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Transport anomalies in highly doped conjugated polymers at low temperatures
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The anomalous low-temperature transport properties of highly doped conjugated polymers are considered. It
is concluded that the behavior observed is in particular related to glassy properties of the polymer structure.
The two-level systeniTLS) model and more general soft potential model are applied to explain behavior of the
conductivity at temperatures from several mK up to 50—-70 K. The negative temperature resistance coefficient
observed at low temperatures is attributed to weak localization which is at higher temperatures suppressed by
a strong inelastic scattering of electrons by low-energy vibrational excitations typical for glasses. The semi-
conducting behavior of the resistance at high temperatures is ascribed to macroscopic disorder. Namely, we
assume that the sample contains regions which are insulatifig-&t but contribute to the conductivity at
elevated temperaturesS0163-18209)03717-(

I. INTRODUCTION transition in p(T) from positive to negative TCR with
p(T)x=In(T) occurs atT belov 1 K and the magnetoresis-
The nature of the metallic state in conducting polymerstanceAp(H,T)/p(0,T) started to depend significantly on the
continues to be a subject of intensive research but, at th@rentation of magnetic field, i.e, whether it was parallel or
same time, is still a topic of significant controversjon the ~ Perpendicular to the film surfale’® The conductivity de-
one hand, in some papers it is argued that the temperatuf&@sed weakly with increasing parallel magnetic field while
dependence of the conductivity, thermopower, magnetic sud®! Pérpendicular magnetic field the condgtlvny increased
ceptibility, and magnetoconductance of heavily doped conjurc"%g'fc')cfinéga;’iv\g r;g(;rzg?c?rgztiggﬁcl:i :Q(I:;?ger E[I;]haen rgr?gg)—(pects
gated polymers demonstrates properties that are characteris- . X s i
tic for disordered metals; the metal-insulator transifighT) r a simple interplay of weak localization and electron

Id be d ibed b tional three-di 8 electron interaction contributions to the 3D conductivity at
would be described by conventional three-dimensi@B8)  pjjicelyin temperatures. The temperature dependence of the
localization-interaction model for transport in disordered

+ . sheet resistivity for highly doped ion implanted PANypi-
metals near the MIT.On the other hand, according 0 an- ¢4 for other metallic polymers, is shown in Fig. 1. This

other point of view, the transport properties are dominateqransport behavior was interpreted as a manifestation of
by more macroscopic inhomogeneities and the MIT wouldguasi-two-dimensional character of electron transport in
be better described in terms of percolation between metalligighly doped PEDOT and ion-implanted PANI below 1 K
islands? because of possible existence of anisotropic plane
Recent progress in processing of stable conducting polystructure>'® Note that the manifestation of the quasi-2D
mers has significantly improved the material quality with transport in metallic polymer films at temperatures below 1
corresponding increase of the electric conductivity. A crossK was also reported in Ref. 18. As it is obvious, the inves-
over from negative to positive temperature coefficient of retigated (CH)x , PPy, PANI, PEDOT films can not formally
sistanceTCR), a characteristic feature of metallic state, hasbe considered as 2D systems, and an exact nature of possible
been found recently at temperatures below 20 K for severajuasi-two-dimensional character of electronic transport be-
heavily doped conjugated polymers, for example, for poly-low 1 K in heavily doped metallic polymers is not so far
acetylene(CH)x,2 polypyrrole (PPy,*® and polyphenyle- ~completely clear. _
nevinylene PPV®7 The same crossover has been reported in | Thus one can discriminate between three well-defined re-
our previous papers for variously doped ¢PEF;SO;, and ~ 9ions of thep(T) curve: at temperatures up tel K one has

BF oly(3,4-ethylenedioxythiophenePEDOT® and ion- a negative TCR’(T)OCI”.T' at temperatures froml Kup to
imSI)arF:teEj/(polyani>lline(PANI)¥9 phen several tens of K TCR is positive, at still higher temperatures

It was concluded that the observed crossover from negaQne again deals with negative TCR with apparent power de-

tive to positive TCR at low temperatures is not a featurepewgnvflﬁu?g(l-irk)é to note that the dramatic change of the
specific for these systems but a phenomenon common for ail g

! ) ) L CR sign atT~1 K accompanied by a change of the mag-
highly conducting ponm_er%.It was cons@ergd V.V'th'n the netoresistance behavior is not explained in the standard
framework of conventional 3D localization-interaction

S localization-interaction theory because the latter by no means
model for transport in disordered metals near MRefs. 1 raicts a crossover from megativeto positive TCR with
and 10 as a result of dominant contribution of electron- increase of temperature. Thus one expects that some addi-
electron interaction. _ tional factor enters the stage. We would like to note that the
However, for most of the metallic polymer samples thepehavior at the two low-temperature regions could be ex-
transport behavior at temperature belb K was found to be  plained if one assumes that at temperatures up 1o K the
more complicated. It was shown that for such metallic poly-resistance is dominated by the quantum correctionsak
mers as (CH), PPy, PEDOT, and ion-implanted PANI, the localization) while at higher temperatures one deals with a
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localization model combining effects of electron-electron in-
teractions and weak localization which gives for 3D case the
following expression for the correction to the zero-

temperature conductivity:

9, 1304 The transition from o=0o+mTY2+BTP?, (1)
O positive to negative TCR
i 1 where the second and third terms on rhs correspond to inter-
% action and localization contributions, respectivédge, e.g.,
1251 9‘ Ref. 16; the exponenp is determined by the phase-breaking
® mechanism. It is important th&>0 while typically p=1.
T T Thus this formula can in principle describe a crossover from
10° 10’ 10? positive to negative TCRsee Ref. 1Dfor samples deep in
T(K) metallic regime(where m<0). At the same time, it can

hardly explain the crossover fromegativeto positive TCR
FIG. 1. The temperature dependence of the sheet resistance fgScussed above. This fact throws a doubt in the relation

polyaniline film implanted with At ions? typical for other highly ~P&tween the positive TCR observed at intermediate tempera-
conducting polymerssee, e.g., Ref. 13 tures and the interaction contribution suggested, in particular,

in Ref. 10. We would like also to note that the negative TCR
standard classical metal conductivity. Indeed, the weak localat higher temperatures persists up to rather high temperatures
ization would explain negative TCR and negative magneand for some samples corresponds to a significant decrease
toresistancethe details related to the logarithmic tempera- of resistancup to several times thus it hardly can be re-
ture dependence and the magnetoresistance anisotropy coygleq to the weak-localization contribution. However, the
be related to the layered structure discussed gbau®en, pegative TCR extending into the high-temperature region is

the posit.ive TCR and .positive magnetoresistance are typicg ther typical for metallic glassésee, e.g., Refs. 23 and 24
for classical transport in metals. The more so, the magnetore- The facts mentioned above stimulate us to look for an-

sistance isotropy at the ‘“classical” region could be ex- : ) : :
plained by the fact that the characteristic spatial scale for thgther explanation for the low-temperature resistance behav

classical magnetoresistance is the mean free path which 18 in the conducting polymers exploiting the fact that these

much smaller than the spatial scale typical for quantum inMaterials exhibit not only an electronic disorder, but also a

terference effects. rather strong structural disorder. Indeed, as is generally be-

However, such explanation inevitably meets a problerﬂieve‘j’ the structure of polymer materia_ls exhibits—at least
related to apparently small crossover temperatté £ 2 K) a_t low temperatures—the properties _typlcal for glassy mate-
because for standard dirty metals the crossover from thEals. Moreover, the polymer materials are often used as
quantum correction regime to the classical one related to B1odel materials to study the glassy structife¥he glassy
suppression of the phase coherence by inelastic processeddi®perties can be even intensified in highly doped metallic
expected for much higher temperatures. polymers, where the dopant leads to increase of disorder, the

In the present paper we analyze anomalous transpovteak bonding between the conjugated polymer chains sup-
properties of highly conducting metallic polymers taking into porting “soft” atomic configurations.
account that the glassy properties of the polymer structure A well-known feature of glasses is the fact that the low-
can be of importance at very low temperatures. The wellenergy excitations in these materials differ significantly from
known two-level-system model as well as a more generalhose typical for crystals. In particular, the low-temperature
soft potential model are applied to explain the behavior ofheat capacity is dominated by the two-level systéfFisS)
conductivity belov 1 K and in the region of positive TCR. related to atoms or atomic groups which move in double-
We will show that the glassy character of the vibrationalyel| interatomic potentials with “soft” barrier$2° (Fig. 2).
density of state¢characterized by a pronounced shift to low- while for “strong” barriers the states corresponding to each
frequency regiopcan explain both the suppression of weak uf the wells are decoupled, the tunneling through the barrier
localization at small temperatures and the significant contrije,ys 1o collectivization of the lowest states. These excita-

bution of inelastic scattering to resistance at higher temperg; s are characterized by a constant density of states
tures.

Then, we suggest that the semiconductor behaviega- P11 _y-12
tive TCR) for temperature dependence of conductivity ob- PE)=Por 2(1=1)""% @
served at high temperatures is related to “macroscopic” disyyherer = (A,/E), E=(A2+A2)Y2 s the TLS interlevel
order leading to spatial inhomogeneities of the mobility edgesplitting
position and, correspondingly, to a percolation conductivity, '
In this case a raise of temperature increases a mass of t
percolation cluster thus increasing the conductivity.

A is the atomic potential asymmetiyhat is the
otential difference for the two of the TLS configuratipns
ile Ay is the tunneling matrix element.
However, the TLS model was showsee, e.g., Ref. 20
to hold only for low energie€ up to some characteristic
energy which for typical glasses is about 1-10 K. The limi-
tation for the TLS model is related to the fact that for the soft
double-well potentials presence of upper lev@saddition
The typical explanation of low-temperature resistance beto the two lowest which form the TDSbecomes important
havior in polymers is based on the well-known interaction-with increase of the energy. Then, at high enough tempera-

Il. SPECIFIC FEATURES OF LOW-TEMPERATURE
TRANSPORT IN METALLIC POLYMERS: MODEL
AND DISCUSSION
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localized vibrations is rather weak. At high frequencies the
strong coupling between excitations of different sorts makes
the problem difficult enough and it is still unclear whether
the delocalized excitations exist at the high-energy part of
the spectrum. However, it is known that the spectrum is in
any case dominated by the localized excitations discussed
Ve above, the total density of states being shifted to lower ener-
gies as compared to the one typical for crystalline materials.

Having these considerations in mind one expects that the
_—— inelastic scattering of electrons is dominated by the localized

\ / / LE excitations. In particular, for low temperatures the effective

- - inelastic relaxation time is controlled by the TLS’s and can

\/ - —[A— be estimated as
1 h? |V(E)|?
o Ll 2)| P(E)E. @
FIG. 2. Double-well potential giving rise to the two-level sys- 7(E)  mpe eF
tem at low temperatures. The two lowest levels with spacing E are . . . .
shown. Here V(E) is the matrix element for the inelastic electron

scattering by the excitation. For the two-level-syst@rhS)
tures the activation over the barrier starts to dominate thenodel one can specify(E) asV=V(A,/E) whereP(E) is
tunneling. To consider the excitations with higher energy thejiven by Eq.(2), while V is the difference of the potentials
so-called soft potential model was suggested in Ref. 21.  felt by an electron for the two TLS configurations. Actually,
The model assumes soft local modes with anharmonign this case one should integrate oveor a givenE, but it
potentials only gives a factor of the order of unity. Note that for the
B 5 3 4 polymer system in question with relatively small values of
V(x)=& n(xla)™+ f(xla)+(x/a)"] ) &g One may expectV~sF. Taking for P the value
to exist in glasses¢ is an energy of atomic scale,is a  10%° erg’t cm ? (which is somewhat larger than for typi-
displacement in terms of some generalized coordiraiea  Cal glasses but may be valid for a doped polyyrerd for
distance of the order of the interatomic spacing, whjiland h/p,:_(characterlzmg theYSpatlaI scale Qf the electron wave
¢ are random parameters; characterizes the effective elas- functuzg) the value~10"" cm one obtains foE~1 K 7
tic modulus while¢ characterizes the potential asymmetry. ~10 ™ s assuming the electron massto be equal to its
Here we will not go into details concerning this model refer- “bare” value 102" g. This estimate is in agreement with
ring, to e.g., the review pagér experiment. Note that actually one can expect a Iarge_r value
As is seen from Eq(3), the double-well potentials corre- ©of m for the polymers thus even increasing the estimated
spond to negative values of while the “extremely soft”  value of 7 which _aIIows us to have lower values &f to
potentials correspond tg— 0. As was showrtsee, e.g., Ref. €nsure the experlm_ental v_alues ﬂfAs fo_r the temperature
20), the natural energy scale for the low-energy excitation irdependence of the inelastic relaxation times, one easily sees

glasses is given by a characteristic enefgy 3—10 K of the  that for the TLS modet™ *o<T. ,
order of the interlevel spacing in the quartic potential, Eq. However—as was discussed above—the TLS's are effec-

(3), with =0, £=0: tive only up to energies-W. At higher energies one mostly
deals with some different sort of localized excitations, i.e., at
W= 5775 L= (h2Ma2E) R, W<E<3W with strongly anharmonic single-well and weak

double-well effective potentials and foE>3W with
HereM is the effective mass of the mode. The analysis of thequasilocal harmonic vibrations. In contrast to the TLS, for
density of states for the excitations characterized by the pathese excitation®(E) dependence is expected to be strong.
tential (3) (Ref. 20 shows that for the interlevel spacings Then, one may also expect very large probabilities of the
smaller thanw the density of stateP(E) is dominated by inelastic processes for strongly anharmonic “three-level sys-
the two-level systems while for higher energies one mostlytems” related to double-well potentials with a barrier height
deals with some different sort of localized excitationsEat ~W (Ref. 22 where the third level is above the barrier
<3W they are strongly anharmonic single-well and weakbecause of the most pronounced difference between the dif-
double-well effective potentials and fdE>3W they are ferent states in such systems. So one concludes that with
quasilocal harmonic vibrations. As for the latter region, oneincrease of the temperature abowéthe probability of in-
expectsP<E* (Ref. 20 while in the intermediate region the elastic scattering of electrons by excitations can strongly in-
P(E) dependence is also expected to be strong enough. crease.

The excitations corresponding to potentials of the sort in  The inelastic electron relaxation affects electron transport
Eq. (3) are obviously localized ones. In addition, the vibra-in two ways. First, it contributes to the phase relaxation rate
tional excitations in glasses also include delocalizedand thus to the weak-localization corrections. Here one ex-
excitations—phonons; however, until now, it has only beerpects the scattering by the localized excitations with relax-
proved that the delocalized excitations exist in the low-ation rates as high as 107 1% s7! at energies~1 K to
energy region of the spectrum where their coupling with thedominate over the electron-electron scattering contribution.
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One notes that due to the fact that the relafiaf;,>#% holds  knowledge, were not reportgeve would like to note much
for the mechanism in question, the value of the dephasintarger values ol for the typical (although dirty metals.
relaxation time coincides withr,. Correspondingly, the This factor can significantly diminish the weak-localization
weak-localization corrections can be estimated as contribution and even prevent its observatigre mean the
energy dependence of transport in metallic glasses, which
2 7 h? will be discussed below
ARy~ ~R—5—In—=(2D); ARy~ —~R—==\7/70(3D). As for the increase of the conductance at temperatures
pral PEl 5 above 20-50 K, we would like to mention that it agrees
®) qualitatively with the corresponding resistance behavior
Herer is the elastic relaxation timejs the free path whila ~ known for some metallic glassésee, e.g., Refs. 23 and 24
is the thickness of quasi-2D layer. where the negative temperature resistance coefficient is ob-
Then, there is a direct contribution of inelastic processeserved. This behavior is related in Ref. 24 to energy depen-
to the “classical” resistance. Assuming the Mattisen rule todence of the partial conductivity defined as
hold, one writes for the contribution in question

T B oF
ARy ~R—. (6) U_f O—E(_O"_E)dE ®

n

Note that in contrast to the low-temperature phonon scattef=, being the Fermi distribution Assuming thatog(E
ing the inelastic channel driven by the localized excitation—g_)= g (Er) + C(E—Eg)* (Eg being the Fermi energy

provides as large momentum relaxation as the elastic ongnd modelingiF,/JE as exp-|E—E|/T, one obtains
thus significantly increasing the inelastic contribution to the

resistance.
One expects that the classical contribution dominates over Ag(T)=CTT(1+a) 9)
the weak-localization one AR, /dT>dAR,,/dT. This
unequality holds if (T being the gamma function
) A Note, however, that the magnitude of the resistance varia-
f ] tion known for metallic glasses is not large<20% (see
Tin<7p§a| (2D); Tin<27(pF|)4(3D)' @) e.g., Ref. 24 At the same time, for some conducting poly-

mers the decrease & observed up to room temperature is

Thus one sees that the crossover in the temperature resiguch larger and can be approximately fitted by the Rw
tance coefficient for the pure conducting polymers can occur T~ %3 One possible explanation is related to the fact that
at small temperatures still obeying the relatigps> 7. Hav-  for the conducting polymers the mobility edge is closé&to
ing in mind these facts one can attribute the behavior oband thus an increase ofz with increase ofE is more pro-
served folrT<1 K to the weak-localization effectsvhich is  nounced.
also evidenced from the magnetoresistance studies We would like, however, to discuss also another possibil-

The positive temperature resistance coefficient at higheity related to the fact that the conductivity in highly doped
temperatures can be explained by a domination of the clagpolymers is expected to exhibit a significant spatial inhomo-
sical contribution. As we have seen, for the pure enouglyeneity; the evidence of this fact was recently reported in
materials this can occur even for relatively largge. How-  Refs. 15 and 18. As a simple model, we will assume that the
ever, we would like to emphasize thatTat- W one expects a effects of disorder make the mobility edge spatially depen-
strong decrease af,,. Thus one can relate the crossover indent and thus the increase of the conductivity can be ascribed
question partly to this decrease. The estimateAbdf the  to additional conduction paths activated at the elevated tem-
order d 1 K does not contradict strongly to the correspond-perature. Indeed, the anisotropy of magnetoresistance within
ing values for typical glasses; some smaller value can b#he weak-localization temperature region beld K evi-
explained by a more pronounced fractal structure, larger fredences the inhomogeneous character of the current distribu-
volume and, correspondingly, more degrees of freedom fotion. Thus one expects that the “metallic” conductivity at
the dopant atoms. small temperatures is related only to some cluster within the

Unfortunately, the presence of an electron system in théulk sample. For the rest of the sample one expects the
conducting polymers does not allow independent measureshemical potentialy to be lower than the mobility edge
ments of the parameters of the low-energy excitations likeep(r) and thus this part is in insulating state. Due to a strong
density of states because the corresponding contributions tlisorder one expects a wide spatial scatter of the gap be-
both heat capacity and heat conductiviiyhich are the base tween the chemical potential and the mobility edge starting
of such measurements for insulating polymease masked from its zero value. Thus the regions whéig(r) appears to
by the electron contributions. In contrast to many metallicbe lower than the chemical potential support the metallic
glasses which exhibit superconductivity, the electron contriconductivity; the metallic character of the conductivity at
butions in the polymers cannot be freezed out. Thus we carsmall T means a percolation through these regions. Taking
not go beyond the qualitative arguments given above. the simplest assumption that the conductivity within the me-

Comparing the situation for the conducting polymers dis-tallic region does not depend anone expects a critical
cussed above with the one known for metallic glagsd®re  behavior of the conductivity as a function of the relative
the low-temperature features mentioned earlier, to ouweight of the conducting regior as
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o (X—X¢)%, temperatures<€<1 K) while at higher temperature@ip to
) . tens of K) the behavior is more or less standard for classical
wherex. corresponds to the percolation threshold while the,aiais. At the same time for very dirty conductdvghich

index « is equal to 2 for the 3D case and 1 for the 2D caseq holymers probably arehe suppression of weak localiza-
_On_e has in mind that for an insulating region the condgctlv—tion by inelastic processes is typically expected for much
ity is xexp—(En—p)/T; thus one expects that the regions pigher temperatures. We believe that the observed behavior
where Ep(r) —u<T exhibit nearly metallic conductivity can e explained if one takes into account the noncrystalline
and should be included into the metallic cluster with an in-gtricture of polymerdi.e., the microscopic disorderThe
crease off. Thus one expects the valuesxofo increase with  |5tter |eads to the presence of soft vibrational modes with a
T. If one introduces the distribution functidf(E,)) [defined |arge density of states which leads to a shift of the vibrational
in a way thatF(E)dEp, gives the relative volume covered gensity of states to lower frequency region as compared with
by regions where the value &, is within the intervadE,]  crystalline structures. One of the properties of these modes is
one obtains for th& enhancement with temperature increaseieijr strong anharmonicity which is by many orders of mag-
as nitude stronger than the anharmonicity typical for the low-
it fr_eqt_Jency ph_onons_in crystals. Then, for these Iocali_zed ex-
AX:j dE, F(E)~TF(u+T). citations the inelastic channel of the electron scattering—in
u contrast to low-frequency phonons—ensures the momentum
relaxation as efficient as the elastic one. We believe that

Thus the “semiconducting” behavior of the conductivity taking into account the electron coupling with the modes in

starts to be pronounced whamx~ (x,,— X.) wherex,, is the ~ question one can explain the observed behavior. Namely,
mass of the metallic cluster @t=0. Correspondingly, when ©One expects both the effective momentum relaxation and
Ax>(Xm—X) one hasoo[(TF(u+T))®]. For the experi- Mmuch larger inelastic scattering rates than those known for
mental behaviorp=T %3 (¢T3 one obtainsFx(E  Crystals to cause a crossover from the weak-localization limit
— ) L+03k to a standard inelastic contribution to resistance at tempera-

Comparison of the model discussed above with experifures as small as 1-3 K. _ o
mental data leads to the conclusion that the controversy be- Generally, the comparison of different predictions of the
tween the two approaches currently used to describe thgoft potential model with experimental data for glasses and,
charge-carrier transport in conducting polyméfsderson  in our case, for metallic polymgrs leads to the.conclusmn that
transition and percolation thedrngan be, to some extent, this model successfully describes the behavior observed up
artificial. Namely, we believe that the disorder is not relatedto the temperatures 50—70 K that is up to temperatures at
to some given spatial scalgnicroscopic or macroscopic ~ Which the “macroscopic” disorder ensuring the “semicon-
but has no given scale, more exactly, it exists for any giverflucting” behavior of the sample resistance starts to domi-
spatial scale(exponential scatter of correlation scaleky ~ Nate. It could be considered as a result of superposition of
particular, the “microscopic” disorder leading to Anderson transport processes with various activation energies in the
transition can be accompanied by macroscopic inhomogen&ame polymer sample.
ity of the parameters of the transition. This factor can in
particular lead to quasi-2D transport giving its signature to IIl. CONCLUSIONS
the low-temperature resistance behavior. Then, in this case,
one can expect the mobility edge to be spatially dependent The anomalous temperature behavior observed for highly
whereas the metallic cluster is formed by the regions where igonducting polymers is considered. We believe that the be-
is lower than the chemical potential. havior is explained by a combination of macroscopic and

We believe that this factor can explain the increase of thenicroscopic structural disorder. In particular we ascribe the
conductivity experimentally observed at relatively high tem-semiconducting behavior observed at high enough tempera-
peratures. Indeed, the activation of carriers to the mobilitytures to a contribution of the sample regions which continue
edge in nonmetallic regions can increase the mass of th® be insulating al —0. The nonmonotonous behavior with
percolation cluster. An analysis of temperature dependenciegsminimum afT~1-3 K is considered to be resulting from a
of the conductivity of metallic polymers shows that in the combination of different aspects of the microscopic disorder.
temperature range 80—300 K experimental data follow withThe negative resistance coefficient at Idws attributed to
sufficient accuracy the power loy(T)=T %, where x the weak localization which is at higher temperatures sup-
=0.2-0.3. Here we would like to mention that the powerpressed by a strong inelastic scattering resulting from the
law of the resistance decrease with temperature increase wkv-energy vibrational excitations typical for glassy struc-
also predicted by Larkin and KhmelnitsKifor the metal- tures. The soft potential model is shown to be in qualitative
insulator transition. However, this model would lead to aagreement with this behavior.
monotonous increase pfwith a temperature decrease which
is in contradiction with the experimgntal data._ o ACKNOWLEDGMENTS
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