PHYSICAL REVIEW B VOLUME 58, NUMBER 17 1 NOVEMBER 1998-I

Inelastic-neutron-scattering study of the sine-Gordon breather interactions
in isotopic mixtures of 4-methyl-pyridine
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The inelastic-neutron-scattering spectrum of totally hydrogenated 4-methyl-pyridine (4MBt 0.5 K
reveals three bands whose widths are limited to the resolution function of the spectrometdt: Within the
guantum sine-Gordon theory, these bands are assigned to in{88&geV) and out-of-phasé470 ueV)
tunneling transitions and to the traveling transition of the breather nflobt@ weV). The spectra of isotopic
mixtures with the totally deuterated analogue (4Mp); containing 85%, 65%, and 50% of 4 M®-, respec-
tively, were obtained at 1.8 K with the same resolution. The frequency of the breather traveling state is
progressively shifted downwards to 5@&V. The frequency shift is represented with the breather mode in
clusters of hydrogenated molecules. Simultaneously, an additional band is observed between 49Quav 497
whose intensity is proportional to the amount of deuterated molecules. This band is attributed to the breather-
mode interaction with isolated deuterated molecules. The breather wave form and the effective potential for the
impurity are calculated. For the sample containing 50% of each isotopomer, new bands at 478 aetl 46
attributed to the breather mode in rather small hydrogenated clusters with deuterated clusters as reflective
boundaries[S0163-18208)09441-7

[. INTRODUCTION num can of 20 mm diameter. An internal coaxial cylinder of
18 mm diameter defined a sample thickness of 1 mm. Cans
The rotational dynamics of methyl-groups in the 4-were loaded into a liquid-helium cryostat. The temperature
methyl-pyridine crystal(4MP or vy-picoline, GH;N) are  was controlled at 1:80.2 K. One run with a flat sample of
nearly free! Inelastic-neutron-scatteringNS) experiments  pure 4MPh; was carried out at 0:50.05 K using a liquid
revealed a band at 51peV and partially resolved weaker °He dilution insert in the liquid*He cryostat. The neutron-
bands at 468 and 53keV tentatively attributed to coupled scattering experiments were carried out on the IN5 time-of-
pairs of methyl-groupé However, further studies on isotopic flight spectrometer at the Institut Laue-Langey®renacble,
mixtures of the fully-hydrogenated (4MRy) and fully-  France. The elastic resolution was selected to baéV/.
deuterated (4MR};) molecules have shown dramatic fre-
quency shifts depending on concentration and temperature. Il INS SPECTRA
Within the sine-Gordon theory, the main band at 5i&V
was interpreted as the transition to the first-excited traveling- The INS spectrum of the isotopically pure 4MB-at 0.5
state of the massive quantum-pseudoparticle referred to &6 (Fig. 1) shows three bands at 470, 516, and 533V
the sine-Gordon breather. The weaker sidebands correspomcich were tentatively decomposed into Gaussian profiles
to collective tunneling transitions for the chain, either in(see Fig. 1 and Table).I The estimated full widths at half-
phase(535 ueV) or out of phasd468 ueV).? maximum correspond to the spectrometer resolution. There
We present INS spectra of isotopic mixtures at higheris no evidence for the fourth band around @€V suggested
resolution (~9 ueV) than in previous experiments. For by earlier experiments.
rather modest concentrations of deuterated molecules, the In the isotopic mixtures the weak bands at 470 and 537
breather mode interacting with single deuterated moleculegeV disappear rapidly with increasing concentrations in deu-
in large domains of hydrogenated analogues is observed. ferated molecules. A band appears at 4&¥, which could
theoretical model is presented. not be resolved in previous experimehtesee 85% of
4MP-h; in Fig. 1 and Table )l The frequency shifts
smoothly down to 49QweV. Simultaneously, the band at 516
ueV (100% 4MPH;) shifts downwards to 506V (50%
The deuterated compound {@,N) was prepared accord- 4MP-h;) and its width also increases slightlyee Table)l
ing to Ref. 3. Liquid mixtures of 4MMy; and 4MPd, at  The frequency shift is best fitted with a parabae Fig. 2
room temperature were introduced into a cylindrical alumi-The intensity ratio for the two bands at510 and 49QueV

Il. EXPERIMENT
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FIG. 2. Variation of the main band frequency with the concen-
00+ T tration of deuterated molecules. Data poi(l; best fit(solid line
v="516(1-0.0742); theory according to E¢2) (dashedl

o, - . . . .
85% AMP-h, theory with reasonable accuracy. This is remarkable since

00 i the sine-Gordon equation is an approximation of the Hamil-
tonian for the chain that is already an approximation of the
100% 4MP-#, real system under consideration.
In isotopic mixtures, the hydrogenated and deuterated
o J\ molecules are totally miscible and the crystal structures for
"7 044 046 048 050 052 054 056 the two isotopomers are identi¢aMolecules are statistically
Energy Transfer (meV) distributed among clusters of various sizess and sy, re-

. , ) o spectively. The translational invariance is broken and bound
FIG. 1. Inelastic-neutron-scattering spectra of isotopic mixturessiates are observed. The frequency shifts previously observed
of the totally hydrogenated 4-methyl-pyridine molecule (4Mp)-  .4,1q be explained assuming that cluster boundaries are re-

and perdeuterated analogue (4Mp}. The temperature was 0.5 K gactive walls that contain the breatteThe kinetic energy
for the isotopically pure sampkg00% 4MPh-) and 1.8 K for the spectrum is then

mixtures.
w2
follows closely the concentration ratio for the samples con- ven=VIEZ,+ n2h2w2— \| 9B+ 12 —,
taining 85% and 65% of 4Mm, (see Table)l Finally, the Sh
spectrum of the sample containing 50% of 4MPwas ten- ; C e
taFL)tiver decomposedpinto five cor’r?pone(ﬁg. 1Zmd Table with n==122,..; $=1.2,.... (1)
). In the present work, Eq1) accounts for the frequency shift

The quantum sine-Gordon model for infinite chains ofof the main breather band from 516 to 526V (Fig. 2). For
coupled rotors is the only one to provide a comprehensives low concentration, the deuterated molecules are largely iso-
view of the methyl-group dynamics in 4M@ee Table )l lated. For a single chain the mean size of hydrogenated clus-
and isotopic mixtured.In the strong-coupling regime, kinks, ters is proportional to the inverse of the concentration of
phonons(rotong, and breathers are the elementary excitadeuterated molecules;~ 1/cy. However, each pair of mol-
tions. However, the kink density vanishes at low temperaturgcules along the crystal axié is twofold degenerate. More-
and rotons are beyond the energy transfer range under invesver, each chain is also twofold degenerétlains parallel
tigation. Only the breather mode contributes to the spectrato a or b are equivalent Consequently, the mean cluster size

For energy transfer below the dissociation thresholdfor a chain iss,~4/cy. Expansion of Eq(1) gives
corresponding to the creation of a kink-antikink pair, the
kinetic energy spectrum of the breather i§Eg, _ hPw? 2
— J9EZ,+ n%2wZ. The band at 516:eV in pure 4MPh; Vor= sagz (1— E)’ Cq<1. @

(Fig. 1) corresponds to the-8 1 transition. The bands at 537 8o

and 470ueV are attributed to the in-phase and out-of-phase€This equation is rather close to the observatisee Fig. 2.
collective tunneling of the chain. The numerical values givenThe observed frequency shift is essentially due to the collec-
in Table 1l confirm that the observations are amenable to théve nature of the dynamics and the potential terms are vir-

TABLE I. Band decomposition into Gaussian components of the inelastic-neutron-scattering spectra of isotopic mixtures of fully
hydrogenated (4MM) and fully deuterated (4MRL) 4-methyl-pyridine.

100% 4MPh; 85% 4MPh, 65% 4MPH; 50% 4MPH;
Frequency(ueV) 537 516 470 535 515 497 511 492 506 490 478 464 440
FWHM (ueV) 9 9 9 13 12 15 11 16 13 13 13 13 13

Area (%) 13 75.5 115 9 71 15 64 34 43 31 16 6 2
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TABLE Il. The soliton and breather mode in the sine-Gordon potentM(:6;) = (3.662)(1— cos ¥))
+(5.46/2)1—cos 3(¢;.,— 6;)}. V and d are in meV and radian units, respectivellyis the lattice param-

eter.
4MP-h, 4AMP-d,
0.695 0.347 Rotational constat=h?/87l,
3.38 2.33 hwg
4.13 2.85 hog
17.6416.25 9Egy: calculated(observed energy at rest of the
renormalized
semiclassical breather
2.17 1.49 hwg: internal frequency of the semiclassical
breather
0.5370.537 0.1410.10) Calculated (observed in-phase tunneling
frequencies.
0.4700.470 0.0740.100) Calculated (observed out-of-phase tunneling
frequencies.
0.5160.516 0.250~0.22%) Calculated (observedl frequencies for the 01

transition of the
breather mode traveling in an infinite chain.

aAfter Ref. 3.

tually independent of the concentration in deuterated mol- O(x,t)=Pg(x—xg,t)— DPp(—Xg,t)

ecules. The chain dynamics are essentially one dimensional

(1D) in nature, with no significant contribution of the exq—\/l—wélwg|x|) @
X .

methyl-methyl interaction within the close-contact pairs 21— 0wl
along thec axis. These conclusions are in marked contrast to B0
the strong correlation of adjacent methyl-groups supposed byhe breather is attracted by the heavy impurity and the ef-

Ohms and co-workers. fective potential averaged over the fast internal oscillation is
The band at-490 ueV in isotopic mixturegsee Fig. 1 _

cannot be rationalized in the same way. The frequency cor- Ues(X) = —4F cosu coshix sin u)

responds roughly to clusters wit=4 or 5. However, the X[1+cofu cosR(x sin u)]~32 (5)

width is comparable to the resolution function of the spec-

trometer and the intensity is virtually proportional to the with

amount of deuterated molecules. In contrast to these obser-

vations, the amount of small clusters should be negligible for _ (3i)? 5
low concentrations of deuterated molecules, the intensity of H 11— (3048w ©
the related bands should be proportional to the square of the . . .
concentration and the bands should be broadened by the dis1® Shape of the effective potentiaee Fig. 4 resembles

tribution of cluster sizes. Therefore, this band is better attrib-t e form of the breather wave. The width at half-minimum

uted to the breather interacting with isolated deuterated molt® Ueri~4-5 lattice sitesgives the amplitude of the breather
ecules. center-of-mass oscillations around the impurity. Thus, the

The Hamiltonian representing an infinite chain of hydro-traveling transition is anticipated between 485 and peY
genated molecules containing a single deuterated molecule at L

site j=0 can be written as /1

hZ 9%V,
HZE —2—Ira—6j2+7(l—cosa9j)

,- H
Yoy 0410 +ﬁ2 - 3 i
- [1-cos36;+,—6))] TRET ()

The impurity is equivalent to a driving force at frequency
(the internal frequency of the breathebelow the lowest
roton frequency ai,. A solution of the approximate Hamil- FIG. 3. Wave form of the breathét, dash, of the plasma wave
tonian linearized with respect to the potential minimum is the2, short dashand of the breathe3, solid line interacting with a
standing plasma wavésee Fig. 3° The wave form of a single deuterated impurity®) surrounded by hydrogenated mol-
breather centered ag interacting with the impurity is ecules(O).

Lattice site
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Lattice site breathers in clusters containing four and three lattice sites,
-10 -5 0 5 10 respectively. The relative intensity of the band at 4868V,
compared to that at 50feV, is slightly different from the
1:1 ratio. The oversimplified statistics used above is no
longer relevant. Clusters of deuterated molecules should be
also considered.

IV. CONCLUSION

Energy (meV)

The INS spectra at high resolution of isotopic mixtures of
4MP-h; and 4MP4d; molecules reveal aspects of the
methyl-group dynamics amenable to the quantum sine-
Gordon theory. First, the band frequencies observed in pure

FIG. 4. Effective potential averaged over the internal oscillation4MP-h; are well represented. Second, the frequency shift of
for the breather interacting with an isolated deuterated molecul¢he breather traveling state is represented with clusters of
surrounded by hydrogenated molecules. hydrogenated molecules with reflective boundaries formed

by isolated deuterated analogues. Each molecular site is four-
in accord with the observed frequencies. Impurities separatefgld deg.enerate and the ldynaml_cs are e_ssentlally 1D in na-
by more than~5 lattice sites are virtually isolated. The en- ture. Th|rd,_ the breather |n§eractlon with |solated deuterated
ergy at half-minimum of the effective potential is0.5 r_nolecules is well characterized. Fourt_h_, at higher concentra-
meV/6 K. This interaction can be observed only at a low!ion (50% of deuterated moleculesadditional bands are at-
temperature. The frequency of the perturbed traveling statg'bUted to breathers in clusters containing three or four hy-
should increase with temperature, up to the frequency of th rogenated mplecules. L
unperturbed breathér. Th_e collective nature of the methyl group dynamics in

Owing to the fourfold degeneracy of the molecular sites,4MP is thus demonstra'ted by a very large ”“T“ber of experi-
the amount of nearby impurities is omy1% for the mixture mental data. The effective potentlal_ is largely independent of
containing 65% of 4MPh;. The spectra of the mixtures the amount of deuterated species in the crystal.
containing 85% and 65% of 4MR,; do not reveal any
change, apart from intensities. There is only a rather small
frequency shift of~5 ueV. The effective potential created ~ We would like to thank M. F. Lautié'om LASIR-CNRS,
by isolated impurities is largely concentration independent. Thiais, for the preparation of the deuterated samples and also

In the spectrum of the mixture containing 50% of J. L. Ragazzoni from ILL(Grenoblg for his help with the
4MP-h, two bands at 478 and 464eV may correspond to cryogenic equipment on the instrument.

ACKNOWLEDGMENTS

* Author to whom correspondence should be sent. 4U. Ohms, H. Guth, W. Treutmann, H. Dannohl, A. Schweig, and
1B. Alefeld, A. Kollmar, and B. A. Dasanacharya, J. Chem. Phys. G. Heger, J. Chem. Phy83, 273(1985; C. J. Carlile, B. T. M.
63, 4415(1965. Willis, R. M. Ibberson, and F. Fillaux, Z. Kristallogl93 243
2C. J. Carlile, S. Clough, A. J. Horsewill, and A. Smith, Chem.  (1990.
Phys.134, 437 (1989. SYu. S. Kivshar and B. A. Malomed, Rev. Mod. Phy&l, 763
3F. Fillaux and C. J. Carlile, Phys. Rev. £, 5990(1990. (1989.



