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Electron spin resonance of doped chalcogenide nanotubes
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X-band ESR of lithium doped MgShanotubes is reported for temperatures between room temperature and
4 K. Two distinct ESR components were observed: a narrow component with a linewidth of about 4 G and a
broad component with a linewidth of more than 800 G. The broad ESR component is attributed to Mo
d-orbital-derived conducting band of MgSanotubes. The large weakly temperature-dependent ESR spin
susceptibility of charged MgSnanotubes is thought to reflect strong electronic correlations and one-
dimensional electronic structure with the presence of van Hove singularities in the density of states. The broad
ESR component is discussed in terms of conducting electrons coupled to defects and in terms of random-
exchange Mo Heisenberg chain model. The narrow component is suggested to be due to the formation of small
spin clusters.
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[. INTRODUCTION range of diameters and thus very diverse physical or chemi-
cal properties. A breakthrough in overcoming these problems
The study of carbon nanotubes has been an extremelyas been made recently by the synthesis of self-assembled
active field since their discovery by lijimaThe research was single-wall subnanometer-diameter molybdenum disulfide
stimulated both from the fundamental physics point of viewtubes iIMoS;).*" A high-resolution transmission electron
as well as for potential application. The interest for the fun-microscopy investigation revealed a hexagonal close packing
damental physics lays in the fact that nanotubes are a god?f identical nanotubes, where the center-to-center distance
realization of a one-dimensionélD) systems. It is known between two tubes is 0.96 nfthThe unit cell of the hexago-
that the usual Fermi-liquid theory, based on a quasiparticl@al close-packed nanotubes within bundle was determined to
picture, breaks down in one dimension and so the electroniee€ 0.40 nm along the bundle axis. A detailed structure of
properties of 1D interacting fermions may be describedndividual nanotubes is not precisely known at the moment.
within Luttinger liquid theory?® Several experiments on car- However, the proposed structure consisting of sulfur-
bon nanotubes probing charge dynarfiiésvere interpreted molybdenum-sulfur cylindergFig. 1) is a good approxima-
in terms of this theory. On the other hand, nanotubes hav#ion. Using the nomenclature introduced to describe carbon
also a considerable application potential. A number of groupganotube¥’ the proposed structure afiMoS, nanotubes
have explored the possibility of using carbon nanotubes agould correspond t¢3,3) armchair nanotubes. We also note
host materials for energy storafe® High electrochemical
reactivity and inherent porosity of carbon nanotubes struc-
tures lead to relatively high charge capacities of the tested
materials. Reversible capacity depends on the quality and
morphology of the used material and can be increased from
LiCg4 to LiC; after chemical etching of carbon nanotubés.
Due to the vast diversity of carbon nanotubes there is at the
moment no definite consensus on how good carbon nano-
tubes can be as a basic material for energy storage.
However, synthesis of fullerenelike objects and nanotubes
is possible also from other inorganic layered materials. For
instance boron nitride nanotubes were synthesdfzeahd
many of the experiments performed on carbon nanotubes
were repeated on this system as wWalknother class of in-
organic nanostructures represent  vanadium-oxide
nanotubes? whose electrochemical activity was recently
tested® giving a promising charge capacity of 140 mAh/g.
Still another family of inorganic nanostructures is based F|G. 1. Schematic structure of hexagonal close packing of
on dichalcogenide materials. Fullerenelike nanoparticles angvos,. Yellow spheres represent sulphur atoms, while larger blue
tubelike particle¥*°were reported and even used as a hy-spheres represent molybdenum atoms. Please note two different in-
drogen storage materi#l. All these materials suffered from tercalations sites for L'i ions: larger interstitial channels between

the same problem as carbon nanotubes: low yield, widehe nMoS, and much smaller channels inside individuafloS,.
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that the presence of iodine has been identified in the trigona 25 —T T
voids between the nanotub®4t seems that the presence of
iodine is crucial for the stability of bundles ofMoS, and
that removing iodine dramatically decrease the size of
nMoS, bundles. The correct stoichiometry of our samples is
thus Mo§l, with y~2 and z~0.33. Regardless of these
uncertainties in the exact structure and stoichiometry we will —,
use the nomenclatur@MoS, throughout this paper to name
our nanotubes. 10 1%
In this contribution we report on the study of the low-
temperature electronic properties of electrochemically dopec
nMoS, with Li. Our starting point relied on two facts: first, 05
many chalcogenides have been successfully used for enerc
storage in the past?* and second the porous structure of
nMoS, with the sizes of channels larger than 1.1 A offersa 00 . . : . .
good possibility for intercalation chemistry. Basically we 00 05 10 _1'5 20 25 80
have found that large amounts of Lions can be interca- x [Li,iMoS,]
lated into the channels between the individnMoS, nano-
tubes. Intercalation goes mainly through one-dimensional
diffusion of Li* ions into the host structure donating an elec- .
tron to thenMoS, nanotubes. It seems that the'Lion in-  lithium metal electrode were he!d apart .Wlth two separators
tercalation leads to a formation of many defects, which ef{(Celgard No. 240pbetween which a thin strip of lithium
fectively decrease theMoS, tube length as compared to the Serving as a refere_nce electrode was positioned. Before as-
electron correlation length. These defects, which can be efeémbling, the working electrode and separators were soaked
ther topological or paramagnetic or even a result of innomoWith electrolyte(1M LiCIO, solution in propylene carbon-
properties of dopethiMoS, nanotubes. They may even re- EG_&G 283 electrochemical mtgrface at constant current,
flect partial amorphization of the doped electrode materiafyPically 0.025 mA. The geometric surface area of the work-
and be responsible for the relatively large irreversible losse¥d electrode was always 0.5 érontaining~1 mg of ac-

during the first charging cycle. tive material. _
Typical charge or discharge curves foMoS, samples

are shown in Fig. 2. The charge capacity in a typitsloS,

15

upv

FIG. 2. Typical charge or discharge curves measuretMoS,.

Il. EXPERIMENTAL sample is in the first cycle-385 mAh/g and corr(_esponds to
S an intercalation of about 2.3 Li per Mg3®?’ This is ~2
A. Electrochemical Li doping times higher than in layered MgSvith the same cell con-

Sing|e-wa” nMosz were grown by a Cata|yzed transport figuration, where—in agreement with preViOUSly pUb“Shed
method using G as a growth promoter in the reactiéh. dat2%**—we could intercalate up te-1 mole of Li per one
Transported material was than removed from a quartz tubgole of Mo$.
and checked with electron microscopy.

Several different batches afMoS, nanotube swatches
were used for the electrochemical Li doping. The working
electrodes were prepared by mixing as-grawwioS, nano- After electrochemical doping, the riMoS, sample was
tube bundles or dispersatMoS, nanotube bundIés with scratched from the substrate in a glove box and sealed into
10 wt.% of sulphonated polyanilindor improved electrical an ESR quartz tube. Continuous wafiev) ESR measure-
contac).?%?” The slurry was spread over a copper substratements were performed on a Varian dual resonator with a
partially dried, pressed and then again dried in vacuum ateference sample in the second resonator to account for the
100°C for at least 8 h, before they are transferred to thelight changes in th€ factor during the measurements. In
glove box 1 ppmH,0). It is important to control the wa- all cw experiments a modulation fielth,,,—=1 G and
ter content during and after the intercalation of the MoS v,,q= 100 kHz were used. The temperature was stabilized
systems as it is well known that a water uptake by intercawithin 0.2 K in a continuous flow cryostat ESR 900. To
lated alkali metals can easily take pla€dn order to avoid estimate the ESR spin susceptibility Cu(395H,0 has
this effect we strictly handled our samples in an inert atmo-been used as a standard sample.
sphere with very low KO content at all stages of sample  Pulsed ESR experiments were performed on a Bruker
preparation. E580 spectrometer equipped with cylindrical dielectric reso-

Electrochemical lithium insertion intmMoS, nanotube nator md5. A typical=/2 pulse width used in these experi-
bundles was carried out in a laboratory-made three-electrodments was 12 ns. To record echo decay intensity/2— =
cell?® The cell body was made of polypropylene, whereasseparation pulser was incremented from 160 ns in 1024
the electrode holders, which also served as contacts, weexperiments with 4 ns increments. Phase cycling was used to
made from stainless steel. The working electrode and counteemove the unwanted ringing in our signal.

B. ESR measurements
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FIG. 3. (a) Room-temperatureX-band ESR spectrum in
Li,nMoS, sample &~2.3). (b) For comparison only a narrow
component is measured in disperse¢ghMoS, samples(c) Room-
temperatureX-band ESR spectrum in layered,MoS, sample k

~1).

IIl. RESULTS

In this section we present ESR results as a function o
sample preparation, as a function of the exposure of thE

sample to air and finally as a function of temperature.

A. Room-temperature spectrum

PHYSICAL REVIEW&, 125423 (2003

100K

3 4 5 6 7
H (kGauss )

FIG. 5. The temperature evolution of tieband ESR spectra in
i, NMoS, powder sample. A dotted line, which is plotted over the
95-K spectrum is a simulation of a broad ESR component with a
orentzian lineshape. On a 10-K spectrum one can see also a third
line with a center at 3184 G, whose appearance is very irregular
(found in only few samplgsand thus attributed to the impurities.

ESR spectra are comparalf@though slightly larger for a

As preparediMoS, samples show no ESR signal at room proad component i band with the values taken in thi

temperature. WhenMoS, is electrochemically doped with

band(9.6 GH2.

Li, a strong ESR signal appears. A typical room-temperature The relative intensities of the two components vary some-

X band cw ESR spectrum taken in one of thgnlMosS,
samples x~2.3) is shown in Fig. @&). The spectrum con-
sists of two quite different components) a narrow compo-
nent with ag-factor g, =2.0029 and with a linewidth of few
Gauss andii) a broad component with g-factor g,~2.15

what from sample to sample. A very likely reason for this
variation is different sample pretreatment and quality. For
instance, doped samples prepared from dispergdosS,
show only a narrow ESR componefiig. 3(b)] while the
broad ESR component is strongly suppressed. This is in

and linewidth of more than 800 G. For comparison alsoagreement with the electrochemical results which suggested

room-temperature spectrum takenQtband (35 GH2 has

that in dispersed samples very little Li has been intercalated

been measured. The linewidth of both components of the cWess than 0.5 of Li per MoSunit) and even this little quan-
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FIG. 4. Decay of the intensity of th&-band ESR signal in
Li,nMoS, sample &=2.3) after its exposure to air. Solid line rep-
resents a fit to Eq(1).

tity of Li is then largely irreversibly lost. Presumably Li
chemically reacts with iodine in the first doping cycle.

We also measured the ESR signal of a Li doped layered
MoS, sample. A room-temperature ESR spectrum of this
sample is shown on Fig.(®. Again we found in the ESR
spectrum two very different ESR components. The linewidth
of the broad ESR component in layeredMbS, is around
500 G and itgy factor is about 2.52 and somehow resembles
the broad ESR component measured iimMoS,. The line-
width and theg factor of the narrow component are similar
in both cases.

Another line appears at very low temperatures in some of
the samples—although not in all,nMoS,—with a center at
3184 G, a linewidth of about 150 G and a lineshape charac-
teristic of powdemg-factor broadeningsee spectrum at 10 K
on Fig. 5. The temperature dependence of its ESR intensity
shows a typical Curie-like dependence. The appearance of
this line is very irregular and it has been found only in two
Li,nMoS, samples. We therefore believe that this line is not
intrinsic and it will not be discussed further.
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FIG. 6. The temperature dependence of the ESR intensity of the
broad ESR component. Please note large error bar as consequenceF!G. 7. Temperature dependence of the ESR linewidth of the
of large linewidth as well as only a weak temperature dependencéroad ESR component in £4nMoS,. Points represent experimen-
of the ESR susceptibility. Eal) data, dotted line is a fit to E42), while solid line is a fit to Eq.

3).
B. Air sensitivity . . .
subject of large error bars due to the large linewidth and

To test air sensitivity of LignMoS, samples we opened  slightly asymmetric ESR lineshape. In fact, below 40 K due
the quartz ESR tube and exposed the sample to air. The ESB the extreme broadening of the ESR line it was impossible
signal was then measured as a function of exposure time. Wg get even an estimate of the ESR susceptibility and it may
noted that the positions and the linewidths of the two ESRwell be, that the increase of the ESR susceptibility below 60
components did not change significantly during the wholex shown on Fig. 6 is an artifact. Second, the magnitude of
experiment. However, the total intensity of the ESR signakthe ESR susceptibility is very large. We tried to determine
did change as shown on Fig. 4. The intensity of the ESRhe absolute value of the ESR susceptibility by comparing
signal quite rapidly decreased for about 10% during the firsbur signal to a standard sample and obtained a room-
few minutes. Later on the ESR intensity decayed very slowltemperature value %102 emu/mol. Again, this value is
with time as we still managed to detect ESR signal even aftefincertain for several reasons: ill defined mass of the
several hours. Surprisingly, the degradation of the ESR sigtj, .nMoS, sample, which may contain also some residual
nal goes exclusively on the account of the broad ESR comsplvent or electrolyte, and difficulties with the analysis of the
ponent, while the narrow ESR line remained almost unproad ESR line. Nevertheless, the obtained value of the ESR

changed. susceptibility represents a good estimate of the order of mag-
nitude.

C. Temperature dependence of the broad component The temperature dependence of the peak-to-peak ESR

of the ESR spectrum linewidth of the broad component measured in powdered

We attribute the broad ESR component to be intrinsic '[0"'2'?’”'\/'0Sz is shown in Fig. 7. The linewidth on cooling

donednM it d i bstantially f | increases from about 800 G at room temperature to 2600 G
opednMosS, as it does not vary substantially from samp € at 40 K. Below that temperature the line becomes so broad

That it is almost impossible to reliably analyze the measured

temperature ESR signal is nearly symmeffigs. 3a) and espectra.

5]. We note, however, a small shoulder on the low-field sid

of the spectra, which on cooling becomes even more pro-

nounced(see for instance 100-K ESR spectrum on Fig. 5  D- Temperature dependence of the narrow component

This shoulder makes the ESR lineshape slightly asymmetric of the ESR spectrum

over the entire temperature interval. Without this shoulder In this section we describe the temperature dependence of

the ESR line can be to a good approximation fitted with athe narrow ESR component of the,bMoS, ESR spectra.

Lorentzian lineshapé&dotted line in Fig. 5 Theg factor of We measured ESR spectra only in a narrow field sweep

the broad component of the ESR linggis~2.15. This value around the center of the narrow ESR component and then

is far from the free-electron value 2.0023 and suggests corsubtracted the contribution of the broad component. Repre-

siderable spin-orbit coupling. sentative spectra of the narrow ESR component are shown in
The measured ESR susceptibility of the broad ESR comFig. 8. Here we would like to mention that the details of the

ponent in Lp ;nM0S, powdered sample shows only a weak narrow ESR component vary somewhat from sample to

temperature dependence in the temperature range betwesample. They factor is the same in all measured samples, but

300 K and 50 K(Fig. 6). The ESR intensity increases by a the room-temperature linewidth slightly varies. Nevertheless

factor of 2 on cooling from room-temperature to 50 K andthe overall temperature dependence of the narrow ESR com-

does not follow a Curie-like temperature dependence. At thiponent was similar in all cases.

point we would like to mention two important observations. The g-factor value for the narrow component i3

First, the determined values of the ESR susceptibility are the=2.0029 and suggests nearly free electronic states with a
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FIG. 8. The temperature evolution of the narrow component of - %o .
the ESR spectra in LinMoS, nanotubes. Dotted line superim- 40 - % <
posed over the 290 K spectrum is a calculated Dysonian IineshapeA L o}
Please note the gradual change from the Dysonian lineshape eg 35 OOO i
room-temperature to more symmetric line at low temperatures. 8 | Oq i
%0 o
very small spin-orbit interaction. Thg-factor value of the 25 _ |
narrow component is temperature independent between th Tl
room temperature and 5 K. . \ . , . . .
he room-temperature ESR line is strongly asymmetric 2.0 ' ' ' ' ' '
T T : 0 50 100 150 200 250 300
and resembles a Dyson-like linesh#pesually found in me-
tallic samples. An attempt to fit the 290 K spectrum with a TK)

Dyson lineshape is shown in Fig. 8. The agreement is excel- ] )
lent. However, on cooling bellow 100 K the agreement with  F!G- 9. The temperature dependence(@fthe ESR intensity

the experiment becomes very poor as the measured ES (0) the ESR linewidth of the narrow component of the ESR
spectra changes gradually from Dyson-like lineshape at teg:Egnz;ll in Lb ;nMoS,. The solid line is a fit of the ESR intensity to
peratures above 100 K to more symmetric lineshape at te 9. (6).

peratures below 100 KFig. 8.

The temperature dependence of the intensity of the ESRhe ESR lineshape and ESR intensity change their character.
signal, which is proportional to the electronic spin suscepti-The linewidth simply monotonically increases with decreas-
bility xq (this is not strictly true if the line is Dysonian  ing temperature from the room-temperature valuedéf,,
confirms changes suggested by the temperature evolution ef2.8 G toAH,,=4.7 G at 5 K.
the ESR lineshape. The ESR intensity first marginally de- The observation of the spin-echo incaMoS, proves that
creases with decreasing temperature for about 10%. The d#ie narrow component of the ESR line is inhomogeneously
crease of the intensity of the ESR signal between room tembroadened at low temperatures. The measured decay of the
perature and 100 K is rather small and is within the error baelectron-spin echo is shown in Fig. 10. A phase-memory time
of the experiment. At around 100 K the ESR intensity extracted from the monoexponential fit of the echo decay is
reaches its minimum and then it begins to grow quite rapidlyTy, =173 ns. A modulation superimposed on the top of the
on further cooling as the temperature approaches[Fif. ~ echo decay is clearly visible. This modulation is known as a
9(a)] exhibiting a Curie-like temperature behavior. The slightelectron-spin-echo-envelope-modulatidi* A Fourier
variation of the ESR intensity between room temperature antransform of the modulatiofafter the monoexponential de-
100 K cannot be accounted for the small variation of thecay of the echo has been subtragteeveals that the ob-
resonatolQ factor as this has been checked and ruled out bygerved modulation is due to the nearbyi nuclei, i.e., we
independent measurements of the standard sample in the sdind the signal exactly at théLi Larmor frequency 5.8 MHz.
ond resonator. The second peak at around 11 MHz is due to the dolbie

The temperature dependence of the linewidth of the ESRrequency’* This result supports the suggestion that the ob-
signal shows only a gradual increase with decreasing tenmserved narrow component of the ESR signal arises from the
perature [Fig. 9b)]. We have not noticed any dramatic paramagnetic center whose wave function is at low tempera-
changes around 100 K, i.e., in the temperature interval whertires localized in the vicinity of Li nuclei.
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10 — T — T guished over the entire temperature range. This suggests that

I the two different paramagnetic centers, responsible for the
two different ESR components, are not interacting with each
other and are most probably spatially separated. In what fol-
lows we’'ll therefore try to explain the origin and the nature
of each component separately.

A. Discussion of the broad ESR component

o 2 4 & 8 10 12 Let us first discuss the temperature evolution of the main

Echo intensity (arb. units)
-y
T

ESEEM frequency (MHz ) broad ESR component. We described in preceding section
T=75K 1 that the g-factor value of this line at room temperature
- is g,~2.15 and that the corresponding linewidth is around
T O R S P T T TR T 800 G. A similar line has been observed also in doped lay-
0 200 400 60D 80O 1000 1200 1400 1600 1800  oreq MoS and we are thus tempted to assign this line to the
© (nsec) MoS, system. We find at least two additional strong argu-
ments for this assignment. First, during the electrochemical
separationr in Li,nMoS, at T=7.5 K. The inset shows a Fourier dOP'”g of the m,ate”al W_e noticed that the, amount of Li,
transform of the observed modulation of the echo-decay curve. Twéf"hICh can b_e inserted _'nto the ultrasonically dispersed
well-defined peaks are found: the strongest one at the expécted NMO0S; (0.5 Li per MoS) is much smaller than the amount

resonance %, =5.8 MHz) and the second one at the doubje  Of Li that can be inserted into as-prepamloS, (on aver-
frequency. age 2.3 Li per Mo§). The ESR signal follows this behavior:

the major broad ESR component is significantly weaker in
IV. DISCUSSION doped dispersedMoS, samples. Lt ions can be either in-
One of the motivations for this work has been to under-tercalated into the MoShanotubesintratubular sitegor into
stand why there is such a large irreversible capacity during® channels between the individual nanotubiegertubular
the first electrochemical doping cydlEig. 2. The advantage SiteéS- The main effect of the dispersion bMoS, material is
of the ESR technique is that it is sensitive to changes on ¥ reduce the relative volume of intertubular sites, 'compared
local scale rather than on the average microscopic propertie!® intratubular ones. The fact that the amount of Lwhich
However, the ESR data presented above point to a very confan be inserted into the material, is dramatically reduced in
plex and most probably inhomogeneous nature of electrodispersed samples strongly suggests that most of the Li
chemically dopeciMoS,. It is known for a long time, thatin  1ONS occupy intertubular sites. It also suggests t_hat the broad
layered Mo$ phases after intercalation of Liions into the ESR line is connected with the same intercalation process.
host structure several different chemical reactions can hap- Further support for the suggestion that the broad ESR
pen leading eventually even to a partial amorphization of th&€omponent is connected with tvloS, electronic system
sample. For instance it is suggested that Mo atoms can forifomes from the air sensitivity of the ESR signal. The decay
clusters in layered MoSphases during Li intercalatici-3”  Of the broad ESR signal can be modeled with
And there is intriguing presence of iodine in tm0S,
which is believed to react with the intercalated Li on contact. lesg=lo(1— \/ﬁ). (1)
The presence of such defects introduces disorder, which can
largely influence the low-temperature electronic properties oHere 14 is the initial ESR intensity before exposing the
dopednMoS, and even disorder induced localizatiore., of ~ sample to air and, is a characteristic time constant. We note
Anderson typg of otherwise delocalized electrons can takehere that such square-root time dependence is characteristic
place. Because of the structural imperfections is the dopingf diffusion processes in one dimension. This result is in
of nMoS, most probably highly inhomogeneous. Electronsagreement with the assumption that the broad component of
then find themselves in a very disordered environment wherthe ESR signal is due to the Li intercalation into one-
the local potential varies randomly. Such a system is in 30dimensional channels betwe&MoS, as suggested earlier
usually described as a “Fermi glass” where for low tempera-from the electrochemical and ESR results on dispersed
tures and exciton energies small compared to the Fermi ersample. It also suggests that the sample is remarkably air
ergy, the electrons may be viewed as forming a gas of localstable. We attribute this stability to a particular one-
ized quasiparticle®?® Although additional transport, dimensional porous structure of bundles rdfloS, with a
frequency-dependent ESR and SQUID magnetization mearery selective pore sizes. As mentioned in the introduction,
surements are needed to get deeper insight into the lovihe pore size in a bundle ofMoS; is just large enough to
temperature physics of liMoS, we try to give here at least permit the diffusion of small Liions into the material. How-
a tentative picture of the ground-state based on the preseaver, it strongly restricts the diffusion of larger moisture mol-
measurements. ecules in the host material. This dramatically slows down the
The ESR spectrum of LinMoS, consists of two compo- degradation process of JiMoS, and may be useful if
nents, a narrow and a broad one. We stress that the twidoS, nanotubes are used for the electrochemical storage
components of the LhMoS, ESR spectra are clearly distin- of energy. A likely reason for the air sensitivity of the sample

FIG. 10. A two-pulse echo intensity as a function of the pulse
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is a water uptake by intercalated Li as suggested tang should be reduced as the momentum space into which
be the case in alkali metal intercalated fullerenelleS,  the electrons can scatter is also reduced. One thus expects
(M =W, Mo)nanoparticle$® narrower lines.

In view of the above assignment of the broad ESR com- Broadening of the CESR line at low temperatures in met-
ponent it is interesting to compare the observed ESR spectids can be achieved by assuming the presence of defects. If
with the ESR signals observed in different layered MoS the defects are paramagnetic then the expected temperature
phases. We note, that many different paramagnetic ESR siglependence of the ESR linewidfhis
nals in various layered MgS$,0, systems have been )
identified?°~*2Quite generally they can be divided into three AHpp= U xcona T)- @

diﬁerenf‘g"“‘%roq_ps:(i) electron hole center localized on a ap attempt to fit the temperature dependence of the line-
sulfur atom,” (i) Mo(V) center surrounded by sulfur yigth is shown by dotted line in Fig. 7 using the experimen-
atoms,” and(iii) Mo(V) center surrounded by oxygen atoms. (4|ly determined susceptibility. Although the fit is not ideal it
None of these centers really correspond to our signal. Botjescribes well the overall temperature dependence of the
their g factors as well as the linewidth do not match the neasured ESR linewidth.

observed broad ESR component inri¥loS,. On the other On the other hand the defects can be also topological
hand, the measured broad ESR line resembles the one M&Without magnetic momentwhich can act as a trapping cen-

sured in Rb saturated layered Mo®here it has been iden- ter for conducting electrons. The effective ESR linewidth
tified as the d-band conduction electrons of the hostyjthin this model can be expressed as

2H-MoS,, which have been donated to Mo derived bands by
the Rb intercalarf® It has been theoretically suggestethat AHpp,=C(T)AH+[1-C(T)]AH,, 3

g]ned'\t/lhoedlsﬁéfioensgfg%kS;nrglg?jtgee?e upper valence-ban\(ljvhere AH; and AH, denote the ESR linewidth of the

The assignment of our broad ESR signal to conducting:[r"’lpptad and conducting states, respecthv@i{) is the rela-

: : . “tive population of the trapped spin state and has been calcu-
electron-spin resonand€ESR of Li donated electrons in ; ~
the Mo d-state derived conducting band koS, is thus a I|:'|ated IIEn Refh 5? to beC(T) =p/[p+(1- p)e)ip(;Eb/th]H
very likely possibility. Structural disorder, static or dynamic, ere Il%tls I% Ir_appllnganerg?/ agnt ccmceglr%'lon ot the
can on the other hand have a large impact on the electron aESi34L(§’OK' 'Se_mo Zf;gofaw 0 te thmt tlr?g—energy
structure and consequently on the ESR signal. Among many? = >~ andp=u.24=9.01. We note that the concen-
different models for the broad ESR component we find two r_atlon of trap centers IS quite high suggesting a strongly
main candidatega) broad ESR signal is due to the conduct- disordered structure of JiM0S,. . .
ing electrons coupled to defects affy) random exchange These defects can be a result of various chemical reac-

model. Below we describe arguments for the applicability of oS during the electrochemical doping. However, we sug-
these two models to broad ESR component ghMoS,. gest that they can be also spontaneously formed on charged
nMoS,. A very large susceptibility suggests a very high den-
1. CESR model sity of states at the Fermi level and one would thus expect
. . hat the system is very unstable against any lattice distortion
The estimated value of the ESR susceptibility of the broad, 4 4 formation of a new ground state with a lower energy. It

ESRl compforr;ent is vlery I/argéa h"’,‘ng gs such fit must reflegl,ay well be that the defects, we discussed above, are in fact
topology of the sample or/and high density of states in OUfyingic and are spontaneously formed in some sections of

sample or/and possible correlation effects. Van Hove SiNgUgopednMosS, as a result of the ground-state instability.

larities as a resul; of the quantum con_finement of electrons i 1o GESR model thus can describe our data if a very high
the radial and cwc_umferenugl directions Of. the n""mt”be§usceptibility is ascribed to the extremely high density of
have bgen theoretically predictécand experimentally Ob,' states and the temperature dependence of the CESR line-
served in carbon n_anotubégs]’hey were a}lso observed in width is due to the high concentration of defects.
molybdenum selenide molecular wirgslt is thus reason-
able to expect Van Hove singularities in th_e local density of 2. Random exchange model
states also in onMoS, nanotubes especially due to the . .
rather small radius of our nanotubes. The Pauli spin suscep- !t iS well known that layered MoSphases undergo a sig-
tibility, which is in metallic sample proportional to the den- nificant structural transformation upon Li intercalation. One
sity of states at the Fermi level, can then be enhanced if thef the consequences of the amorphization process is that Mo
Fermi-level coincides with the singularity. These singulari-¢an forrgsgago clusters in the so called “diamond-chain”
ties are extremely peaked and a large temperature depefcheme=*">* Something similar may happen also in
dence of the Pauli susceptibility is expected—larger than obtix"MoS; where the effective nanotube length is decreased
served in this experiment. (Mo finite length chainsand thenMoS, become disordered.
Traditionally, it is assumed that the observed CESR ig\S the Mo-Mo distance in such a case decreases we can
broadened and shifted by the so-called Elliot mechafism. €xpect that the two My (S=3/2) will be coupled together
Within this model the CESR linewidth normally decreasesby the exchange interacticHg=JS,;-S,. Due to the local
with decreasing temperature. This is obviously not the casédisorder the exchange coupling constdnmay randomly
for the broad ESR line in LhMoS,. Furthermore, assuming vary from site to site. Such a situation is usually described
a 1D electronic structure in LiMoS,, the spin-orbit scatter- within the random-exchange Heisenberg antiferromagnetic
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chain model first studied in detail by Bondeson and S668.
The appropriate Hamiltonian is then given by

. , FIG. 11. Schematically presented view of theriMoS, ground
H= Z IXnSp+Sh1t QIU«BHE S, (4) state. Please note that the “defectgtay circle$ “cut” the nano-
n " tube to shorter segments.

Herex, is a random variable and represents a disorder in th‘tnh . L L .
: . . e sample connected with this signal is impossible to deter-
exchange interactions. A crossover from a Bonner-Fisher

type temperature dependence of the spin susceptibility qr{une. We find tha® is very close to di.e., unconstrained fit

high temperatures to power-law¢ T~ “ with 0=a<1) de- ead t0f=—-2=0.5K).

. ; : The temperature dependence of the linewidth of the nar-
pendence is predicted at low temperatures. According to our
. row ESR component on the other hand shows only a gradual
measurements this crossover would happen at around 50

The ESR lineshape is a sum of contributions from tube Seglpqrease W'th decreasmg temperatlglaag. 9b)]. Again t.he
) Elliot relaxation mechanism is obviously not appropriate.
ments of different length

We note, however, that quenching of the Elliot relaxation
N mechanism, change of the ESR lineshape to symmetrical
()= E 2 X L'y ) Lorgntzian with the electrpqic spin sqscgptibility following
N &1 "W(w2+ r2)’ Curie law rather than Pauli-like behavior is theoretically pre-
dicted for small enough metallic particles or systems with
where y, andT', are the susceptibility and the linewidth of Small physical dimensiori$
the tube segmeri. N is simply a number of different seg- We can consider a number of possible scenarios, which
ments. This model predicts a gradual increase in the gsRould lead to such effects. The first possibility is that due to
linewidth with decreasing temperature with a characteristi¢he finite size of the MoSnanotubes the electrons donated
AH=In(T,/T) at temperatures below the crossovehs this from the intercalated Li are confined within the diameter of
behavior should be observed well below 50 K, where due téhe nanotube. However, in such a case it is difficult to under-
the large broadening we cannot detect broad ESR componefignd Dysonian lineshape of the narrow ESR component ob-
anymore, we cannot confirm the random-exchange model if€rved between room temperature and 160 Kternatively,
Li,nMoS, on the basis of these measurements. small metallic Li dendrites might also form during the charge
However, the observations, i.e., the temperature deperfr discharge processes. However, these would be expected to
dence of the susceptibility and the linewidth, are in generaPe very reactive to moisture, while apparently they are not:
in agreement with the random-exchange Heisenberg chaiff€ narrow line is only very weakly airsensitive, even less so
model. To make a more firm conclusion on the origin of thethan the broad line. Another possibility, which we consider
broad ESR line, additional transport, magnetic or frequencynost likely, is the formation of small spin clusters on the NTs

dependent ESR measurements will have to be performed. themselves. The asymmetric lineshape may then reflect the
distribution of cluster sizes contributing to the ESR signal.

These clusters may be coupled to itinerant electron spins on
the NTs, giving rise to &-dependent lineshape.
Although the intensity of the narrow ESR component rep-
resents only few percents of the total ESR intensity, this line V. CONCLUSIONS
appears in every dopedoS, sample while it is not present

in undoped nanotubes. We therefore believe that it emerges |, conclusion, ESR measurements on doped and undoped
during the electrochemical charging MoS, and therefore  \1os, nanotubes show rather complicated behavior, which
deserves to be studied as well. we attribute to their strongly one-dimensional character. Un-
The ESR data extracted from the measurement of the naf,ednMoS, material has no ESR signal. On the other hand
row ESR component may be at first glance confusing. First j vos, consistently shows two different ESR signals over
the ESR susceptibility data can be reasor]abl_y fitin the entirg o antire temperature range, suggesting two different—most
temperature range to a sum of two contributions, probably spatially separated paramagnetic species. The ma-
jority of Li ™ ions appear to be intercalated in 1D channels—
N c (  Most probably in between the Me®Banotube&®
T-6° The doped material is only moderately air sensitive. The
degradation of the doped materials is characterized by one-
Here the first two terms in the brackets are due to weaklhdimensional diffusion processes. The insertion of libns
temperature-dependent Pauli-like term. We assumed only iato the channels between Mg®anotubes is accompanied
weak linear decrease with decreasing temperature. The lalsy a charge transfer to the Mibstate derived bottom of the
term is the Curie-like contribution to the total ESR suscepti-conducting band of MoSnanotube, suggesting that Mb
bility of the narrow component. This model fits the experi- electrons are responsible for the ESR signal.
mental data over the entire temperature raffgjg. 9). The A view of the low-temperature ground state of the
numerical determination of the Pauli susceptibil}gﬁ and Li,nMoS, is schematically presented on Fig. 11. Many de-
the Curie constant is impossible as the mass of the part of fects may form during Mognanotube growth and the inter-

B. Discussion of the origin of the narrow ESR component

IXp
0
lesg=| xpt T T
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calation process. These defects are suggested to have an igystem exists in a highly disordered state and does not un-
portant effect on the low-temperature properties ofnLi dergo a transition to any ordered low-temperature ground
MoS,, effectively they decrease the spin correlation lengthstate in spite of the large spin susceptibility—which is highly
The exact nature and origin of defects is unknown at presensurprising. Finally, we remark that regardless of the effect of
Defects can be extrinsic in origin as a result of variousdefects, it seems that the Mp®anotubes are significantly
chemical reactions of Li with the host material and can besuperior to the layered Mg$hases in terms of Li electro-
either paramagnetic or nonmagnetic. We also discussed tlehemical storage capacity and consequently appear to be
possibility of the spontaneous formation of spin cluster depromising new material for Li-ion battery electrodes.

fects as a result of the intrinsically high susceptibility of the

material. Our ESR results are compatible poth with CESR ACKNOWLEDGMENTS

and the random-exchange Heisenberg chain model, but fur-
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