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Magnetic susceptibility of the one-dimensional polymeric phase of Rbgg
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Detailed magnetic susceptibility measurements of the {gipGlymeric phase have been carried out. A
decrease in the susceptibility on cooling below 50 K consistent with the temperature dependence of the
electron spin resonance intensity hitherto reported has been observed. It has been shown that this temperature
dependence can be interpreted in terms of the spin density wave scenario in a consistent manner and that the
density of states at the Fermi level can be estimated as 11.9 @¥t€%{, ). This value is in reasonable
agreement with 8 statéelV Gy, ) estimated by the tight-binding band structure calculation.

[. INTRODUCTION phase; the crystal orbitdlCO) study on this compound on
the basis of the tight-binding calculation including bath
Several kinds of alkali-metal-doped polymerig,@nate- and 7 electrons instead favors a dimensionality of three.

rials connected by covalent bonds without any additionallherefore, both the dimensionality of the electronic structure
linking groups have recently been considerably paid attenand nature of the low-temperature phase currently seem to
tion to1~3 In particular,ACs, (A=K, Rb, and C§ first re- femain open questions.

ported as the electrically conducting alkali fulleride linear- [N general the ESR data do not correspond to the static
chain polymef: is currently of high interest. Stepheesal. ~ Magnetic suscepublhty and, moreover, t.he former hardly aI—.
have first reported a relatively simple crystal structure of®WS Us to discuss the magnetic behavior around the transi-
polymeric ACq, with parallel polymer chains consisting of tion temperature of the magnetically ordered state in a quan-

covalently bonded g molecules: Recently, Launoist al® titative manner. In the present article, we present the

have found that the single crystal of the polymeric phase OFneasurement results of bulk magnetization of the polymeric
. . . phase of Rbg, by a superconducting quantum interference
RbGCqq is actually monoclinic, space groulip,, (without mea-

t of th lin leBendele et al® h device(SQUID) magnetometer and discussion of the above-
surement of the monoclinic angleBendeleet al.” have mentioned problem by means of quantitative analysis of the

reggh;od a similar conclusion with the monoclinic angle ¢4 of temperature dependence of the static magnetic sus-
One of the most interesting aspects of these materials i(;epublhty.
their low-dimensional-like electronic properties, which are
different among théACg, polymers with each kind oA. In
the electron spin resonan¢ESR study, it was suggested The sample was prepared by solid-phase reactionggf C
that the polymeric Rbgy and CsG@, are quasi-one- and Rb, the latter of which was directly generated by thermal
dimensional1D) conductors and that the phase transition atdecomposition from RbN under continuous heating at
50 K causes antiferromagnetidF) ordering of spin density 400°C for 4 days in vacuum. In order to estimate the com-
wave$ (SDW) under that temperature, while the Kpoly-  position of the reaction product, the x-ray photoelectron
meric phase remains almost an isotropic métalich a 3D  spectroscopyXPS) measurement was performed using Mg
metallic property of KG, has been confirmed by nuclear Ka radiation (ULVAC PHI Model 5500. The C Is peak
magnetic resonanc®MR).2 On the other hand, the nature was observed at 285.4 eV and that Rib;3 and 3s, peaks
of the ground state of Rgand CsG; is still under debate. were observed at 110.9 and 112.3 eV, respectively. Since the
Recently, Jaossy et al. have observed the AF magnetic N 1s peak was not observed at all, one could expect that
resonance(AFMR) in powder samples of Rhgand CsG, RbN; had completely decomposed to Rb metal anddNr-
at high frequencie§75, 150, and 225 GHzand their experi- ing the reaction. The composition was estimated to be
mental data supported the above scenario of the quasi-1Bb; 1(Cgg) 19 by the usual XPS procedure.
SDW system. Bennatt al!® have reached similar conclu- The structure of the Rh{g powder sample thus prepared
sions from a high-field ESR investigation. However, theywas examined by the x-ray diffractiotKRD) pattern re-
have added that all the features in the ESR results interpretembrded at a beam line X3B1 of the National Synchrotron
by AFMR scenario can also be well explained within theLight Source at Brookhaven National Laboratory with a
spin-glass model. Moreover, in polymeric GgCit has been  wavelength of 1.149 02 A. Formation of the polymeric phase
reported that detailed®C- and **3Cs-NMR investigations was confirmed since the diffraction pattern was completely
revealed the coexistence of a spin-Peidisn-magnetic  in accordance with our previous data of liquid-phase pre-
state with 3D magnetic order below 13.8'K. pared RbG, with lattice parameters of approximateby
Meanwhile, a theoretical study on the Rg®olymeric  =9.1,b=10.1, andc=14.2 A 1
phasé? has led to different predictions from the experimental  Prior to the static magnetic susceptibility measurement,
results concerning the dimensionality of the correspondinghe ESR data of the present sample was checked using JEOL

Il. SAMPLE PREPARATION AND CHECK
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FIG. 1. ESR line shapes at selected temperatures.
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JES TE-200 ESR spectrometer operated atXHsnd (9.4 : :
GHz) with 100 kHz field modulation equipped with an Ox- 0 10 20
ford liquid-He-flow cryostat covering the region from room Field (kG)
temperature to 1.7 K. During a scanning for the ESR mea- i i
surement at each fixed temperature, the deviation of the tem- " (&) External magnetic field dependences of the magne
perature was controlled within 0.2 K. The ESR signals for tization at selected temperaturéb) Detailed field dependence of

’ ’ tizati T=4.5 K.
selected temperatures are shown in Fig. 1. In the range soLadnetzation &
200 K, the intensity of the ESR signal was almost tempera- i i
ture independent, while the peak-to-peak linewidstH(,,) ~ PoWwder sample compared with crystalThe existence of a
became gradually smaller due to a decrease in temperatuféery Small amount of the ferromagnetic impurity is seen in
Such Pauli paramagnetic behavior of the intensity and th&9- 2b). the V%L%e of which 1) was estimated as 2.8 emu
motional narrowing of the ESR peak clearly indicate that the®/Mo! (~3x107ug/mol, ug denoting the Bohr magne-
present sample is metallic above 50 K. At 50 K, the ton). The ferromagnetic component obtained from usual

onset of rapid broadening of the peak and the decrease of ifgonda-Owen plot turned out to be almost temperature inde-
intensity was observed and this quantity once became ag€ndent and was subtracted from all the data of the magnetic
proximately zero around 15 K and then increased on coolinGUSCeptibilities throughout the present article. L

below 10 K, probably following the Curie law. These behav- 1h€ temperature dependence of the static susceptibility
iors completely agree with what have been found in thexgxpthus ot_)talned under_ selected magnetic fields is shown in
aforementioned studiéd, and hence we are now in position F19: 3. In this magnetic field range, the shapes of the suscep-

for a further check of the static magnetic susceptibility of theliPility curves are aimost the same although the subtle de-
RbC,, sample. crease of the susceptibility is seen for 40 kG, which would

G5

l1l. MAGNETIC SUSCEPTIBILITY MEASUREMENT 125
o 40kG ® 5kG

The magnetic susceptibility measurement was performed ¢ 30kG = 1kG

using a SQUID magnetometé@uantum Design MPMS-5S 1007 o 0KG s 500G
with the maximum magnetic field of 40 kG operating from 10KkG
100.0 K to 4.5 K. The deviation of the temperature was 7.5

Enaacoom o
=]
>

controlled within £0.5% of each fixed temperature. The
core diamagnetic contribution was estimated to be 2.74
X 10~* emu/mol from the published Pascal constants of the
rubidium ion* and the diamagnetic susceptibility of neutral
Ceo (Ref. 15 and was corrected for all the data.

In Fig. 2 is shown the magnetic field dependence of the
magnetization per molN o) for the RbG, sample at se-
lected temperatures. The spin-flop transition suggested by 0 5 o5 50 75 150
the ESR study'®could not be observed in the magnetic-field T

T emperature (K)
range H=0-40 kG. However, it is well known that
anomaly or change in the gradient of tklg,,-H curve char- FIG. 3. Temperature dependences of the susceptibility measured
acteristic of the spin-flop transition is extremely slight in under selected external fieltH=500 G —40 kG).
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be probably due to saturation of some magnetization compo- 140
nent. It is striking that rapid decreaseyg,, under 50 K was g gy (IKG)
not apparently observed, being different from the ESR data = P
mentioned above. One of the possibilities to comprehend this f: 10.0 | T XCurie™TI
discrepancy would invoke the Curie-type impurity conceal- o
ing behavior of the susceptibility from conduction electrons. =
In order to quantitatively evaluate that susceptibility, the fol- E 60 1
lowing strategy was employed. Firgge,, was decomposed z S
into three kinds of terms as m%
203 25 50 75 100
Xexp= XTDT Xcurie™ XT1» 1)
(a) Temperature (K)
whereyxtp and yt, stand for the temperature-dependent term 10.0 _
free from the Curie contribution and the temperature- g ' :
independent one, respectively, and S 751 :
= , .
g , .
Nmoig?#5S(S+1) . L 507 L
Xcurie= ) = , .
ane 3kg(T—6) z 257 l/ g ° I
£ &
In EQ. (2), Nmor» 0, S kg, andé are spin concentration per g 01 — (2/9)y,, from Eq.(10)
mole, Landgy factor, spin quantum number, Boltzmann con- 2 o5 | P

stant, and Weiss constant, respectively, as usual. Second, we “®0 20 40 60 80 100
assume thaytp becomes approximately equal to zero below
14 K and, therefore, onlyc, e contributes to the tempera- .
ture dependence of the susceptibility there. It is well known__F'G: 4. (& Temperature dependence of the susceptibilitydat
that the intensity of th& band ESR resonance of this com- - = K& The solid curve representgcyrie xm (see text (b)

. Temperature dependence pfp (see text The solid curve is the
pound becomes approximately equal to zero belowCalculateol (2/9y, with Eq, (10) usingA/ks=82.3 K
~20 K} and we have also obtained a similar ESR result as | & gaKp=823 K.
described above. Besides, as we mentioned in the Introdu
tion, Janossyet al. have recently reported the result of high-
field ESR investigation where spin-flop-like behavior ap-

peared at 20—15 R Hence, we have inferred that we could

sfafel?/ clhoosle tg Se‘iTD to zer.o.below f14 K,Pwh||9h Is suffi- 19, x, is expressed with the Pauli paramagnetic susceptibil-
ciently low. In a-(. xm originates from Paull paramag- ity xpauii OF the Fermi density of staté®OS) N(eg) in the
netic term, andytp can be considered as the temperature-lD metallic state as di b
. given by

dependent part of the magnetic susceptibility intrinsic in the
RbCs, polymeric phase. _ 2

In Fig. 4 is shown the fitting result of E¢l) to the data of Xo = Xpaun= #gN(eF). @
H=1 kG. The difference of the experimental datg,, and  From Eqgs.(3) and(4), (2/3)x, mostly corresponds tgr; .
Xcuriet x11 In Fig. 4(a) thus signifies the net oftp, which On the other handy; asymptotically approaches zero at
is replotted in Fig. &). This temperature dependencey@f, T=0,°and (1/3)| should correspond tg+p . x| could be
is consistent with that of the ESR intensity mentioned abovederived from the energy dispersion relations as follows: The
i.e., the ESR intensity rapidly decreases bele®0 K.*7 A conventional linear dispersion relationship appropriate for
similar temperature dependence was confirmed for all théhe metallic state described by
data measured under other magnetic fields.

T

) Temperature (K)

She coefficient(3/2) ahead ofy was added in consideration

of the Landau diamagnetic contributihHere, y, is ex-
pected to be almost temperature, independent, similar to that
in the usual antiferromagnetic systéft® According to Ref.

ex—ep=hvp(k—Kg), (5

IV. DISCUSSION wherekg andvg correspond to the Fermi wave vector and
L . Fermi velocity, respectiveljsee Fig. a)]. When an energy
In the case for whichii) the electronic system of RRE  gap is generated around the Fermi level in the SDW state,

polymeric phase is quasi-1D, aifid) the SDW scenario de- he dispersion relation should instead be given by
fines the ground state of this substance, the susceptibility

tensor of the system ought to be characterized by the two ) 2 ,. (A 2) 172

principal values,; andy, , x| being the value for the di- Ek—spzsgr(k—kp)[h vE(k—kp)™+ | 5 ] )
rection parallel to the axis of easy magnetization gndor

the directions perpendicular to that. With these principal valwhereA corresponds to the energy gap as illustrated in Fig.
ues, the susceptibility for the powder Rfg€an be expressed 5(b). The Fermi DOS is obtained from the condition

by

Nspw(E,A)dE=N(ef)de, )
3 [ §( N X|+2x1 3 whereNgpw(E,A) is the DOS in the SDW state. With Egs.
2X| ™ 2\ Xexp™ XCurie 3 (5)—(7) one obtains,
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(a) Energy-dispersion relation 'mﬂmaﬁ_ )
€ £

/+k1= >k INE ) e

\ L FIG. 5. The energy-dispersion relation and the
b — - energy dependence of the DOS near the Fermi
( ) Energy-dispersion relation Density of states wave vectorst kg (a) in the metallic andb) in

E E‘ k the SDW states.
\\L ___________ _Lz*Nz 1_4/ .
o

>k >N(E)

A the energy gap can be obtained to|hé=0 above the tran-
Nepw(E,A) 0 (|E|<§) sition temperature, while fof <Tgpw,
spw E,
N ® 172
N(eg) E A a
] {EZ—(|A|/2)2}1/2 (|E|>E) |A(T)|:(£) (TSDW_T)llzr (ll)

Thus x| becomesug(Nspw(A))r, where(Nspw(A) )1 is wherea,; andb are constant parameters &hgh,y the mean-

2021 field SDW transition temperature. From EdJl), the calcu-
the thermal average ®fspwW(E,A) at temperaturd, and lated |A(T)|/kg for Tepw=48 K, (a,/2b)"=23.0kg is

hence shown by the solid curve in Fig. 6, and the valueAdD)/kg
- f could be estimated from the intercept to k&0)/kg
X| :f [E| (JL) ~160 K.
Xpauii J-={E?—(A/2)%}12\ JE Another expression of the relation betwedr{0) and
T is given b
_ZJ‘DC IE| ( ‘”)dE o spwliS g y
“an{E2-(AR2)22\ 9E]TT A(0)=3.5XgTspw; (12
where f is the Fermi-Dirac distribution function. For 180.0
Al(2kgT)>1/2, Eq.(9) becomes
160.0
2N \/TTA p( : 10 Ak
X #eN(er) \j 700 = o3 |- (19 140.0- — Eqq1)

A fit of the Eq.(10) to the data above 45 K is shown as the 120.04
solid curve in Fig. 4b), affording N(eg)=11.9 stategeV

: . )
Ceo ) and A/kg=82.3 K. Incidentally, it should be men- o 100.0-
tioned that the DOS of the normal state of the well-known = 2. 400
superconductor KCqo has been estimated from the static sus- & 80.01 L .
<4

ceptibility to be 316 statedeV Cy®~),?? which is about
three times as much as the present result for 8bC 60.0
As shown in Fig. 4b), xtp becomes smaller compared

with the fitting curve as the temperature decreases, and this 40.04

problem could be solved by introducing temperature- 2004

dependent value of energy gagT) into Eq. (10).2! Based '

on they;p data for the temperature range= 20-60 K and 0.0 : . : : : :

Eqg. (10, A(T)/kg was plotted in Fig. 6. This increase of 0 i0 20 30 40 50 60 70
A(T) on cooling could correspond to the gradual opening of
the pseudo-energy-gap.

In general, the behavior of electronic properties near the F|G. 6. Temperature dependence/fT)/kg derived from the
SDW transition temperature can be discussed using the Lamata of y;p at T=20-60 K and Eq(10). The solid curve repre-
dau theory of phase transitions. From Ref. 19, thesents the calculatedA(T)|/kg for Tspuw=48 K, (a,/2b)*?
temperature-dependent order paramgigrcorresponding to  =23.kg from Eq.(11) (see text

Temperature (K)
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» X,}% K sionU into the above tight-binding calculation would gener-
@V I AMT 2 (b) ally increase susceptibility proportional to the Fermi D#S.
FIG. 7. (a) Band structure of Rbgg polymeric phase based on V. CONCLUSION
the tight-binding crystal orbital calculation afio) the cross section ) ) o
of the Fermi surfacéRef. 23. We have performed a static magnetic susceptibility mea-

surement for the Rlgg polymeric phase. The spin-flop tran-
sition suggested by the previous ESR study was unobserved,
probably associated with the well-known fact that the
anomaly in theM-H curve characteristic for the spin-flop
transition is extremely slight in powder sample compared
with that in crystal sample. Subtraction of the Curie para-
magnetic term from the raw data gave a decrease in the sus-

which has the same form as that of the well-known Bardeen
Cooper-Schrieffer(BCS relationship between the zero-
temperature gap and the transition temperattiiith Eq.
(12) and the value oA (0)/kg=160 K, the mean-field SDW
transition temperature could be derived to Bepw

=45.5 K, which seems 10 be approximately Self'ConSiStentceptibiIity on cooling below 50 K, consistent with the tem-

_ The above-discussed SDW scenario is realized on the inse a4 re” dependence of the ESR intensity. It was further
dispensable assumption that the electronic system 0fRbC jiscyssed that this temperature dependence of the static sus-
polymeric phase is quasi-1D. However, the theoretical invesgq yipijity can be interpreted in terms of the SDW scenario

tigations on this compound has, so far, led to conflictingeet consistently. The estimated Fermi DOS in metallic state
predictions so that the electronic and magnetic properties qf N(ep)=11.9 state$tV Gy, ), being about one-third of

this _compound_rema!n s.trongly 3D-like. Rgcently, we havethat in K3Cgg. The development of a more complete crystal
carried out the investigation about change in electronic struc-

f Rb | - oh th _ of RbGs, will be of obvious importance along with further
ture of RbG, polymeric phase crystalAgm) with various — oy nerimental investigations such as introducing partial pro-
chain orientations based on the tight-binding CO calculatlorme relaxation and maximum-entropy methods into the XRD
including botho and 7 electrons® It was found that the

) : . . analysis.
band structure of this compound is of quasi-1D for a certain y

limited range of chain-orientation angle, i.e., in the rapge
=0°-5°, whereu is the chain-orientational angle defined
in Ref. 4, and there appears sufficient nesting property of the This work was part of the project of the Institute for Fun-
Fermi surface as shown in Fig. 7. The Fermi DOS has beedamental Chemistry, supported by the Japan Society for the
estimated to be 8 statésW Cg, ) from this band calculation Promotion of Science-Research for the Future Program
as shown in Fig. 8 to be compared with the present experitJSPS-RFTF96P002D6We are grateful for the aid of Pro-
mental value of DOS 11.9 statesV Cgy ). Note that further fessor P. W. Stephens at State University of New York at
introduction of the relatively weak on-ball Coulomb repul- Stony Brook, with respect to the XRD measurements.
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