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DYNAMIC PHENOMENA IN ORGANIC METAL (BEDT-TTF);Ta:Fy,

JUANA VIVO ACRIVOS
San José State University, San José, CA 95192-0101

Abstract Dynamic electron spin resonance, ESR measurements suggest that this
paramagnetic, layered organic metal behaves similarly to cuprate superconductors.
There is a dynamic equilibrium between doublet, D and triplet, T* states near the
transition temperature to superconductivity T.= 1013 K, antiferromagnetic, AF
resonance is observed from room temperature to = 150 K, in this temperature region
the temperature dependence of the D Lorentzian ESR line widths obtains a first order
rate constant for the disappearance of the state (k; = 3.5 x10” e''""/s) and T* ESR is
not observed, it is detected only below 44 K when the lifetime of AF domains, Tar
decreases below 10'%; the onset of superconductivity is ascertained by the appearance
of an energy loss at exactly H=0 near 10 K and by the magnetization oscillations
observed versus H below T. when the samples are cooled in a non-zero field H; the
fourfold increase in the relaxation time 1, for the half field T* ESR absorption near 10
+3 K is interpreted using the Gorter phenomenological relation T,=Cy/oy, Cx and oy
are the heat capacity and lattice thermal contact coefficient of the spin system, at H.

INTRODUCTION

In this work, the transition to superconductivity of a paramagnetic organic metal
(BEDT-TTF):Ta;F,,,' is ascertained from the onset of the energy loss at H=0 and
magnetization jumps due to flux pinning, observed when the samples are cooled below
T. in H£0. The magnetic response includes the detection of D, T* ESR, AF resonance,
energy loss and magnetization oscillations in the superconducting state.> The ESR
relaxation time 1;(T.) is related to thermodynamics by the Gorter,’ relation:

T = Cy/ay, 1)
Cu and ay are respectively the heat capacity and the thermal contact coefficient to the

lattice of the spin system, at constant field H. The spin system temperature Ts
approaches the lattice temperature T, as:

dTg/dt = (To-Ts)/11, when |To-Ts|/To<<1. )
The organic free radical cations (S=1/2) are aligned to maximize the chalcogen, n-x

intermolecular interactions (Figure 1a)." These charged free spin species interact with
411
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the lattice vibrations to produce a polarization, called a polaron.* Alaxandrov and
Mott’ have shown that such charged carriers with spin S=1/2 in a many-electron
system, strongly coupled to the lattice vibrations, can tunnel to form a charged Bose-
liquid of small bipolarons with charge 2e and S= 0 or 1. The Alexandrov and Mott
theory is used to relate the formation of a triplet state condensate and the appearance of
the sample superconductivity when the Gorter relation (1) is applied to the half field T*
ESR lattice relaxation times 1, in order to ascertain whether the triplet state of the
condensate is directly involved in the transition to superconductivity.

EXPERIMENTAL

Single crystals (grown at IBM) were measured at SJSU with an x-band Bruker-
ER300/0xford-900 spectrometer/cryogenic system described earlier.! Figures 1 and 2
show the power absorption derivative dP/dB, response to the field
k(B +2B.mcos(27vy)) + 2iB cos(2nv) versus B, and temperature T from 280 K down to
3.7 K when B, || a L B, (Figure 1a) where B, is the external dc field modulated with an
amplitude B,y at vm=10°Hz, B;=By10*®%, B;y< 0.1mT is the microwave field at v =
9.36 GHz. We measure the energy loss in the superconducting state at exactly H=0,°
the ESR near g=2.00 (D and T*, AS,=t1) and, near the half field resonance (T*, AS=0),
AF resonance,*® and magnetization oscillations,” when H#0 through T..

DI ION OF RESULT

Four types of magnetic response are identified in Figure 1 by their orientation
dependence in the external magnetic field:> >’ ESR of D and T* states versus
temperature and microwave power; AF resonance,®® identifying the direction and
magnitude of the axial anisotropy field Bo(=220 mT) || b-axis in the AF domains and the
field produced by exchange interactions Bg= 130.7 + 10 mT; the onset of the energy
loss at exactly H=0 identifies T.,® by the appearance of a signal of opposite polarity to
the ESR at that temperature, another signature of superconductivity observed is the
appearance of magnetization jumps, due to flux pinning,”® when the samples are cooled
in H#0 through T, they disappear when the samples are cooled through T. in zero field.
The D ESR lineshapes are Lorentzian/Gaussian above/below 150 K (Figure 2) and the
fourfold increase in 1, for the T* half field ESR (B.4~156 mT) occurs near the same
temperature as the onset of an energy loss signal at H=0 and, magnetization oscillations
when the crystal is cooled in H#0 usually associated with superconductivity. The
different possible rate processes between the magnetic states are shown in Figure 3.
There are five spin states split by the field in dynamic equilibrium; the ground state is a
singlet S in equilibrium with the D states and the latter are in equilibrium with the T*
states via the chemical reactions:"

S© 2D and 2D < T*, 3)
with equilibrium constants:

K; =(a[D])"/a[S]= exp(-As.0/2T),

Ks=ky/k-y=a[T*}/(a[D}])*= exp(Ar./2T). @
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FIGURE 1 (BEDT-TTF);TaF); (a) Structure and ESR data: The crystallographic parameters
for the pseudo-orthorhombic lattice at room temperature are a=1.6683, b=1.1928, c=1.255 nm.'"® The
different resonance fields are identified by B,ar. for the AF domains; B,p, for D states and B, 1oy,
B, 112 for the T* states. Magnetic oscillations are observed near 3.7 K when the samples are cooled
through Tc in H=0, these are shown to disappear when the samples are cooled in H=0, determined by
the position of the energy loss signal which is used to define it. (b) Data analysis: The I/T
dependence of the D ESR line width identifies at least three temperature domains of dynamic
phenomena; the orientation dependence of B,ar. is compared with the predicted values using the
general theory,® and the saturation experiments of the T* half field transition giving the values for 7,.
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The activities a[i] in relation (4) were ascertained from D, T* AS,=+1 ESR intensity
measurements, in the absence of saturation above T., when a[S] =1; relation (4) obtains
the temperature dependence of the band gaps: As./2 and Are.p/2 (insert Figure 3)."
The rate constant kj is determined from the line width of the D AS,=+1 ESR vs 1/T:*

AB; mg = constant(k; + 1/T),
kl = AO eAS/R e'AU/RT, (5)

where (AU/R, AgeBS/Ry = (111K, 3.5*107/s)m1so; (11 K, 7*106/8)rc1s0 x; AU and
AS are respectively the activation energy and entropy to form activated states when D

disappears. The decrease in AU below 150 K indicates that there is an easier path for
the disappearance of D whereas the entropy increase, by 2R = 3RIn2 above it, suggests
that disorder is introduced when three possible T* states do not provide a reaction path
e.g., by the two possible spin flips, each contributing RIn2 to the entropy for the three
singlet states formed by antiparallel pairing, along each of the possible principal axes of
triplet state formation X7,Y7,Z1 (Figure 1a). Near 44 K tunneling of D polarons, via

lattice vibrations, pair the spins to generate S* states with 1/4 probability and, T*
states with 3/4 probability, the S* states relax to the ground state S but the transition
T* — S is forbidden. All the dynamic phenomena, e.g., the population and rates of
disappearance and formation of the D, $* and T* states depend on the coupling of spins
to the lattice vibrations. The spin manifold (with components separated in energy by
AFE) obey a Boltzmann population distribution, i.e., ngs»/ns..s.> = exp-AE/kgTs, where in
a saturation experiment the spin temperature Ts is greater than the lattice temperature
To, and thermal equilibrium is obtained as the Boltzmann temperature approaches Ty
according to relation (2). The ESR lifetimes depend on the chemical rates, the spin-spin
and spin-lattice, and spin-radiation interactions via the transition rates w(4E) between
the states separated by AE= hv or 1/2 hv in Figure 3. It has been shown that the most
efficient relaxation involves resonant phonons produced via second order Raman
processes,® by the absorption and emission of phonons, involving an intermediate state,
at frequencies vy and v,, v;-vi=v, i.e.,

Essz> + NVndistion = Ejs,.5,>  returns to initial state by:
E,s,.s,>+hv1= E; diate; E; diate <hv2= E|S,Sz> . (6)

The phonon temperature and heat capacity (Tpn, Cpn) depend on the contact with the
lattice at temperature T, and infinite heat capacity and, the transition rates w(AE)
depend on the energy transfer path:

Spin System(T's,Cx)=>Resonant Phonons(Tm,Cph) =>Bath (T, Infinite Heat Capacity),

Cn< Cu indicates that there may be a bottleneck when phonons are involved in a phase
transition. The chemical dynamics for the relaxation processes in Figure 3 obtain:>*

Vu(hv) =w (hv)+w ™ (W) w (hv2)+w' (hv/2)1/2+ k.. )
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FIGURE 3 Energy level diagram. The insert gives O: Y4Asp and e: Y2Arp in relation (4) vs T.
The fourfold T, increase near 10 K (Figure 1b) suggests that a phonon bottleneck has decreased the
rates w(AE) and that the lifetime of T* is determined most probably by 1/k.;, which also depends on

the lattice vibrations,
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T. may be associated with the 1, increase via the Gorter relation (1):

A‘Cl(Tc)/‘tl = ACH/C}{ - A(XH/(IH ~ 4, (8)

Cu and « are the contributions of the spin system to the thermodynamic values of the
heat capacity, C, and thermal conduction coefficient, X; near T., AC/T. =2 +0.5 for
k-(BEDT-TTF),CuN(CN).Br (T, = 13 K) but, decreases to 1.6 £0.2 (closer to the BCS
value of 1.46) for (BEDT-TTF),I; (T.=3.4 K);* both C, and X are known accurately for
YBa;Cu3075: AC(T)YT>4 and, AKemu T<T)/Ke= 3 to 4;™" the sharp decrease in 1,
below T. (Figure 1b) suggests that o also goes through a maximum below T.. The
competition between AF and superconductivity in the organic metals is similar to that
found in superconducting oxides,*® the exchange fields near 150 K, Ja=130 mT >
Juinspin ® 15 mT suggest that at these temperatures superconductivity is not allowed by
the presence of AF domains in the single crystal, however when the lifetime t4r of the
latter decreases below 10" (indicated by the increase in the AF resonance line widths
near 44 K in Figure 1a) superconductivity maybe allowed and appears near 10 K. T*
half field ESR absorption is also observed in superconducting cuprates single crystals
and ceramics near and below T.,> but D ESR is always absent, suggesting that k; in (4)
is shorter than 10™%, i.e., the activation energy AU in (5) is lower for the latter. AU for
polaron tunneling decreases as the bond polarizability increases and this increases with
the bond order; in the organic conductor the intermolecular S-S bond order is 107 and
in the cuprate superconductors the O-O bond order in the CuO, plane is 107 between
sigma bonded O-O pairs at a distance <r,.>=0.27nm,” lowering AU and, the respective
D lifetimes for cuprates below the values for organic metals. The decrease in the
bipolaron binding energy for the organic-tnetal (inset Figure 3) with T suggests that as
T— Jipinpin #20 mK, the T* gap states must contribute to the transport properties as
YaAsp—> VaArep = Jyinapin and, that these transport properties at high magnetic fields
(which destroy superconductivity but, lower T* states) will be activated as has been
observed in superconducting cuprates.'® "The weak magnetic fields used in the
measurement of 1; (156 mT) can not destroy the superconductivity.

CONCLUSIONS

The functional dependence of the D, ESR line shape and width on T identifies at least
three temperature regions where different processes lead to the disappearance of D
polaron states: at temperatures where AF domains are present, and most probably take
part in the dynamic equilibria, the rate processes are activated with AU = 10’ K; below
44 K the T* ESR is detected when the lifetime of the AF domains is decreased below
the detection limit, the onset of the transition to superconductivity is detected at a much
lower temperature, 10 K. The understanding of the processes in the different
temperature regions is of some importance for any theory of superconductivity which
predicts the formation of a Bose condensate above T..* A comparison of ESR line
widths vs T with the conductivity,' of all the organic conductors will give insight on
whether the presence of AF domains limits the lifetime of the D states, causing
activated transport with AU = 10* K, whether at temperatures when AU —0 the
formation of T* states are allowed and whether these lead to the superconducting state.
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