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Understanding the totally symmetric intramolecular vibrations
in k-phase organic superconductors

R. Wesotowsk#, J. T. Haraldsen,J. Cac? J. L. Musfeldt? 1. Olejniczak? J. Choi? Y. J. Wang? and J. A. Schluetér
1Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
2Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996, USA
SInstitute of Molecular Physics, Polish Academy of Sciences, 60-179 PoRoknd
“National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310, USA
SMaterials Science Division, Argonne National Laboratory, Argonne, lllinois 60439, USA
(Received 26 October 2004; published 9 June 2005

We report magnetoinfrared measurements of two quasi-isostrucgttphise organic molecular solids:
(ET),CUN(CN),]Br (T,=11.6 K) and the nonsuperconducting(ET),CU N(CN),]Cl analog. Our results
support the contributing role of electron-molecular vibrational coupling to superconductivity in layered organic
superconductors, and we identify the most important totally symmetric modeggi) ,Cu N(CN),|Br within
the nonplanar molecular building block picture.
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[. INTRODUCTION are associated with superconductivity. These experiments
) o ) complement previous magnetoinfrared studies @n
Understanding superconductivity in layered organic MO~(ET),CU(SCN), (T~ 10.4 K, abbreviated here asSCN),”
lecular, density wave, and cuprate superconductors is Izhere field-dependent changes in vibronically activated
garded as one of the “grand challenges” in condensed matiGfy ational modes were recently obserdddThey also
science’™* Critical temperature, magnetic field, and current 4, etail with recent decoration experiments on natural and
(Te, He, andJo) represent important energy scales in t_he SYSHeuteratedk-Br solid solutions, where the totally symmetric
tem. Measurements across these energy scales require cargiul_ ~ stretching mode is a sensitive indicator of micro-
temperature control, large magnetic fields to quench supefayi,re24 and with recent magnetoinfrared work om-

conductivity, or control of possible heating effects in critical (g1 kHa(SC which follows a field-induced transition
current experiments.’ Despite theoretical predictiods;'4 f(é J2KHG(SCN,,

. om density wave to metallic statésWe anticipate that the

there hav_e b_een few _expenmental attempts to probe the ro sults will stimulate additional theoretical progress.
of the lattice in establishing superconductivity in layered or-
ganic molecular solids by a direct and microscopic tech-
nique, such as infrared spectroscépy.attice phonons are
already known to be important in the organtést® Under-
standing the contribution of intramolecular vibrational High-quality single crystals ok-Br and x-Cl were grown
modes and clarifying their coupling to the underlying elec-at Argonne National Laboratory using electrocrystallization
tronic system is central to progress in this atéa4In order techniques®1826Mosaics were prepared with oriented crys-
to investigate these effects, we selected two model materialgals on a brass plafé.The cooling rate was-5 K/min. Ex-
k-(ET),CUN(CN),]Br and «-(ET),CUN(CN),]CI (abbrevi-  periments were carried out at the National High Magnetic
ated as «-Br and «-Cl, respectively. Here, ET Field Laboratory in Tallahassee, FL. Spectra were collected
=bis(ethylenedithigtetrathiafulvalene. They were chosen be-in reflectance mode with a Bruker 113V Fourier transform
cause of their chemical and structural similarities, the accesgnfrared spectrometer from 30 to 2500 Tmwith 2 cri?
sible critical field, the overall energy scale of interactions,resolution at 4.2 K. A superconducting mag(@+17 T, Far-
and their well-studied vibrational responseBr is a super- aday geometryH I conducting two-dimensional planaas
conductor(T,=11.6 K).151 x-Cl is an antiferromagnetic in- employed. Single-beam reflectance spectra were collected
sulator at low temperature; it displays partiabt bulk su-  between 0 and 17 T, after which the field was swept back for
perconductivity under slight pressuf&?! a second O T single-beam scan. The applied field allowed us

In this work, we report magnetoinfrared investigations ofto sweep from the superconducting phase, throdgh and
«-Br and x-Cl. In the «-Br superconductor, three electron- into the high-field normal state ir-Br (H,~6.2 T).1516
molecular vibration(EMV)-activated intramolecular modes «-Cl is an antiferromagnetic insulator at 4.2 K, and the ap-
change substantially with applied magnetic field. The replied magnetic field does not drive any phase transitiéri.
cently developed framework of Girlando and co-workér&, It is our experience that field-induced changes in vibra-
which accounts for local distortions of the ET building block tional features of organic superconductors are small. As a
molecule in the dynamical response, is the basis of our modeonsequence, they do not appear clearly in the absolute re-
assignments. The nonsuperconductin@l analog does not flectance(or optical conductivity spectrum. To circumvent
display any field-induced changes within our sensitivity, sugthis problem, we instead report a reflectance ratio:
gesting that the observed magnetoinfrared features-Br R(H)/R(Hy=0 T). The reflectance ratio is essentially a nor-

II. EXPERIMENT
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FIG. 1. Reflectance ratio spectr&®(H)/R(Ho=0T), of (a) the v, (Ag), (b) vy (Ag), and (c) viz (Ag) modes of -
(ET),CUN(CN),]Br at 4.2 K. The top curve in each panel shows the reflectanceRétie0 T)/R(Hy=0 T), providing an indication of the
overall noise level. The double arrows indicate the size of field-induced changes at 17 T. The reflectance ratio curves have been offset for
clarity. The relevant motions in 4 (eclipsed molecular symmetrysee Refs. 14 and 22re schematically drawn.

malized response and a purely experimental quantity. Wéo the central tetrathiafulvalene skeleton of the ET molecule
quantify field-induced changes in the reflectance ratio aseem to be reasonably described within the pldbgy) ap-
JoR(H)/R(Ho=0 T)~1|dw, where w, and w; define the proximation. On the other hand, it is well known that distor-
frequency range of interest. Measurements on the gold refetions of the lateral ethylene groups lower the overall molecu-
ence mirror as well as thR(H=0 T)/R(Hy=0 T) ratio spec- lar symmetry in the salt§3%-36The two main deviations
tra on the samples provide an indication of the overall noisérom planarity are eclipse€C,,) and staggeredD,). x-Br
level. and «-Cl display eclipsedor lower molecular symmetry,
and x-SCN is staggeredor lowen.3*37 Note that ethylene
group twisting with respect to the ET plane constitutes a
lll. RESULTS AND DISCUSSION local deformity, not a long-range change in the unit cell.
The vibrational properties of-(ET),X-type organic mo- Small differences in ethylene group disorder may be present
lecular superconductoréX=counterion are usually inter- &S well3738
preted as a superposition of local intramolecular and ex- At this time, only selected molecular dynamics calcula-
tended lattice mode5Lo-1327 |ntramolecular modes related tions have been carried out in reduced symmetry
to the ET building block molecule are observed aboveconformations:*2230:3534n the G, case, 18 totally symmet-
100 cmi' and traditionally assigned using plangb,,) ric (Ag) modes are predicted, whereas in thesDbgroup, 19
symmetry!%27.28 an approximation that yields 12 totally totally symmetric(A) modes are anticipated:?2303536The
symmetric modes which appear in the infrared spectrum dueonventional numbering scheme goes from highest to lowest
to EMV coupling? The totally symmetric &=C stretch(vs) frequency. We employ this new framework here. Of particu-
is the strongest mode in the optical conductivity lar interest in recent renderirigds the reassignment of the
spectrumt?27:29Within the Dy, picture, the infrared response strong totally symmetric EC stretching motion as, and
also includes selected,Bnodes as well as normally infrared- the vibronic activation of the~-890 cn* “ring breathing”
active modes of Bsymmetry'%27 Vibrational modes related mode (v;,). The strength and sensitivity of the 890 ¢m
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mode has recently attracted attention in the organic
superconductor¥37-39

Figure 1 shows the evolution of the 4.2 K reflectance ratio
spectrum ofk-Br with applied magnetic field. Systematic
modifications are observed in three areas, which, from the
perspective of organic materials, are quite substantial. We
assign these structures as the modification of EMV-activated
totally symmetric intramolecular modes of the ET building
block molecule™® Within the G, subgroup picture, the fea-
tures are attributed to, (Ay), v1g (Ag), andvyz (Ag). The
approximate eigenvector patterns are shown in Fig. 1 and
follow the spirit of Girlando’s recent work in this aré4??
An important consequence of dynamics simulations in re- 1150 1250 1350 1450
duced symmetry molecular subgroups is the renumbering of Frequency (cm'1)
the modes. We emphasize that low-frequency motion involv-
ing the outer portion of the ET building block molecule is i (Ib)l L
more strongly affected by local symmetry reductions than
motion involving the central portion of the molecule. The i
sharp features superimposed on the broad totally symmetric
C=—C stretching mode near 1270 chin Fig. 1(a) are re-
lated to the narrow ethylene end-groups antiresonance dips
which appear in the absolute reflectance spectfum.

Figure Z2a) displays a close-up view of theR(H
=17 T)/R(Hy=0 T) reflectance ratio spectrum oé-Br in
comparison with similar data on the two quasi-isostructural
compoundsc-SCN andx-Cl. We assign the broad and com- H
plex changes observed in the organic superconductors to - PR Y T O
field-induced modifications of the totally symmetric=€C 0 2 8 10 12 14 16 18
stretching mode. Although of different magnitude, the field- H(T)
induced spectral changes iaBr and k<-SCN aresimilar in
character. Interestingly-Cl, the quasi-isostructural antifer- ~ FIG. 2. (& Reflectance ratio, R(H=17 T)/R(Ho=0T),
romagnetic insulator, does not display any field-induced feaof the totally symmetric €=C stretching mode for «-
tures within our sensitivity. Considering that the dynamics(ET2CUN(CN),]Br, «-(ET)2CUSCN), and K=
(and, in particular, the unperturbed, Anodes of x-Br and (ET)Z_CL{I_\I(CN)Z]CI at 4.2 K. The double arrow_shows the size of
x-Cl are very similar, we attribute the magnetoinfrared e]c_the fleld-lndu_ced features._ The_ reflectance ratio curves haye been
fects to differences in the low-energy electronic state tooﬁset for clarlty.(b) Normalized integral area of the chgnges in the
which the mode is vibronically coupled. reflectance _ratlo of the_totglly symmetric=€C stretching mode

We quantify changes in the totally symmetric=aC ~ VS'>US applied magnetic field for-(ET),CUN(CN),JBr and «-
mode for the two organic superconductors by plotting th (ET),Cu(SCN),. Solid and dashed vertical lines indicdig, values

Sor the x-(ET),CUN(CN),]Br and x-(ET),CUSCN), su -
. . . . 2 2 2 > supercon
normalized integral area of the field-induced features VErsUg, ctors, respectivelysee Refs. 16 and 40Lines connecting the

applied magnetlc fielFig. 2b)]. Strlklngly, t.he rr_1agneto|n- data points guide the eye. Estimated error bars, obtained from a

frared signature grows substantially with fl_eld in the super-gimiar analysis of theR(H=0 T)/R(H,=0 T) ratio spectra are

conducting phase, shows a clear correlation with, and  grown.

tends toward saturation in the high-field normal state. Modi-

fication of these features throudt,, is strong evidence for symmetric 890 cmt (v,) breathing mode. The field-induced

the supposition that the observed vibronic changes belgwv  modification of this feature is much larger iaBr (~3%)

are associated with the superconducting portions of theéhan inx-SCN (~1%), a result that seems to correlate with

mixed staté&? That the EMV-coupled modes show little mag- the size ofT, andH,. This trend is in line with that foo,,

netic field dependence abot#, also connects this effect to discussed above. Comparison of the integrated area of this

the local charge environment and the idea that the lowstructure versus magnetic field with the response of other

energy electronic structure is changing with field. Supporfield-dependent vibronic modes ik-Br demonstrates that

for such a supposition comes from the recent work ofalthough the field-induced response is similar overall to that

Kimura et al** on [2,2]-D-«-(ET),CUN(CN),]Br, where  of the C=C mode(growing in the superconducting phase,

the charge transfer excitation seems to change with appliechanging neaH.,, and leveling off in the high-field normal

field. Isotopic decoration studies owr-(ET),CuSCN),  statg, the change is more gradual aroudg,. Saturation of

(Refs. 27 and 4Rshow only nascent changes of the<@CC  the effect is also less pronounced.

stretching mode at. and H,. The fairly clear field-induced spectral changes «i+Br
Figure 3 displays a close-up view of the 17 T reflectancamake it possible to identify an additional, but much smaller,

ratio spectra ok-Br and«-SCN in thevicinity of the totally = magnetoinfrared feature that is involved in the superconduct-
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. —(ET)ZC;U[N(CN)Z]'Br | J snergy scale to the prqblem, many_matenals.exhlbn coopera-
— ive effects with coupling over variousometimes surpris-
'; ing) lengths, energies, and time scatésinderstanding how
n, these interactions combine represents an important chal-
T & lenge.
X c
—~ 2
= 'E IV. CONCLUSIONS
‘E < “‘(ET)299§§CN)2 Vibronically activated totally symmetric modes are well
I | R known to be some of the most sensitive spectral features
14 eI T available, making them ideal for investigating microscopic
o aspiecttst 01t‘ the _tr'nag_netically'driveln Slfperc?'r;du&:rtin?h'to n%r-
mal state transition in organic molecular solids. To this end,
855 865 875 885 895 905 we report the 4.2 K magnetoinfrared reflectance of two

-1
Frequency (cm) guasi-isostructural organic solids:Br and «-Cl. We com-
) B B pare our spectral results with previous work @8CN. In
FIG. 3. Reflectance ratioR(H=17T)/R(Ho=0T), of the , g. three totally symmetric intramolecular modes change

totally symmetric v,o mode for x-(ET),CUN(CN),]Br and «- s - : . L ;
. ystematically with applied magnetic field. The magnetoin-
(ET),CUu(SCN), at 4.2 K. The double arrow shows the magnitude frared features inc-Br (T,=11.6 K) are similar but notice-

of the field-induced change in the reflectance ratio. The curves have . z P
been offset for clarity. ably larger than those ir-SCN (T,=10.4 K), indicating that

the strength of the effect may be correlatedTto(although
. N . the exact relationship is probably not simple to the lo-
Ing to n_orma_1| state transitioffig. 1(0).]' Based 02n dy”am'cs cally different (eclipsed versus staggejecholecular distor-
simulations in reduced symmetry point groups?we assign 515 “On the other hand, no field-induced features were ob-
this structure(centered around 440 c) as a totally sym-  corvueq” within our sensitivity in the quasi-isostructural
metric intramolecular vibrational modeys (Ag). Although  oference compound-Cl. These results support the contrib-
changes in this mode were discovered onlyiBr, we Sus- ing role of electron-molecular vibrational coupling in the
pect that S|m|Ia|§but more mode$modlf|_cat|ons are hidden pairing mechanism of layered organic superconductors, and
beljeath the noise fae-SCN. The fleldflnduced re_flect_ance we identify the most important totally symmetric modes in
ratio nearv;z (Ag) evolves systematically, albeit with a , g within the nonplanar molecular building block picture.
greater overall noise level than shown previously.
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