-„BETS…2FeCl4
in high magnetic fields
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The antiferromagnetic metal-insulator transition in the magnetic-organic conductorl-(BETS)2FeCl4 has
been probed by resonant cavity mm wave methods vs magnetic field, temperature, frequency, and sample
orientation. Although the general form of the ac response follows expectations for passage from a skin depth
regime to a depolarization regime as the metal-insulator phase boundary is crossed, additional features appear
below the metal-insulator transition. This behavior indicates that metastable changes in the ground state occur
within the insulating phase.
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I. INTRODUCTION

The discovery of magnetic field induced superconduc
ity in l-(BETS)2FeCl4 ~Ref. 1! has drawn attention to th
p-d electron spin-exchange mechanisms2 in molecular sys-
tems where magnetic order in thed electron system strongly
influences the behavior of the conductingp electron system.
The more generall-(BETS)2Ga12xFexBryCl42y class of or-
ganic conductors, with localized magnetic moments at
anion sites and conduction electrons in the molecular-ca
layers exhibits competition between magnetic, metallic,
sulating, and superconducting ground states.3,4 The
magnetic-field-dependent phase diagram of
l-(BETS)2FeCl4 material is shown in Fig. 1. ForH50, and
below the metal-insulator transition temperature (TMI

58.3 K), l-(BETS)2FeCl4 enters a highly insulating anti
ferromagnetic phase.5 Below TMI , a spin-flop transition to a
canted antiferromagnetic~CAF! phase occurs near 1 T, an
above 11 T, a paramagnetic metallic~PM! phase appears
At higher magnetic fields~parallel to the conducting molecu
lar planes!, field-induced superconductivity~FISC! is stabi-
lized below 5 K between 18 and 45 T.6 The FISC state
involves the cancellation of the exchange field by t
external magnetic field. Recent alloy studies
l-(BETS)2Ga12xFexBryCl42y have given further support to
this ~Jaccarino-Peter! mechanism.4 Although the CAF-PM
transition is nearly independent of field direction, the P
FISC transition requires careful alignment of the field in t
a-c molecular planes to avoid orbital dissipation in the s
perconducting phase.

In addition to the remarkable phenomena presented by
high-field FISC state, the low field, metallic and antiferr
magnetic phases also present nontrivial behavior. Cons
able attention has been given to the low-temperature gro
state in the range 70 K toTMI where anomalies in specifi
heat,7 NMR,8 and ac conductivity9 indicate the evolution of
ferroelectric behavior. Additionally, belowTMI , antiferro-
magnetic magnetic resonance~AFMR! ~Refs. 5 and 10! and
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nonlinear conductivity11 have been reported.
The purpose of the present work has been to explore v

ous aspects of the phase diagram ofl-(BETS)2FeCl4 shown
in Fig. 1 by way of mm wave perturbative cavity methods
the frequency range 40–100 GHz. For organic conduct
AFMR, electron-spin resonance~ESR!, cyclotron resonance
and changes in complex conductivity are all in principle a
cessible under varying conditions of frequency, cavity mo
and sample orientation.10,12–16 Of direct relevance to the
present work is the application of this method to met
insulator transitions. Dresselet al.16,17 investigatedTMI
(5133 K) in a-(BEDT-TTF)2I3 between 10 and 600 GHz
For temperatures aboveTMI , the sample is in the metallic

FIG. 1. Phase diagram ofl-(BETS)2FeCl4. The four phases
identified are antiferromagnetic~AF!, canted antiferromagnetic
~CAF!, parmagnetic metal~PM! ~after Ref. 5!, and field induced
superconducting~FISC! ~after Ref. 6!. Closed~open! symbols rep-
resent the temperature~field! sweep measurements of the main d
polarization feature observed in the CAF state for sample 1 fr
Figs. 2–3. Schematic: top figure, sample geometry and princ
axes. Lower figures: axial and side views of sample orientation.

sample position shown is for thec axis i r̂ and thec axis' ẑ, where

r̂ andẑ are the unit directions for the axial and radial components
the cylindrical cavity.
©2003 The American Physical Society35-1
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state, but the skin depth was still greater than the sam
thickness~i.e., the sample is in the depolarization regim!.
Below TMI , the depolarization limit is reached as the sam
becomes highly insulating. As the sample passes betw
these two limits, a sharp feature~the so-called depolarizatio
peak! appears in both the frequency shift (D f / f 0) and the
line width (DG/2f 0). In this case the sample was placed
the cavity with a TE011 mode such that the electric field wa
along thea axis of the crystal (Eia). From DG/2f 0 and
D f / f 0 one may compute the real parts of the ac conductiv
and the dielectric constante1. Below TMI , sac was found to
be significantly larger~four orders of magnitude at 60 GHz!
than the dc conductivity, andsac also increased with fre
quency. Also belowTMI , e1 was of the order of 20 in the
10-GHz range and increased with decreasing frequenc
was speculated that a collective mode may be responsibl
this behavior. Matsuiet al.,9 using the same type of a
electric-field configuration (Eia, etc.!, observed a similar
type of depolarization peak inl-(BETS)2FeCl4 at 16.3 GHz
upon passage throughTMI . Below TMI they also found that
sac was larger thansdc , again by several orders of magn
tude, ande1 was of the order of 10.

II. EXPERIMENT

In our investigation of mm wave response
l-(BETS)2FeCl4 in high magnetic fields, a mm wave res
nant cavity perturbation method has been employed18 where
the sample orientation in the cavity can be changed w
respect to the field orientation. Because we were intereste
probing the general response with field and temperature
sample placement was such that both ac magneticHac and
electricEac fields radiated the sample. In Fig. 1 the conve
tion for orientation is given in terms of the principle axes
the crystal, and the radial and axial (ẑiHW in all cases! unit
vectors associated with the cavity. The center of mass of
sample was always approximately 1/3 of the cavity heig
and 2/3 out along the cavity radius. Samples were syn
sized by electrochemical methods.19 Two single crystals
were used for two independent measurements in this w
Sample 1 was 0.9730.1030.10 mm3 in size and sample 2
~only studied for one orientation! was 0.5030.15
30.05 mm3 in size. From the temperature-depende
resistivity,11 we find the skin depth aboveTMI to be of the
order of 10mm in the range 60–100 GHz , and belowTMI at
4 K, the skin depth rises to almost 10 mm in the same
quency range. The filling factor is of the order of 1025. From
values of the Dingle temperature (TD50.5 K) determined
from Shubnikov–de Haas measurements in the meta
state20 we estimate the mean free path and relaxation tim
the a-c conducting planes to be of the order of 10mm and
1.0310210 s, respectively. Samples were greased to a sm
teflon mount inside the cylindrical cavity resonator. A cont
experiment ensured that the grease and teflon support did
contribute a significant background or spurious ESR sig
In all cases, data were taken in the phase-locked mode,
the amplitude and frequency of the cavity response were
corded for either fixed temperature or fixed magnetic fie
Resonant cavityQ’s were typically in the range of 5000–
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10 000. Experiments were carried out in a 30-T resist
magnet and an 8-T superconducting magnet where ei
temperature or field was held fixed at a specific reson
cavity mode frequency. A helium three-probe was modifi
to allow temperatures down to 0.5 K without interferen
from liquid dielectric effects.

III. RESULTS AND DISCUSSION

Our results are presented in Figs. 2–4 and 6 for samp
and in Fig. 5 for sample 2. Representative results for
resonant cavity amplitude are shown for magnetic fi
sweeps in Fig. 2 forci ẑ for several temperatures belowTN
up to 30 T. Also shown is the change in frequency for t
66.9 GHz trace at 0.9 K: here the signal is the phase-loc

FIG. 2. Low-temperature (T,TMI) field-dependent mm wave

cavity response ofl-(BETS)2FeCl4 for ci ẑ, ciHW , n566.9 GHz
~for 0.9 K!, n575.4 GHz~for 0.5 K!. ~a! Frequency change for the
phase-locked 66.9-GHz data at 0.9 K.~b! Cavity amplitude re-
sponse. The sharp dip near 2 T is the ESR line, the first large
near 6 T is the depolarization peak, and the features at higher fi
are related to metastable structure within the CAF phase. Altho
the sample was aligned to allow the high-field superconduc
~FISC! state to be stabilized, only weak features associated wi
metal to superconducting transition were detected. Inset: Full fi
sweeps to 12 T for 66.9 GHz~done in a lower field magnet afte
thermal cycling!. Hysteresis is observed in the depolarization a
metastable structure in the CAF state.
5-2
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amplitude of the cavity response, where resonant freque
is allowed to change~via feedback! to keep the phase refer
ence in quadrature. The behavior ofD f / f closely follows the
functional form of the depolarization behavior.14–16 Here
however, it is the magnetic field that is changing the res
tivity ~by many orders of magnitude, from an insulator to
conductor!, and thereby the skin depth over an equally la
range of values. The general form of the mm wave cav
response for magnetic field sweeps belowTMI involved sev-
eral signals. At low fields~below 5 T and belowTMI) we
observed the ESR and AFMR signals~Figs. 2, 4–6! due to
the magnetic resonant condition~i.e., hn5gmBB) for elec-
tron spin. Here the resistivity is very high and the materia
in the depolarization limit. For further increases in field~or
temperature—see Ref. 21!, the resistivity begins to decreas
and at the CAF-PM phase boundary the sample returns
metallic state. From the sample and cavity parameters g
above, we expect the sample, near and aboveTMI , to be
intermediate between the skin depth and depolarization c
ditions, as well as between Hagen-Rubens (vt,1) and re-
laxation (vt.1) regimes.14 Hence as the metallic phas
boundary is approached from within the CAF phase,
sample exhibits a depolarization peak behavior, as indica
by the sharp dip in both the resonant amplitude and
quency~Fig. 2!. At fields between the depolarization pea
and the CAF-PM boundary, additional structure in the
response is observed, and at lower temperatures hyste
appears in the data. When studied systematically with t
perature~inset of Fig. 2!, the depolarization peak and th
additional structure follow the temperature dependence

FIG. 3. Temperature dependence of the cavity response at

ferent fields forl-(BETS)2FeCl4 ; ciHW , ai r̂ , n564.927 GHz, for
sample 1. The temperature dependence of the main depolariz
feature is marked by arrows, and is also plotted in Fig. 1.
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the CAF-PM phase boundary. The temperature depende
of the depolarization peak at fixed field has also been inv
tigated for sample 1, as shown in Fig. 3. As the CAF phas
entered from higher temperatures, the signal is observe
fall, then to rise and approach a value higher than that
served aboveTMI . TheT-H plot of these features~shown in
Fig. 1! follows the general shape of the CAF-PM pha
boundary.

In contrast to previous studies9 ~where the sample is
placed in the maximum of the ac electric field!, we do not
find sharp changes in the cavity response atTMI ~along the
CAF-PM phase boundary!. We attribute this to our sample
configuration, which experiences both ac magnetic and e
tric fields. Moreover, we do see a sharp feature at the P
FISC boundary, but only a gradual change as the FISC s
is entered as is indicated in Fig. 2 for the 66.9-GHz da
This may be due in part to the sample orientation, since
FISC state is very sensitive to sample alignment and
cannot change the positionin situ. In addition, for mm wave
studies, the metal-to-type II superconductor transition d
not involve a rapid change~jump! in the surface
impedance,22 and this will likewise preclude any large differ
ences~jumps! in the cavity response as the FISC state
entered.

The depolarization peak and the metastable structures
dependent on sample orientation and frequency, as show
Fig. 4. Here the sample was measured for three different fi

if-

ion
FIG. 4. Comparison of the magnetic field dependence of ca

response forl-(BETS)2FeCl4 for three different sample orienta
tions, frequencies, and temperatures. Arrows indicate the positio

the ESR lines and the AFMR line foraiHW is also indicated. The
details of the depolarization structure above 4 T are dependen
sample orientation and frequency.
5-3
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orientations, frequencies, and temperatures. The ESR lin
prominent and absorptive at two of the frequencies, and
ci r̂ , aiHW the AFMR signal is observed.~Strong ESR or
AFMR signals are good indications of the sample’s coupl
to HW ac .) In contrast, the ESR line is weak for the 71.27-GH
data and the field dependence of the background is reve
It is apparent that the overall signal depends on how
sample is coupled with anEW ac or HW ac excitation mode, as
indicated by the intensity of the ESR features. However,
ESR line positions rigourously follow the linear frequen
dependence, as presented in Fig. 6 below.

To check the sample dependence of the depolarization
metastable behavior, we investigated a second sample~2! in
an 8-T magnet. The temperature- and field-dependent
are shown in Fig. 5. This sample, which was partia
twinned, was smaller than the first, and was only studied
ciHW i ẑ and for 64.7 GHz. In both the field and temperatu
dependence, the depolarization effect, as well as additi
structure in the response, is observed. Although the feat
follow the generalT-H dependence of the CAF-PM phas
boundary, the details of the signals of samples 1 and 2
different. In particular, the field dependence of sample
~compared with sample 1! does not show a sharp depolariz
tion dip, but it does have considerably more structure in
temperature dependence. We attribute the differences in
behavior of two samples to details of the sample geom
~shape, twinning! and cavity mode~resonant frequency! fac-
tors.

FIG. 5. mm wave cavity response of sample 2 at 64.676 G

for Hic, ci ẑ. ~a! Temperature dependence for constant field valu
~b! Field dependence for constant temperatures. Sharp dips are
a diphenylpicrylhydrazyl marker and broader dips at slightly low
fields are due to the ESR line from the sample.
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FIG. 6. ~a! Detailed temperature dependence of the ESR l

~with respect to the diphenylpicrylhydrazyl marker!; ai r̂ , ciHW , n
566.9 GHz. BelowTMI theg factor is nonmonotonic with decreas
ing temperature. Inset: detail of temperature-dependentg factor be-
low TMI . ~b! AFMR and ESR frequency dependence. So

circles—AFMR vs frequency forci r̂ , aiHW . Solid squares—ESR vs

frequency forci ẑ, ciHW . Inset: detail of AFMR frequency depen
dence.
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The frequency dependence of the ESR and the AF
signals were investigated forci ẑ, ciHW and ci r̂ , aiHW , re-
spectively, as shown in Fig. 6. For field directions away fro
the hard axis~see below!, only the ESR line is observed
Below TMI there is a nonmonotonic change in theg factor
with temperature, indicating that the CAF state is still dev
oping, even at low temperatures. The first observation
AFMR in l-(BETS)2FeCl4 was reported by Brossardet al.5

in theX band for fields tilted with respect to thec axis along
thea-b axes~calledu in Ref. 5 due to the uncertainty in th
a andb directions!. They observed characteristic AFMR b
havior, with the expected ‘‘bubble shape’’ for two resona
fields vs orientation. The higher field resonance~1.2 T! was
only weakly temperature dependent, while the lower fi
resonance increased significantly belowTMI . In a more re-
cent study10 AFMR was investigated for a dc magnetic fie
tilted about 30° away fromc towardsb. Here two resonance
again appear as in Ref. 5, but the higher resonance~1.3 T!,
also weakly temperature dependent, was attributed to
spin-flop transition, and not to AFMR. The lower resonan
was temperature dependent, and increased with decrea
temperature. For the field along thea axis, also measured in
Ref. 10, a single AFMR line is seen, which is both tempe
ture and frequency dependent. This configuration,HW i a, cor-
responds to our investigation, as shown in Fig. 6. For
orientationaiHW , ci r̂ , we measured the field position of th
AFMR signal over our accessible range of frequenc
(;40–110 GHz), as plotted in Fig. 6~b! ~also shown is a
representative trace of data foraiHW , ci r̂ in Fig. 4!. The
frequency-field dependence of the AFMR signal is consis
with the field orientation along the hard axis of th
sample,23–26 indicating that the hard axis is alonga, as pre-
viously reported.10 An extrapolation of the AFMR to zero
field gives a gap frequency corresponding to a character
field of 1.7 T. This value, which is related to the product
the exchange field and the anisotropy field, is comparabl
the spin-flop fields~1.1 T–1.3 T! reported in both magneti
zation and other ESR studies. A linear fit of the ESR li
yields ag value of 2.05 for sample orientations away fro
aiHW .

IV. SUMMARY

In summary, we have used mm wave perturbative ca
methods in a generalized, nonspecificHac andEac configu-
ration to explore the characteristics of thel-(BETS)2FeCl4
field-temperature phases. A rapid change in the resistivit
the sample below the antiferromagnetic ordering tempera
at TMI leads to the appearance of a depolarization beha
in the cavity response. However, we observe additional
tures in the response belowTMI which indicate that the elec
trodynamic properties of the material encounter metast
14443
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lites ~as also seen in resistance measurements!. Both the
depolarization peak and the metastable features~which are
reproducible with temperature and magnetic field for a giv
sample! follow the general temperature-field dependence
the CAF state. It is notable that the ac conductivity observ
belowTMI in previous microwave studies9,16,17can be orders
of magnitude higher than the dc conductivity. This may
part of the reason that the mm wave cavity response is
sitive to metastable changes in the CAF ground state be
TMI , even though the dc resistivity is large. The origin of t
metastability, as previously noted in resistan
measurements,27 is at present unknown. However, we ma
speculate that it is related to the unique nature of the ph
cally separatedp-electron cation andd-electron anion layers
together with the larged-d and p-d interactions that are
expected to be present.2 Brossardet al. have previously con-
sidered the Ruderman-Kittel-Kasuya-Yosida interaction
tween the Fe31 and spin-12 conduction electron spins.5 Here
they predicted the possibility of a sequence of different ca
ing angles as the PM phase was approached. Such a
cesses might lead to domainlike structures as increasing
destroys the CAF state. Hysteresis in the lower tempera
data, as is evident in Fig. 2, is suggestive of domain-ty
behavior. In preliminary magnetization studies, we have
served precursor structure in the susceptibility as
CAF-PM phase boundary is approached with increas
field, indicating that the thermodynamic state of the syst
is changing significantly.29 Similarly, hysteretic behavior in
the magnetization near the CAF-PM phase boundary
been reported in previous magnetizization studies.5 As in
previous measurements, we observe the antiferromagn
resonance for the dc magnetic field parallel to the hard~a!
axis. Its frequency dependence yields the spin-flop fi
~about 1.2 T!. As the PM-FISC state is crossed, only a we
change in the cavity response is observed. In light of th
higher frequency studies in the range 1 THz would be hig
desirable to explore changes in the ESR line due to the
pected cancellation of the exchange field28 near the center of
the FISC phase.
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