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Raman spectra on TDAE-Cq, single crystals
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Low-temperature single-crystal Raman spectra are presented for the organic ferromagnetic insulator
TDAE-Cgy. The mode intensities, line shifts, linewidths, and depolarization ratios are compared with alkali-
doped fullerene materials and with pureggC A comparison of visible laser light excited spectra
(Eexc=2.41 eV} with infrared excited Raman measuremenis, (=1.17 e\j shows a selective resonance
effect whereby in the visible spectra, a frequency shifoiolfy the tangential modes observed, while in the
infrared measurement, which is resonant with thet,, electronic transition, theadial modesare also
observed to shift. The effect is attributed to Raman resonance with different relaxed stateg,.of C
[S0163-182607)01206-X

I. INTRODUCTION coupling between g, along thec direction and TDAE-
assisted indirect coupling in the perpendicular direction giv-

The relatively small changes of the vibrational and elec-ng rise to a spin cantin’ It was also shown that the fer-
tronic properties of a g molecule in many fullerene-based romagnetic properties of TDAE-§ depend on the degree of
compounds were often considered as an indication of théhe orientational ordering of the g ions®
weak interaction between adjacent buckyballs in the solid Due to the high;, symmetry of the G, molecule, group
state. However, there is appreciable interest in systems whetgeory predicts only 10 Raman-active modes and four
this interaction should play an important role in determininginfrared-active ones, despite 174 degrees of freedom for car-
the macroscopic properties. The molecular charge transfdlon atoms. Thus, any symmetry reduction of;Gons in
complex TDAE-Gy, [where TDAE is tetrakis(dimethyl- TDAE-Cgq shquld re\{eal itseh.c in the appearance of silent
amingethylene, GN,(CH3)g] is one of such examples. It modes not active for isolated icosahedra, including odd par-

has become a subject of intensive study after the discovery & Vibrations as it was observed in théCe, Raman spectra
a possibly ferromagnetic transition a=16 K. This tran-  P€low 397 K(Ref. 9 and in the new phases ofggsynthe-

sition temperature is the highest for all known nonpolymerics'z_?_ﬂeazgrr'glgapr;zsnsfr%d infrared absorption Measurements
purely organic ferromagnets. y P

TDAE-Cg crystallizes in a monoclinic unit cell belong- Of TDAE-Ceo were performed on powder samples or doped

. . : ) Coo films.11=13 A signal-to-noise ratio in these measurements
Ing to CZ/C. space group with four chemmally equivalent was not very good, especially at low temperatures. The
formula units’ The shortest g-Cq, distance is 9.95 A
(along thec direction which implies that there are no poly-
mer bondings between the neighboringyGons as it was A) TDAE-Cqy
suggested for the orthorhombic phase of alkali-metal-doped e
Ceo compoundsMCgy (M=K,Rb)3 Magnetic resonance
measurements on TDAEg have shown that the unpaired
electron is mainly localized at the dgion.* In spite of the
fact that the HOMO level of TDAE-G, is partially filled and
a metallic ground state might be expected, the transport mea-
surements down to 110 K showed insulating behavior with
phonon-assisted polaronic hopping between relatively weak
coupled G, ions?® )
On the other hand, ESR and NMR studies have indicated - S 25 e g
the importance of the electron correlations even abbye W :
Strong line narrowing was observed in the ESR spectra of 400 600 800 1000 1200 1400 1600
TDAE-Cgq single crystals below the & rotation freezing
temperature {150 K) (Ref. 6 attributed most probably to
exchange narrowing. Presuming thaj,@ns can undergo a FIG. 1. The Raman spectra of the TDAEgCsingle crystal
Jahn-Teller distortion below this temperature, it was Sug-compared to undoped & single crystal at 10 K using 514.5 nm
gested that the origin of the weak ferromagnetism iniaser excitation. Red shift and broadening’g{2) pinch mode and
TDAE-Cg is a superposition of the direct antiferromagneticH, modes can be observed.
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TABLE |. Observed Raman modes of TDAEggcrystal at 10 K compared to observed modes of pure
Ceo and to Raman modes of TDAEgg powder measured by Denis@t al. (Ref. 12 at T=300 K and
A=1064 nm. The modes are assigned according to the modes of fgen@ecule and the number in
parantheses is the percentage of radial mode character calculated by Stanton and (Re#td®. Fre-
quencyw, linewidth (FWHM), relative intensities, and depolarization ratie- 1, /I of these modes are

shown.
Ceo TDAE-Cgq TDAE-Cygq
I, modes Single crystal Single crystal Powder
® FWHM Rel. 1) FWHM Rel. p )
em™  @emH  int. | em™Y)  (em ™Y int (ecm™h
Aq(1) (100) 496 25 100 496 8 100 01 491
1455 4 30 - - - - -
1461 4 28 1457 7.5 30 0.15 -
Aq(2) (0) 1469 3 360 1463 7.7 230 0.1 -
262 3 10 255 32 55 - -
266 5 30 265 4 15 - -
Hg(1) (69.3) 272 3 70 270 8.5 65 0.2% 263
428 35 45 427 4 40 04 424
Hg(2) (90.0) 433 5 15 434 8.5 75 03 -
Hgy(3) (96.5) 709 35 125 708 18 16 03 697
Hgy(4) (30.5) 773 4 55 769 7 24 0.2 771
Hq(5) (9.6) 1101 5 23 1100 7 4 - 1099
Hq(6) (2.1) 1246 4 7 1244 13 12 0.6 1245
1417 6 8 - - - - 1414
1424 5 45 1420 10 19 0.5 -
Hy(7) (0.8) 1433 11 180 - - - - -
1566 16 210 1556 19 22 - 1558
Hq(8) (1.2) 1575 7 120 1565 8 32 - -
Gy(1) 484 4 33 487 10 25 04 -
Hg(1)®Gg(1) 758 6 20 759 8 12 -
Gu(4) 1080 4 8 1084 16.5 14 -
Il. EXPERIMENT

charge-frequency correlation curve for tiAg(2) mode of
Ceo' (n=0,1,3,4,6) suggests a softening of eight wave
numberst*1® but the shift of this mode was found to be
either highet' or lower® than the expected value. Also a
strong dependence of thg,(2) mode position and intensity
upon the laser power was obser/&®n the other hand, it is

The TDAE-Cq4, single crystals were grown in our labora-
tory from solution of Gy and TDAE in toluene by the dif-
fusion method. Fullerene & (Hoechst, 99.4%and TDAE
(Aldrich, 97% were taken for crystal growth as purchased.

known that some amount of unreactegy,@ould remain in Al manipulations were performed in an argon glove box
the powder sample or in the incompletely dopegh GIm.*3 (oxygen concentration less than 1 ppi8hiny black crystals

Taking into account that the resonance cross section of th&ith well-developed faces of typical sizes %X 1.5 mm
A4(2) mode excited with a green laser line ingds appar- ~Were obtained after 2—3 weeks. The existence of a ferromag-
ently much higher than in TDAE-§, even a small amount Netic transition at 16 K in the crystals was confirmed by ESR
of unreacted G, or photodegradation effects can consider-measurements.
ably distort the real spectrum. Thus, the experiments per- Since TDAE-Gy is highly reactive with oxygen, special
formed on the crystalline TDAE-§ are of great importance. care was taken to protect the surface of the crystals from
In the present work the Raman spectra of TDAE;C exposition to air. The single crystals of TDAE;Zwere
single crystals were studied at temperatures well below thglued on the cold finger of the CF2102 Oxford cryosta-
temperature of the orientation ordering transition. A red shifting Torr Seal epoxy gluein the argon glove box. The cry-
of the Ay(2) pentagonal pinch mode of#61 cm™* was ostat was afterwards evacuated to the high vacuum
observed, which is in a good agreement wiMCg  (~107® mbay. To avoid a systematic error in the evaluation
results!**® The broadening and splitting of the degenerateof the Cg, ionization shift of the Raman modes in TDAE-
modes is clearly seen at low temperatures. In contrast t€g, the position of the same mode was always measured
polymer or pressure induced phases @gf, Cwe see no g,  Simultaneously for a & single crystal which was attached
symmetry breaking, but effects due to resonance with theear the investigated TDAE-{g sample.
h,—1t14, HOMO-1—-LUMO electronic transition are ob- In order to obtain the Raman spectra of TDAEyCrys-
served and compared with Raman experiments resonant withls, resonant excitation with tg—t, transition of G, an
thet;,—1t;4, HOMO-LUMO transition. argon-ion laserCoherent Innova 70line at A =514.5 nm
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FIG. 2. The asymmetric line of the (1) mode at 270 cm?is I R RO EU VR N
fit by the sum of three Lorentzians centered at 255, 264, and 270 1440 1450 1460 1470 1480 1490
cm™ !, respectively. The data are shown by dots, while the solid line
represents the fitted curve and the dotted lines represent individual
fitting curves. The Raman spectra of tHg(1) mode of the G )
crystal where the fundamental mode of a free molecule is splitinto  FIG- 3. Raman spectra of the penthagonal pinch mode of the

three modes at 262, 266, and 272 ciris shown for comparison.  TDAE-Ce Single crystal compared to g measured at 10 K. The
experimental data are represented by circles, while the dotted lines

(Eo=2.41 eV} was used. Various interference filters and ashow the individual fitted curves and the solid lines are the resultant
exe : fitted curves.

prism monochromator served to clean the excitation spectra
from plasma lines. The scattered light was analyzed with ah , ) .
SPEX 1877 triple monochromator equipped with a nitrogent at the main feqtures in both spectra are very 5|m|l_ar. There
cooled CCD detector in 180° back scattering geometry. T@'€ tWo dominatingh, modes and eight much less intense,

avoid any photodegradation effect observed on powdepProadened and split bands in the vicinity of #ig modes of
samples the laser light was focused on the sample with aP'iStine Geo. Since the Raman spectrum of the TDARC
cylindrical lens and its power density was limited to 10 ¢rystal deviates from the spectrum of thg,Gnolecule only

W/cm?2. We used 1800/mm grating for analysis of the peak
structure and 600/mm grating for polarization measurements.

To prevent structural defects, crystals were not cleaved Ceo 1575
and the Raman spectra were taken from natural crystal faces 1566 %
(mainly{111}) in the case of G single crystals whereas the
TDAE-Cg crystals were not oriented.

Since the signal-to-noise ratio of the Raman spectra in
VH polarization was rather low, the integral intensities of
some weak modes were calculated with the fixed peak posi-
tion and width obtained earlier foHH polarization. The
Raman data were fitted with the sum of Lorentzian lines and
a linear background using commercial PC programs. The
positions and full widths at half maximuiiFWHM) of the
reported Raman lines were obtained as results of the fitting

procedure. — L P T . ;
1540 1550 1560 1570 1580 1590 1600
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Il. RESULTS AND DISCUSSION Raman shift [em-]

The Raman spectrum of the TDAEggcrystal at 10 K FIG. 4. Raman spectra of they(8) mode of the TDAE-G,
shown in Fig. 1 covers the whole frequency range of thesingle crystal compared toggmeasured at 10 K. The experimental
fundamental internal modes of the;gnolecule. If we com-  data are represented by circles, while the dotted lines show the
pare it with the well-known spectrum for aggsingle crystal individual fitted curves and the solid lines are the resultant fitted
at the same temperatufalso shown in Fig. lone can see curves.
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TABLE Il. Red shift of the Raman lines of TDAE-§ crystal at 10 K compared t@) the shift in lines

observed in the fcc high temperature phase of Rb&ystals at 450 K reported by Winter and Kuzmany
(Ref. 9 and (b) to normalize shift inM,Cg, presented by Eklunét al. (Ref. 15. The shift of the Raman
lines in the case ofa) and(b) is relative to the position of Raman lines of{at temperatures 450 and 300

K, respectively.

I, mode Go TDAE-Cqy  RbCq@ K 3Cgo® KeCeol®  RbsCeo®  CscCeo®
T=10K T=10K T=450K T=300K T=300K T=300K T=300K
om?Y) AwcemY) Aw(em?) Aw(ml) Aw(cm ) Awem ) Ao (cm™l)

Ag(1) 496 +1 +2 +1 +1.5 +1 +0.5

Aq(2) 1469 —6+1 -7 -5 -6 -6 -6

Hy(1) 272 —2+1 1 0 0 0 0

Hy(2) 433 *1 -9 0 —-1.5 -1.5 —-1.5

Hy(4) 773 —4 —4 - -2 -2 -2

Hy(5) 1100 +1 —4 - -1 -15 ~15

Hy(7) 1424 —4 -15 -6 -7 -7 -7

Hq(8) 1566 ~10 ; ; ; ; -

1575 -10 —-18 -9 —-16 —-15 —-14

slightly, we can assume that the crystal field influence on thehifted in frequency much legsr not shifted at a)lthan the

internal symmetry of the g ion is weak and describe
TDAE-Cg, modes as derived from the corresponding,C
modes.

high frequency mode#\;(2) and Hy(7,8) with predomi-
nantly tangential charactéf. The Raman spectrum of
TDAE-Cgy and G (for comparison in the regions of the

The frequencies of the observed Raman modes, theiadial(70%) Hy(1) mode and tangential00% A,(2) and

FWHM and relative intensities together with our data for

a(99% Hy(8) mode are shown in Figs. 2—4, respectively.

Ceo single crystal(at 10 K) and the Raman data of Denisov The analogous behavior of the Raman modes observed ear-

et al. obtained on a powder sample of TDAEs£(using
1064 nm laser excitation at 300 KRef. 12 are presented in

lier in the spectra of alkali-metal-dopedsgcompounds was
explained by a charge transfer related effahereby the

Table I. Relative intensities have been normalized withelectron transfer into aromatic rings stretches out the C-C

respect to the intensity of the radiagh,(1) mode at bonds and decreases the tangential mode frequencies, while
496 cm'! since the intensity of the strongest tangentialthe frequencies of the radial modes mainly depend on the

pinch modeA4(2) at 1463 cm ! varies considerably from angle bending force constants which remain unchanged upon
one spot on the crystal to another while the former does notloping.

The polarization study has shown that the rat
lvi /1y =0.1 of theAy(2) mode of TDAE-G is close to
this value in the pristine §.'° Interestingly the strong se-
lection rule for the radiaRy(1) in Cgo (Iy /14 =0.02) is
considerably weakened in TDAEgg and becomes similar
in magnitude to that of thé,(2) mode. The same violation
of the polarization selection rule for the radia)(2) mode

io In Table Il the shift values oA, and high frequency,
modes of TDAE-G, are compared with these values for the
corresponding modes ik ,Cqo compounds?® For n>1 the
shift value is normalized per one electron transferred from
the alkali metal. The quite good agreement between the shift
values is observed foA; and Hy(1), Hy(4) modes. The

higher values of the shifts that were reported fdy(2),

was observed iMgCgqo and was interpreted as the result of Hyg(5), Hg(7), andHy(8) modes in Rb, (Ref. 15 can be

the sensitivity of the G ion symmetry to ball-alkali-metal
distance during the radial vibratidn. Apparently in
TDAE-Cg the violation of the selection rule for th&,(1)
mode is a manifestation of symmetry breaking arising fro
an anharmonic potential caused by short contacts betw
Cgo and TDAE.

In contrast, the depolarization ratios fdd,-derived

explained by some uncertainty in the determination of these
modes’ positions due to their low intensity and broadening.
Some discrepancy witiMgCqy data might be the conse-
mquence of nonlinear behavior of the shift with>3 since our
edlata correspond quite well with3Cqq.
Comparing the effects of resonance on our results with
the data of Denisoet al,*?> who performed Raman spectros-

modes are comparable with their values in the pristinecopy ath =1.06um (last column in Table)l we can see that
Ceo.® Taking into account the recent assignment of the oppositions of the tangential modesv{700 cm™*) corre-

tically silent modes for the g, crystall® two weak features
at 484 and 760 cm® can be assigned to thé4(1) and

Hgy(1)@ G4(1) even parity vibration and combination mode, €t &

respectively(see the last rows of Tablg. [The weak band at
1084 cm ! is probably the odd parity mod&,(4) also
observed in the g Raman spectrum.

Comparing the peak positions of TDAEggand G, Ra-

spond well in the two cases, but there are big differences in
the frequencies of the radial modes. According to Denisov
112 all radial modes are downshifted near 7 chawhich
is not observed with 514.5 nm excitation.

We suggest that the origin of this effect is related to the
involvement of different Frank-Condon shifted levels in
resonances at 1.06m and 514.5 nm, respectively, in pho-

man modes one can see that modes with mainly radial chateexcited G.'*?°Upon resonant photoexcitation, a relaxed

acter of carbon displacementd (1), Hy(1,2,3)] are down-

state, denoted as & , is created by the incident photon
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FIG. 5. Schematic representation of the Raman resonance fo
1.16 and 2.41 eV excitation with th§ —t7; andh,—t7, levels,
respectively.

creating new, HOMO andtf, LUMO levels derived from
the originalt,, andt;4 levels of the unexcited anion. The
suggested Raman transitions between such states are sho
in Fig. 5 (only electronic levels are indicated for simpligity
In the Herzberg-Teller formulation, foE...=1.16 eV, the
first exciting transition would bé,, — t,4, and the second
from t3; to thety, vibronically modified ground state. Since
the relaxation of the}, andt7, levels results also in modi-
fied vibration frequencies, we observe a shift in the radial
and tangential mode frequencies. A slightly different set of
transitions is involved foE.,.=2.41 eV(transitionB in Fig. ST
5), where the unrelaxed HOMO4, is the inital state, the |- T
t1q andty, are intermediate states, ahg the final state. In : : : — *
this case only tangential modes are shifted. Combining the ]
fact that tangential modes shift for both excitation wave- Raman shift [cm-1]
lengths, and the common intermediate state in both reso- g 6. Raman spectra in the region of thg(2) mode of
nance experiments is thg, level, we can infer that the shift TpaE-C, for four different crystals{TDAE-Cy) represents the
of the tangential modes arises because of vibronic couplingpectrum of the crystal that was not exposed to air, sanflé
to the relaxed’l‘g level. The corollary is that the shift of the C were exposed to air for different timé¢see texy; the spectrum of
radial modes arises due to coupling to tfig ground state.  Ceo is presented for comparison.

The spectrum in the vicinity of th&y(2) mode was pre-
viously found to be very sensitive to laser poWeand also  at the same frequency in contaminated samples is not

to be very sample dependeéntAs a result it was difficult to (sample C), and is most probably a superposition of
make a reliable assignment of the pinch-mode spectra on thepAE+ C and Gy lines.

basis of powder spectra even with the lowest laser poWers.

To clarify the influence of TDAE-G, exposure to air, we

hgve measured the Ramgn spectra of three crystajs, progres- IV. CONCLUSIONS

sively more exposed to air. Samplewas stored in air for 4

days before measurement, samplevas cleaved in air and The Raman spectra of TDAE+g single crystals were
immediately put into the cryostat, while sam@lewas both  studied with 514.5 nn{2.41 e\) excitation at temperatures
cleaved and mounted in a glove bag with a 15 min purge ofvell below the temperature of orientation ordering transition,
He gas to reduce the £ The spectra of these crystals are avoiding possible photopolymerization effects. Very few ad-
compared with the spectra of samples which were handleditional optical modes over those anticipated fromsym-
with extreme care in a glovebox with &1 ppm in Fig. 6. metry of the G, ion were observed which can be considered
Dramatic changes are observed in the shape of the spectrums an evidence for weak intermolecular coupling in
upon the air exposition. The sharp narrd(2) line at TDAE-Cgo. High frequency tangential modes of
1463 cm ! of uncontaminated TDAE-§, becomes three TDAE-Cg, exhibit a softening similar as in alkali-doped
times broader in the spectrum of sam@leshowing that even fullerene compounds which is attributed to elongation of
the slightest exposure to air completely changes the spectruf@C bonds in aromatic ring$, which is in contrast to the
in this region. With further expositiotsampleB) the inten-  behavior observed by Denisat al!? with 1.06 um reso-
sity of theA4(2) line drops and a sharp line at the position of nant excitation, where both tangential and radial modes shift
A4(2) mode in the pristine & (1469 cm ') appears while in frequency. The effect is attributed to selective Raman
in the spectrum of the strongly contaminated sardplenly ~ resonance with two different sets of Frank-Condon relaxated
two broad featureFWHM ~50 cm™ ) with broad maxima ~ states of the @ molecule, one resonant with the,—t;4

at 1435 and 1462 cm® are observed. We note that only the transition near 1 eV and the other with thg—t,4 transition
sharp line at 1463 cm! is intrinsic, while the broad feature at 2.4 eV.

sample B

Fntensity [arb. units]

1400 1450 1500
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