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Millimeter-wave investigation of the antiferromagnetic phase in\-(BETS),FeCl,
in high magnetic fields
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The antiferromagnetic metal-insulator transition in the magnetic-organic condudtBETS),FeCl, 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 nonlinear conductivity* have been reported.
The purpose of the present work has been to explore vari-
The discovery of magnetic field induced superconductiv-ous aspects of the phase diagram\efBETS),FeCl, shown

ity in A-(BETS),FeCl, (Ref. 1) has drawn attention to the in Fig. 1 by way of mm wave perturbative cavity methods in
m-d electron spin-exchange mechaniérirs molecular sys- the frequency range 40-100 GHz. For organic conductors,
tems where magnetic order in tdeslectron system strongly AFMR, electron-spin resonan¢ESR), cyclotron resonance,
influences the behavior of the conductingelectron system. and changes in complex conductivity are all in principle ac-
The more general-(BETS),Ga_,FeBr,Cl,_, class of or- cessible under \_/aryln%lrg’ciggllgons qf frequency, cavity mode,
ganic conductors, with localized magnetic moments at thé@"d Sample orientatior: ™~ Of direct relevance to the
anion sites and conduction electrons in the molecular—catioﬁresent work is the application of this method to metal-

Y 16,17 ; H
layers exhibits competition between magnetic, metallic, in_lnsulator transitions, Dressait al. investigated Ty,

; . (=133 K) in @-(BEDT-TTF),l5 between 10 and 600 GHz.
sulating, and superconducting ground stdtés.The . .
A . For temperatures abovBy,, the sample is in the metallic
magnetic-field-dependent  phase  diagram  of the

N-(BETS),FeCl, material is shown in Fig. 1. Fai =0, and 12F . . a— . —
below the metal-insulator transition temperaturdy( ‘)_.

=8.3 K), A-(BETS),FeCl, enters a highly insulating anti- 101 47

ferromagnetic phaseBelow Ty, , a spin-flop transition to a . iFon

canted antiferromagneti€CAF) phase occurs near 1 T, and 8 G S 7 Support i
above 11 T, a paramagnetic metallieM) phase appears. M | .

At higher magnetic field¢parallel to the conducting molecu- &= © ny i

lar planes, field-induced superconductivitfFISC) is stabi- 4t .

lized belav 5 K between 18 and 45 T The FISC state i

involves the cancellation of the exchange field by the 2r I

external magnetic field. Recent alloy studies on ¥ CAF §
\-(BETS),Ga_,FeBr,Cl,_, have given further support to 0(*) : 1'(") T T TR

this (Jaccarino-Petgérmechanisnd. Although the CAF-PM
transition is nearly independent of field direction, the PM-
FISC transition requires careful alignment of the field in the  FiG. 1. Phase diagram of-(BETS),FeCl,. The four phases
a-c molecular planes to avoid orbital dissipation in the su-identified are antiferromagneti€AF), canted antiferromagnetic
perconducting phase. (CAF), parmagnetic metalPM) (after Ref. 5, and field induced

In addition to the remarkable phenomena presented by theuperconductingFISC) (after Ref. 6. Closed(open symbols rep-
high-field FISC state, the low field, metallic and antiferro- resent the temperaturéeld) sweep measurements of the main de-
magnetic phases also present nontrivial behavior. Considepolarization feature observed in the CAF state for sample 1 from
able attention has been given to the low-temperature grounigs. 2—-3. Schematic: top figure, sample geometry and principle
state in the range 70 K t@,;,, where anomalies in specific axes. Lower figures: axial and side views of sample orientation. The
heat’ NMR,® and ac conductivityindicate the evolution of sample position shown is for theaxis||r and thec axis Lz, where
ferroelectric behavior. Additionally, below,,, antiferro-  r andz are the unit directions for the axial and radial components of
magnetic magnetic resonan@®-MR) (Refs. 5 and 1pand the cylindrical cavity.

HoH [T]
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state, but the skin depth was still greater than the sample
thickness(i.e., the sample is in the depolarization regime
Below Ty, , the depolarization limit is reached as the sample
becomes highly insulating. As the sample passes between
these two limits, a sharp featuféhe so-called depolarization
peak appears in both the frequency shifkf/f,) and the

line width (AT/2fy). In this case the sample was placed in
the cavity with a Thk;; mode such that the electric field was
along thea axis of the crystal E|la). From AT'/2f, and
Af/f, one may compute the real parts of the ac conductivity
and the dielectric constaat. Below Ty, , o, was found to

be significantly largeffour orders of magnitude at 60 GHz
than the dc conductivity, and-,. also increased with fre-
qguency. Also belowT,,,, €; was of the order of 20 in the
10-GHz range and increased with decreasing frequency. It
was speculated that a collective mode may be responsible for
this behavior. Matsuiet al,® using the same type of ac
electric-field configuration E||a, etc), observed a similar
type of depolarization peak in-(BETS),FeCl, at 16.3 GHz
upon passage throudgh,, . Below Ty, they also found that
o, Was larger tharry., again by several orders of magni-
tude, ande; was of the order of 10.
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Il. EXPERIMENT b
0.24F

In our investigation of mm wave response of

N-(BETS),FeCl, in high magnetic fields, a mm wave reso-
. . 0.00 } t t } }

nant cavity perturbation method has been empl&ediere 0 5 0 15 20 25 30
the sample orientation in the cavity can be changed with H [T
respect to the field orientation. Because we were interested in
probing the general response with field and temperature, the FIG. 2. Low-temperatureT<Ty,,) field-dependent mm wave
sample placement was such that both ac magréticand  cavity response ok-(BETS),FeCl, for c|z, c|H, »=66.9 GHz
electricE,, fields radiated the sample. In Fig. 1 the conven-(for 0.9 K), v=75.4 GHz(for 0.5 K). (a) Frequency change for the
tion for orientation is given in terms of the principle axes of phase-locked 66.9-GHz data at 0.9 &) Cavity amplitude re-

the crystal, and the radial and axié|||ﬁ in all cases unit sponse. '_I'he sharp dip_ near 2 T is the ESR line, the firs_t Iarge_ dip
vectors associated with the cavity. The center of mass of theear 6 T is the depolarization peak, and the features at higher fields
sample was always approximately 1/3 of the cavity heightare related to metagtable structure Within. the .CAF phase. AIthoggh
and 2/3 out along the cavity radius. Samples were synthelhe sample was aligned to allow the high-field superconducting
sized by electrochemical methots Two single crystals (FISO) state to be stab_lllzed, or_wl_y weak features associated Wlt_h a
were used for two independent measurements in this Workmetal to superconducting transmonl were detegted. Inset: Full field
S le 1 0.970.10% 0.10 mr? in si d le 2 Sweeps to 12 T for 66.9 GH@one in a lower field magnet after
(oanrl?/p estut\j/\ilss ;‘or .one .orie?tatig]ns\llizsan 0 ;g(r%pleS thermal cycling. Hysteresis is observed in the depolarization and
X0.05 mni in size. From the temperature-dependentmetasw1b|e structure in the CAF state.

. P 11 . .
resistivity, -we find the skin depth abovey, to be of the 10000. Experiments were carried out in a 30-T resistive

order of 10.m in the range 60100 GHz , and beldayy, at magnet and an 8-T superconducting magnet where either
4 K, the skin depth rises to almost 10 mm in the same fre- 9 P g )

- . temperature or field was held fixed at a specific resonant
quency range. The filling factor is of the order of P0 From cavity mode frequency. A helium three-probe was modified
values of the Dingle temperaturd {=0.5 K) determined Y q Y- b

from Shubnikov—de Haas measurements in the metallito allow temperatures down to 0.5 K without interference

staté® we estimate the mean free path and relaxation time ir(from liquid dielectric effects.

the a-c conducting planes to be of the order of &én and

1.0x10 1% s, respectively. Samples were greased to a small ll. RESULTS AND DISCUSSION

teflon mount inside the cylindrical cavity resonator. A control

experiment ensured that the grease and teflon support did not Our results are presented in Figs. 2—4 and 6 for sample 1
contribute a significant background or spurious ESR signal@nd in Fig. 5 for sample 2. Representative results for the
In all cases, data were taken in the phase-locked mode, aff@sonant cavity amplitude are shown for magnetic field
the amplitude and frequency of the cavity response were resweeps in Fig. 2 foc|z for several temperatures beldTy,
corded for either fixed temperature or fixed magnetic fieldup to 30 T. Also shown is the change in frequency for the
Resonant cavityQ’s were typically in the range of 5000— 66.9 GHz trace at 0.9 K: here the signal is the phase-locked

b)
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FIG. 3. Temperature dependence of the cavity response at dif-
ferent fields for\-(BETS),FeCl,; c||H, a||r, v=64.927 GHz, for FIG. 4. Comparison of the magnetic field dependence of cavity
sample 1. The temperature dependence of the main depolarizatisasponse foi\-(BETS),FeCl, for three different sample orienta-
feature is marked by arrows, and is also plotted in Fig. 1. tions, frequencies, and temperatures. Arrows indicate the position of

the ESR lines and the AFMR line fa|H is also indicated. The

amplitude of the cavity response, where resonant frequenc@etans of _the d(_epolarization structure above 4 T are dependent on
is allowed to changévia feedback to keep the phase refer- S@mPple orientation and frequency.

ence in quadrature. The behaviordf/f closely follows the

functional form of the depolarization behavidr'® Here the CAF-PM phase boundary. The temperature dependence
however, it is the magnetic field that is changing the resisof the depolarization peak at fixed field has also been inves-
tivity (by many orders of magnitude, from an insulator to atigated for sample 1, as shown in Fig. 3. As the CAF phase is
conducto), and thereby the skin depth over an equally largeentered from higher temperatures, the signal is observed to
range of values. The general form of the mm wave cavityfall, then to rise and approach a value higher than that ob-
response for magnetic field sweeps belbyy involved sev-  served abov@y,, . TheT-H plot of these feature&hown in

eral signals. At low fieldgbelow 5 T and belowr,) we  Fig. 1) follows the general shape of the CAF-PM phase
observed the ESR and AFMR signdfsigs. 2, 4—6 due to  boundary.

the magnetic resonant conditigne., hv=gugB) for elec- In contrast to previous studiegwhere the sample is
tron spin. Here the resistivity is very high and the material isplaced in the maximum of the ac electric figldve do not

in the depolarization limit. For further increases in fi¢td  find sharp changes in the cavity respons@ gt (along the
temperature—see Ref. Rlhe resistivity begins to decrease CAF-PM phase boundaryWe attribute this to our sample
and at the CAF-PM phase boundary the sample returns to @nfiguration, which experiences both ac magnetic and elec-
metallic state. From the sample and cavity parameters givetic fields. Moreover, we do see a sharp feature at the PM-
above, we expect the sample, near and abbyg, to be  FISC boundary, but only a gradual change as the FISC state
intermediate between the skin depth and depolarization coris entered as is indicated in Fig. 2 for the 66.9-GHz data.
ditions, as well as between Hagen-Rubews€1) and re- This may be due in part to the sample orientation, since the
laxation (w7>1) regimes* Hence as the metallic phase FISC state is very sensitive to sample alignment and we
boundary is approached from within the CAF phase, thecannot change the position situ. In addition, for mm wave
sample exhibits a depolarization peak behavior, as indicatestudies, the metal-to-type Il superconductor transition does
by the sharp dip in both the resonant amplitude and frenot involve a rapid change(jump) in the surface
quency (Fig. 2. At fields between the depolarization peak impedancé? and this will likewise preclude any large differ-
and the CAF-PM boundary, additional structure in the acences(jumps in the cavity response as the FISC state is
response is observed, and at lower temperatures hysteregistered.

appears in the data. When studied systematically with tem- The depolarization peak and the metastable structures are
perature(inset of Fig. 2, the depolarization peak and the dependent on sample orientation and frequency, as shown in
additional structure follow the temperature dependence ofFig. 4. Here the sample was measured for three different field
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FIG. 5. mm wave cavity response of sample 2 at 64.676 GHz

for H||c, c||z. () Temperature dependence for constant field values. 120 b) ' ' ' R
(b) Field dependence for constant temperatures. Sharp dips are from
a diphenylpicrylhydrazyl marker and broader dips at slightly lower Y
fields are due to the ESR line from the sample. Theoretical Fit (2H "™ o
100 A
orientations, frequencies, and temperatures. The ESR line is -//
prominent and absorptive at two of the frequencies, and for _
~ -> . . e b
c|r, aJ|H the AFMR signal is observedStrong ESR or S0k A i
AFMR signals are good indications of the sample’s coupling LA 4
- . 1 ’
toH,..) In contrast, the ESR line is weak for the 71.27-GHz o a’
data and the field dependence of the background is reversed. 7’
It is apparent that the overall signal depends on how the % 60 ot J 7
. . > > . . = /
sample is coupled with ak,. or H,. excitation mode, as > ;. 060
indicated by the intensity of the ESR features. However, the LR R
ESR line positions rigourously follow the linear frequency 401 K § R
dependence, as presented in Fig. 6 below. // £ 0.54 .
To check the sample dependence of the depolarization and ; _? X 7| R
metastable behavior, we investigated a second sa(@pla ; 2 o0k 4
- - ’ o, .
an 8-T magnet. The temperature- and field-dependent data 20 % E o4sl- —
are shown in Fig. 5. This sample, which was partially J/ Y
twinned, was smaller than the first, and was only studied for //Theo,mm,g,z 0510 15 [zl? 25
-n . . B
c|[H||z and for 64.7 GHz. In both the field and temperature ol | . ’ N
dependence, the depolarization effect, as well as additional 0 1 2 3 4
structure in the response, is observed. Although the features uH [1]

follow the generalT-H dependence of the CAF-PM phase

boundary, the details of the signals of samples 1 and 2 are FIG. 6. (&) Detailed temperature dependence of the ESR line
different. In particular, the field dependence of sample 2with respect to the diphenylpicrylhydrazyl markeallr, c|H, »
(compared with sample) Hoes not show a sharp depolariza- =66.9 GHz. BelowT,, theg factor is nonmonotonic with decreas-
tion dip, but it does have considerably more structure in théng temperature. Inset: detail of temperature-dependéattor be-
temperature dependence. We attribute the differences in tH@w Twi. (b) AFMR and ESR frequency dependence. Solid
behavior of two samples to details of the sample geometrgircles—AFMR vs frequency foe||r, alH. Solid squares—ESR vs
(shape, twinningand cavity moddresonant frequengyfac-  frequency forc|z, c|H. Inset: detail of AFMR frequency depen-
tors. dence.
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The frequency dependence of the ESR and the AFMRites (as also seen in resistance measuremei@sth the

signals were investigated f@1|2, c||I:| and c||F, a|||:|, re- depolarization peak and the metastable feat@wdsch are
spectively, as shown in Fig. 6. For field directions away fromreproducible with temperature and magnetic field for a given
the hard axis(see below, only the ESR line is observed. samplé follow the general temperature-field dependence of
Below Ty, there is a nonmonotonic change in thdactor ~ the CAF state. It is notable that the ac conductivity observed
with temperature, indicating that the CAF state is still devel-below Ty, in previous microwave studig$®*’can be orders
oping, even at low temperatures. The first observation off magnitude higher than the dc conductivity. This may be
AFMR in \-(BETS),FeCl, was reported by Brossaet al®  part of the reason that the mm wave cavity response is sen-
in the X band for fields tilted with respect to tleaxis along ~ Sitive to metastable changes in the CAF ground state below
thea-b axes(calledu in Ref. 5 due to the uncertainty in the Tmi, €ven though the dc resistivity is large. The origin of the
a andb directions. They observed characteristic AFMR be- metastability, as  previously noted in resistance
havior, with the expected “bubble shape” for two resonantMeasurements, is at present unknown. However, we may
fields vs orientation. The higher field resonarite2 T) was  Speculate that it is related to the unique nature of the physi-
only weakly temperature dependent, while the lower fieldcally separate@-electron cation and-electron anion layers,
resonance increased significantly bel@yy, . In a more re- together with the largel-d and 7-d interactions that are
cent stud¥® AFMR was investigated for a dc magnetic field €xpected to be presehBrossardet al. have previously con-
tilted about 30° away frona towardsb. Here two resonances sidered the Ruderman-Kittel'KaSUya-YOSida interaction be-
again appear as in Ref. 5, but the higher resongh@T),  tween the F&" and spinj conduction electron spirmsHere

also weakly temperature dependent, was attributed to thdey predicted the possibility of a sequence of different cant-
spin-flop transition, and not to AFMR. The lower resonanceing angles as the PM phase was approached. Such a pro-
was temperature dependent, and increased with decreasiﬁgSSGS mlght lead to domainlike structures as increasing field
temperature. For the field along theaxis, also measured in destroys the CAF state. Hysteresis in the lower temperature
Ref. 10, a single AFMR line is seen, which is both tempera-data, as is evident in Fig. 2, is suggestive of domain-type

ture and frequency dependent. This configurath?)hha, cor- behavior. In preliminary magnetization studies, we have ob-

responds to our investigation, as shown in Fig. 6. For the€ved precursor structure in the susceptibility as the
. . - e , . CAF-PM phase boundary is approached with increasing
orientational|H, c|r, we measured the field position of the

. . field, indicating that the thermodynamic state of the system
AFMR signal over our accessible range of frequency ! incicating y ! y

n . is changing significantl§? Similarly, hysteretic behavior in
(~40-110 GHz), as plotted in Fig.( (also shown is @ he magnetization near the CAF-PM phase boundary has

representative trace of data faffH, c|r in Fig. 4. The  peen reported in previous magnetizization stufiéds in
frequency-field dependence of the AFMR signal is consistengrevious measurements, we observe the antiferromagnetic
with the field orientation along the hard axis of the resonance for the dc magnetic field parallel to the Hajd
sample?®> *indicating that the hard axis is alorgg as pre-  axis. Its frequency dependence yields the spin-flop field
viously reported’ An extrapolation of the AFMR to zero (about 1.2 J. As the PM-FISC state is crossed, only a weak
field gives a gap frequency corresponding to a characteristighange in the cavity response is observed. In light of this,
field of 1.7 T. This value, which is related to the prOdUCt of h|gher frequency studies in the range 1 THz would be h|gh|y
the exchange field and the anisotropy field, is comparable tgesijrable to explore changes in the ESR line due to the ex-

the spin-flop field(1.1 T—1.3 7 reported in both magneti- pected cancellation of the exchange f&ldear the center of
zation and other ESR studies. A linear fit of the ESR linethe FISC phase.

yields ag value of 2.05 for sample orientations away from
alH.
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