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Thermal conductivity of (DMe-DCNQI),Li;_,Cu, (0=x=0.14): Phonon propagation and the
spin-Peierls lattice distortion
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We have measured the thermal conductivity of organic molecular cry@de-DCNQI),Li;_,Cu, (0=<x
<0.14 over a wide temperature range between 4 and 250 K. We observed the phonon contribution in the
whole range measured. A phonon peak was observed-n2@iK. This peak denotes a crossover between the
phonon mean free path that divergesTa$and the phonon specific heat that decreasés ashe peak height
decreases with the reduction of Cu concentrati@nd vanishes in the=0 sample. We discuss this behavior
in terms of the spin-Peierls local lattice distortion.
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Organic molecular conductors have recently attracted théure range between 4 and 250 K. In the small doping regime
interest of many researchers in condensed matter physics b@<x<0.14), (DMe-DCNQI),Li,_Cu, is placed into the
cause they are good objects to investigate the strongly corrgame category aéDMe-DCNQI),Li.2¢ In this report, we
lated electron system. Among thelm,.tbéilled m-electronic  demonstrate that for the propagation of phonons, the break-
system  (DMe-DCNQI),Li (_I|th|3um salt ~ with  down of the local lattice uniformity due to the spin Peierls
2,5-dimethyl-dicynoguinone-diimin&™ is very interesting, |attice distortion may be an obstacle. Similar phenomena
which shows a variety of electronic states. Upon decreasingaye been reported; in the perovskite manganite,
temperature, the paramagnetic dimer state is formed near, caMnO,, the modification of the local structure due to

room temperature due to the Peierls transition, followed by static distortions of the MnQoctahedra is responsible
the creation of singlet tetramers through the spin Peierls trany the strong phonon scatterifg.

sition at Tgp~65 K. When decreasing the temperature e typical dimension of our samples is &D.1
throughTsp, the itinerant component of the magnetic suscep~, mn®, and all specimens used are single crystals. Mea-
tibility decreases drastically and finally vanistés. surements were made along thexis, which is the longest

_ Both the Peierls and the spin Peierls states are not Sgiection. Thec axis is the quasi-one-dimensional chain di-
simple. The Peierls state is considered to be a mixed state pftion and also the stacking direction of DCNQI molecules.
the dimer and the charge disproportionation. The charge disrhe measurements along other directions are impossible. The
proportionate state is the one where electrons localize 0gyperiment of thermal transport in organic materials is, in
alternating S|tes_ W|t_hout dlmerlzanqn. Besides the _On'S'tegeneraI, very difficult, since organic samples are fragile and
Coulomb repulsion, if the nearest-neighbor Coulomb intéracine sjze of crystals is very small. In the conventional tech-
tion is strong enough, the charge disproportionate state igique, the heat conduction through the sample had been con-
favored® Below Tgp, tetramers are formed and the lattice gjgered to be large enough compared with the heat conduc-
distortion really takes place. Among these tetramers, dimerg,, through the electrical leads for heaters and

type solitons are created, because the unsuccessful tetramgfarmometers, and thus the heat leak through the electrical

ization involved with four DCNQI molecules produces iso- |eads had been neglected. However, this neglect is not al-

lated dimers with spins, which behave as spin solifths.  \ays allowed; in many cases, we have to take into account
So far considerable efforts have been devoted to a probye’ heat conduction through electrical leads.

lem concerning what is microscopically happening below  \ye have developed a new technique to measure the ther-
Tsp We employed the technique of thermal conductivity ma| transport; two heaters and three thermometers are in-
measurements, in which the phonon can be used as a proggy|leq unlike the conventional technique. In our technique,
to extract informations. Thermal conductivity measurements, o apply a heat pulse twice. By first application of the heat

have played an important role in condensed matter physics;
for instance, the magnon transport has been demonstratedsl%aéze iheeat flows both through the sample and through the

the low-dimensional qugmtum spin ladder system
SraALCW0, (A=Ca,Lad” and one-dimensional spin L

Peierls inorganic compound CuGg& However, the ther- Q=ATry + Aok, @

mal transport measuring technique has little been used iwherex; and, are thermal conductivities of the sample and
organic samples with some exceptions. The superconductinge leads, respectively, aXiT andAT, are temperature dif-

gap structure and the superconducting properties were stuerences across the sample and across the leads, respectively.
ied in k-(BEDT-TTF),Cu(NCS),,'**?(TMTSF),CIO,®and  Then we excite the subheater that is installed on a copper
so on'*1® We have measured the thermal transport ofstage to which all electrical leads are thermally anchored,
(DMe-DCNQI),Li;_,Cu, (0=x=<0.14 over awide tempera- and thus we change the stage temperature slightly
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20 A — T % more, the phonon velocityy can be evaluated to be
184 . - ~2340 m s%. Since the heat conduction is expressed by
161 . ] K:%CU| from the kinetic theory, we can obtain the tempera-
- 2% ] ture dependence of employing the published data @and
1441 oM» o ¢ %: A the estimated value. In this way, the mean free paths are
~ 121 % S YT XIK s 80 R plotted in Figs. 2a)-2(c). Since the experimental data on

5 1 o @9@9@&\?& 0O - & B gast 1 C of x=0.08 andx=0.14 samples are not available, we

3 101 Qs anp AW ] employed only the data orC of the x=0 specimen.

- 0.8-.5 ‘“W‘ ] This is justified by following two reason§) The experimen-
ogle & ] tal specific heats of(DMe-DCNQI,Li (x=0) and of
04_‘? 2 0 ] (DMe-DCNQI),Cu (x=1) below 35K are available in

gy o x=008| | literatures'®2° We notice that the specific heat of the 1
0.2+ ® x=0.14] 7 sample is the same as that of=0 sample, at least
00 ; ; : T below 30 K. We do not think that the specific heats of the

0 50 100 150 200 250 x=0.08 andx=0.14 samples are extremely different from
TK those of thex=0 and x=1 samples.(ii) The lattice heat

FIG. 1. The thermal conductivity vs. temperature of the capacities of (DI_?CNQPZCU and (DMe_PCN(?P%guz
(DMe-DCNQI),Li; Cu, (0=x=0.14). are B.:4.12 mJK* mol) and 3.4 mIK*mol)™4" .
respectively. Both values are very close each other. In addi-
. tion, the lattice heat capacities of some deuterated
(<0.8 K). Under this condition, we apply second h&at (DMe-DCNQI),Cu materials are tabulated in the literafidre
which again flows both through the sample and through th@ind have a similar value. Even insulating materials have
leads: almost the sameB as that of undeuterated metallic
) (DMe-DCNQI),Cu. These experimental facts indicate that
Q=AT ky + ATk, (2)  all (R;,R,-DCNQI),Y families have the same lattice contri-
bution.
where AT’ and AT, are temperature differences across the |n Figs. 2a)-2(c), we notice that is a smooth function of
sample and across the leads, respectively. By solving(E}s. temperature even at20 K in all specimens. Then we have
and (2), we can obtain the thermal conductivity of the o note that in all three sampldsgontinues to increase with
sample. The details of our apparatus have been describecreasing temperature. This implies that the mean free paths
elsewheré? of samples have not reached to a limited value that is deter-
The temperaturéT) dependences of the thermal conduc-mined by impurities. If we were in the region of the
tivity («x) of (DMe-DCNQI),Li;_Cu, (x=0,0.08,0.1% are  impurity-determined mean free pattshould have been tem-
depicted in Fig. 1. The absolute valuesoinclude the ex- perature independent. In addition, we also have to note that
perimental error within £10%, because the size of samples iall samples have the same temperature dependence of the
so small that it is very difficult to estimate the effective crossmean free pathto T2, This fact strongly suggests that the
section and the effective length of heat flow channel accuphonon scattering mechanism is the same in all samples. The
rately. However, the shape of these three curves in Fig. 1 ideviation from this dependence can be seen beld® K.
not influenced seriously. The experimental data on the eledBut this deviation is not important in our context.
trical resistivity have already been publisfédEmploying Let us first discuss the behavior of the thermal transport in
them and using the Wiedemann-Franz law, the electronitiigh temperature regime. At temperatur€s 150 K, the
contribution to the thermal conduction is so small that whatphonon mean free paths of these three samples clearly reach
we see in Fig. 1 is the phonon contribution. A peak can beo a constant~15 A, which is on the same order of the
seen at~20 K in samplex=0.08 andx=0.14. If the peak intermolecular separation. The experimental specific keat
height had decreased with increasing impurity concentratiorincreases in this temperature regime and thuslso in-
our experimental results would be trivial, because the phoereases almost in proportion 1o In the intermediate region
non scattering with impurities naturally increases with the(50 K<T<=120 K), we can clearly sekx T, which is typi-
concentration. However, the peak height actually decreasesal behavior for phonons in the temperature region where the
with the reduction ok, and the peak completely vanishes in phonon-phonon interaction dominates.
the samplex=0. That is why our experimental results are  Next we discuss the origin of the peak observed a0 K
interesting. A small thermal hysteresis anbetween heating in samples ok=0.08 andk=0.14. Basically what we have to
and cooling runs was observed aroun80 K in the sample  find as the origin of the peak is what increases with increas-
x=0.14, which we do not show explicitly in the figure. ing Cu concentration. At first sight, this peak might be
To analyze our data, we evaluate the phonon mean fregaused by the soliton transport, because the higher the con-
path| based on the Debye theory. Experimental data on theentrationx is, the more the solitons are created. However,
specific heatC of (DMe-DCNQI),Li has already been the possibility of the soliton transport is ruled out by follow-
published in the literatur® We can estimate the Debye ing two reasons(i) The soliton motion is diffusive with a
temperatureOp, to be ~91 K, using their low temperature unit hopping lengti,~4 A along thec axis at low tempera-
(T<10 K) specific heat data which sho®=T3. Further- tures. If the solitons could contribute to the thermal transport,
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~20 K, we are right in thinking that the specific heat at
~20 K is due to phonons. Hend&, might be buried in the
experimental error. If the error is 5% is estimated to be

1 J(Kmol)™1=3.7x10° J(K m® ™% Therefore we obtairk,
=(1.6x 109 X (3.7x 10°)

~5x 108 W (K m)~, which is much smaller than experi-
mentally observed thermal conductivity neal0 K. (ii) If

the solitons with spins were carriers of heat, they should
have been influenced by the strong magnetic field. When we
applied the field up to 15 T perpendicular to thexis in the
x=0.08 sample, no change inwas observed.

Then the thermal channel due to the?Cspin system
might be a candidate for the extra heat conduction near
~20 K. The Cd* spin system is a well-localized one, and no
magnetic ordering has been detected experimentally for these
specimens(0=x<0.14) at low temperatures. Above the
ordering temperature, the system does not have a specific
heat, because the entropy of the system is a conistigyin 2
(N=number of moleculeskg=Boltzmann constaint There-
fore it is unlikely that the C# spin system has the contri-
bution to the extra thermal transport.

As the most possible origin for the peak nea20 K, we
will point out a crossover effect. First, at the high tempera-
ture side of the peak just abowve20 K, we have obtained the
relation |« T2 by the calculation that employed both the
experimental values of in the temperature range just above
~20 K and the experimental values ©fin the temperature
range just above-20 K. [See Figs. @)—2(c).] We empha-
size here that in this temperature ranie= 20 K), we can-
not see relations ok T nor of C= T2, but nevertheless we
have obtained« T2 for all three samples. If both relations
of k=T and of C T were seen experimentally, the relation
I T2 would be apparent and trivial. Next at the low tem-
perature side of the peak below20 K, we are allowed to
expect that the relatiohe T™2 continues even to low tem-
peratures below-20 K. In fact this is true, because as re-
vealed in Figs. @)-2(c), we can see the relatidn< T2 at
temperatures down te-10 K. Since the experimental low
temperature specific heat ofDMe-DCNQI),Li is now
Co T2 at temperatures below20 K, the thermal conductiv-
ity should bex«T. Actually the relationke T is appreciable
at approximately~10 K for all samples shown in Fig. 1.
Accordingly, the relationkoc T observed experimentally at
the low temperature side of the peak is consistent with the
relation| = T~2 evaluated at the high temperature side of the
peak. This fact strongly suggests that the peak is created by
the crossover between the mean free path that diverges as
as decreasing temperature and the specific heat that vanishes

FIG. 2. The phonon mean free path vs. temperature(&pr
x=0, (b) x=0.08, and(c) x=0.14 samples. In insets, solid and dot-
ted lines showl 2 and T™%, respectively.

asT? as lowering temperature.

According to the theory on the phonon scatterifghe
relation =< T~2 is equivalent to the fact that the scattering
probability of phonons is proportional ©?: 1/7x w?, where
the thermal conductivity due to solitons could be expressed and 7 are the frequency and the lifetime of phonons, re-
by ks=DCs (D=soliton diffusion coefficient,Cs=soliton  spectively. In addition, it is believed that this relation occurs
specific heat Using the experimental data on the when the scatterers are sheetlike faults in a crystal. Then the
diffusion rate D; along thec axis/ D is given to be problem we have to address is what is the phonon scattering
D~DI2~10"% (4X 107%92~1.6X10°m?s™L. Further- mechanism that brings to t# w2
more, since the experimentally observedC of To solve the problem mentioned above, we propose the
(DMe-DCNQI),Li shows C T2 at temperatures lower than following scenario. Among these three samples, the lattice
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distortion due to the spin Peierls state may be the largest inf (DMe-DCNQI),Li;,Cu, (x=0, 0.08, and 0.)4over a

the x=0 sample. We guess that with increasing Cu concenwide temperature range. We have found a phonon peak near
trationx, the spin Peierls lattice distortion may decrease ands-20 K. The peak height decreases with decreasing Cu con-
rather, the charge disproportionate state may increase. Thentrationx and vanishes in the=0 sample. This peak in-
phonon wavelength at 20 K is estimated to be-15 A, as icates the crossover between the phonon mean free path that
long as we employ the dominant phonon approximation inyiverges a2 and the phonon specific heat that decreases as
which the dominant phonons are those that are most domir3 \ynen T 0. We have proposed the phonon scattering
nant in the phonon specific heat. For the propagation ofyechanism that the spin Peierls lattice distortion may seri-
phonons with this wavelength, the local breakdown of theysy suppress the phonon propagation. The effect of the
lattice uniformity due to the spin Peierls lattice distortion spin Peierls lattice distortion on the phonon propagation has
may be a serious obstacle. Therefore the phonon propagatijaen discussed for the first time.

may be significantly affected in the=0 sample. It may be We have measured the thermal conductivityxsfl and
possible that the nonuniformity of the lattice is considered to, - 75 samples as well, which are metals and are classified

be the sheetlike fault. _ into a different class from samples of<x=<0.14. Experi-
One of authorgT.Y.)2* measured the infrared reflectance mental results will be published later.

spectra of these materials. In the spectra he observed the

e-mv mode, which indicates the existence of the lattice dis- We acknowledge Professor Kenji Mizoguchi, Professor

tortion in the sample. The intensity of the e-mv mode de-Noriaki Hanasaki, Dr. Hitoshi Seo, Dr. Takahiro Yamamoto,

creased with increasing. These observations suggest theand Dr. Kazutaka Kudo for fruitful discussions. We also

spin Peierls lattice distortion decreases with increasing thank Munenori Inoue for technical support. This work was

Our proposal is consistent with his observations. carried out under the Visiting Reseacher’'s Program of the
In summary, we have measured the thermal conductivitynstitute for Solid State Physics, University of Tokyo.
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