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Abstract. The normal-state spin susceptibiligyof Lay_, Sr, CuOs was measured as a function

of dopingx. Forx < x;, = 0.09, x is well described by small-polaron theory. For> x;,

a temperature-independent Pauli component is present @ well. These results indicate
the coexistence of small polarons and free carriers above the transition concentyatibime
concentration of the free carriers increases rapidly withx,, reaching a maximum for optimal
doping (x = 0.15). The large mass anisotropy of the polarons is obtained quantitatively from
the x-measurements.

Since the first suggestion by Landau in 1933, the research on polarons has grown to a
vast field of research. Carriers in polar crystals can distort their environment over many
lattice distances. They are called large polarons. These contrast with polarons for which
the excess carriers cause only a local displacement of nearest neighbours, called small
polarons. The origin can again be polar, but it can also be molecular. Among those with
the latter origin, Jahn—Teller (JT) polarons were proposed by a theoretical group in Basel [1].
Their existence causes the gidf©/80 oxygen isotope effect observed macroscopically

in the ferromagnetic transition temperature in Le&Ca,MnOsy, [2], and microscopically

in the electron paramagnetic resonance (EPR) linewidths [3]. Recently the existence of
JT polarons in rare-earth nickelates was also inferred quantitatively from structure analyses
and oxygen isotope effects [4]. In the JT effect the Born—Oppenheimer approximation,
i.e. the decoupling of nuclear and electronic motion, breaks down. The concept of JT
polarons—which do not need to be small ones—led to the discovery of the copper oxide
superconductors [5]. Most recent research indicates that in several copper oxides large
polarons, i.e. free-carrier-type ones, and small polarons coexist [6], as was deduced much
earlier to be the case for the oxides WQ [7] and NbQ5s_, [8]. In the cuprates the

small polarons are indeed of th@,-variety as inferred from EXAFS, NMR, and optical
pulse experiments [6] as well as most recently by means of EPR [9]. On the other hand, in
La;_Ca,MnO;3 they are of theDs-type [10]. In this work new high-precision susceptibility
measurements for La, Sr,CuQ, are presented and complemented with earlier ones obtained
by Johnston [11]; from our set of results the ratio of large to small polarons is deduced. This
was made possible by assuming that a Pauli spin susceptibility applies for the former and
that the latter obey formulae derived recently by Alexandrov, Kabanov and Mott (AKM)
[12]. The outcome shows that, upon doping, at first only small polarons are formed until a
threshold is reached where free carriers are also present with increasing density, as is the
case for WQ@_,, NbO,5_, and other oxides.

0953-8984/98/180291+06$19.5@C) 1998 IOP Publishing Ltd L291



L292 Letter to the Editor

Samples of La ,Sr,CuO, were prepared by a conventional solid-state reaction using
dried La03 (99.99% pure), SrC¢(99.999% pure) and CuO (99.999% pure). The powders
were mixed, ground thoroughly, pressed into pellets and fired in air at 10G6r ~96 h
with three intermediate grindings. Then they were annealed in air at©@d0r 12 h and
under 1 bar of oxygen at 90CC for 40 h, then cooled to room temperature in 4 h. The
magnetization was measured in a magnetic field of 2 T with a Quantum Design SQUID
magnetometer. The background due to the sample holder is sr@il0% of the sample
signal) and has been subtracted from all of the data shown.
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Figure 1. (a) Temperature dependences of the normal-state susceptibility o, 88 CuOy.

The horizontal line marks the contributions from the core diamagnetic and Van Vleck
paramagnetic susceptibility. (b) The normal-state susceptibility for L%r, CuO, taken from
Johnston [11]. The solid lines represent the fitting curves obtained using equation (2).

Figure 1(a) shows the temperature dependence of the normal-state susceptibility for
La,_, Sr,CuQ, for x = 0.06, 0.09, 0.12, 0.15, 0.20. The results below 80 K are omitted to
avoid the effects of diamagnetism due to superconducting fluctuations, and of paramagnetism
from solid oxygen due to a possible nonzero oxygen contamination in the sample chamber.
For x = 0.20, a small Curie paramagnetic susceptibility has been subtracted. Our data are
consistent with those reported in reference [11], shown in figure 1(b) for comparison. For
x = 0.06, there is an additional contribution in the susceptibility below about 100 K (not
shown) due to the antisymmetric AFM exchange interaction in the orthorhombic structure
[13]. The sum of the contributions from the core diamagnetic and Van Vleck paramagnetic
susceptibility x.y = x. + xv is also indicated in figure 1(a). The magnitude )@f is
about 105(5) x 10~" emu g%, as determined from th&Cu Knight shift of La_, Sr,CuQy
(reference [14]). From th&O Knight shift of La gsSrtp 15CuQ, with the hyperfine coupling
constant 130 kO [15], one can extract a spin susceptibility ofl.0 x 10~7 emu g*
at 100 K for La gsSr15CuQy, in excellent agreement with our data. Therefore, the present
estimate ofy.y is quite reliable.

AKM [12] discussed the normal-state susceptibility data fos L.&r, CuQ, reported by
Nakanoet al [13] on the basis of their small-(bi)polaron theory. This theory predicts a
temperature-dependent spin susceptibility

Xakm(T) = B T2 exp(—A/2T). (€N
Here By o« xY2(m*/m*})Y/?, wherem* ~ m* is the effectivesingle-polaronmass,mn s is
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the effective in-planéipolaron mass,x is the Sr content and is the bipolaron binding
energy. Note that:*; is of the same order a8, (m’; ~ m?,), but the effective bipolaron
mass along the-axis, m**, is strongly enhancedm’*/m¥* > 1) [12]. Analysing the
susceptibility data of reference [13] in terms of equation (1), AKM found that the bipolaron
binding energyA strongly depends on the temperature, which is not in agreement with their
own theoretical prediction.

Recent experimental investigations of the mesoscopic structure of cuprate super-
conductors by x-ray absorption (EXAFS), neutron scattering and other techniques have
provided increasing evidence of charge ordering in the inhomogeneous @ait®, giving
rise to a superlattice of alternating quantum stripes in the Quléne with an approximate
width of 10A [16]. If one considers there to be two different kinds of charge carrier present
in the alternating stripes, i.e., small-(bi)polaronic-type carriers in stripes A and Fermi-liquid-
type carriers in adjacent stripes B [6, 17], one may be able to explain the spin susceptibility
data very well, as will be shown here. The stripe phase may be dynamic, but this will
not affect the total spin susceptibility which is the average of the susceptibilities of stripe
phases A and B.

For small-(bi)polaronic charge carriers, the spin susceptibility is giverny by (T)
defined in equation (1), whereas the Fermi-liquid charge carriers give rise to a temperature-
independent susceptibility-. So the total susceptibility for the two-component stripe-phase
system is

X(T) = fixaxm(T) + L= fO)xr + xev = fsxaxkm(T) + Xo
where f; is the fraction of small-(bi)polaronic carriers. Then
X(T) = fiBoT 2 eXp(=A/2T) + Xo. )

The solid lines in figure 1 represent the fitting curves obtained using equation (2). One can
see that the fitting is excellent for all of the compositions.

0.8 T T T T T 2.0
A(X) = const.
0.6 8 115
' I
S A(X) O 1/x 5
L 04 410 o
£
w ‘ <
02 F —> 405
SN
b ¢
0.0 . 1 . ! . 0.0
0 0.1 0.2 0.3

Sr content x

Figure 2. Composition dependences of the bipolaron binding enexggnd E,, = 2g%ho.

The left-hand and right-hand scales are for the circle and triangle symbols, respectively. The
solid triangles represer, . as determined by Johnston [11]A is proportional to tx for

0.06 < x < 0.15. The results fot,, are from reference [18].

Figure 2 shows the composition dependences of the bipolaron binding efergyd
E,, = 2g’hw. HereE,, is an energy corresponding to the maximum ac conductivity in the
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mid-infrared region [18]w is the characteristic longitudinal optical phonon frequency gind

is related to the polaron mass enhancement factaigéxpThe solid triangles represefi .,

as measured by Johnston [11]. Sirikg,, = A according to equation (2), the measured
values ofT,,, should be consistent with our deduced valuesAoff the susceptibility

data can be exactly fitted by equation (2) over the temperature region investigated. The
consistency, as seen from figure 2, gives an independent check for the validity of our data
analysis. From the figure, one can also see thetproportional to 1x for 0.06 < x < 0.15.

This is just as expected from the AKM theory if the local carrier density of the small
(bi)polarons in the stripe domains A is proportionalxoin accordance with the proposed
stripe-phase model [16] discussed above. The dependence oA was deduced earlier

from mid-infrared absorption measurements [18] and most recently from photoinduced
femtosecond transient optical transmission in underdoped@&8®;_s [19]. AKM theory

also predicts that below = 0.05, A is nearly doping independent, and above the optimal
doping (x = 0.15), A decreases much more quickly. All of these predictions are consistent
with our experimental results shown in figure 2.
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Figure 3. The composition dependences f, f;Bo and (1 — f)xr. (1 — f)xr has a
maximum while f; B, has a minimum at = 0.15, whereT, is at its highest in this system.

In figure 3, we plotT,, f;B,, and (1 — f;)xr as functions ofx. For x < 0.09,
neither f; B, nor (1 — f;)xr depends orx, and (1 — f;)xr is negligible. This implies
that nearly all of the charge carriers are small (bi)polarons in this region, fi.esy 1.
The deducedB,, = 4.4 x 10°® emu K2 g1 is very close to the theoretical estimate
(5.5 x 10°% emu K2 g~1) [12]. We also note thatl — f,)xr has a maximum while
fsBoo has a minimum ak = 0.15 whereT, is at its highest in this system. Sindx, is
nearly doping independent, ang should be constant as a function of temperature for a 2D
system, the above result implies that there is a minimum percentage of small (bi)polarons at
the optimal doping, in good agreement with the x-ray diffuse scattering experiment which
showed a minimum density of small (bi)polarons at the optimal doping [20]. From the
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values of f; B,,, we can estimatef, to be 0.85, 0.60, 0.80 far = 0.12, 0.15 and 0.20,
respectively. Forr = 0.15, f; has recently been determined to be about 0.5 from several
independent experiments [21], in accord with our result here.

Our results thus show that small-(bi)polaronic and Fermi-liquid charge carriers coexist,
and that the spin susceptibility arising from the small-(bi)polaronic charge carriers is in
excellent agreement with the AKM theory. Since nearly all of the charge carriers are small
(bi)polarons forx < x;, = 0.09, one should be able to calculate other physical properties
using the AKM theory [22], especially superconducting quantities, such as the magnetic
penetration depth and the supercarrier mass anisotropy, provided that the (bi)polaronic
charge carriers condense into Cooper pairs in the superconducting state. This is indeed
the case, as demonstrated recently by the observation of an oxygen isotope effect on the
magnetic penetration depth in £aSr,CuQ, by our group [23]. For instance, using the
expressions for the effective hopping integrals [12, 24] along and perpendicular to the CuO
plane, the effective supercarrier mass anisotrppy= m:*/m’; is readily obtained [22]:

Za,/EwA ex A 1+1n En
4 2 pﬁa) ATl

Note thaty strongly depends on the bipolaron binding enetgyAs an example, using this
formula Zhacet al [22] obtainedy = 40 forx = 0.09, in good agreement with the measured
value of 56 forx = 0.08 (reference [25]). Recently, Hofet al [26] used this formula to
fit their measured doping dependenceyofor another one-layer cuprate superconductor,
HgB&CuQy,,, and obtained excellent agreement.

In summary, our experimental results show that small-(bi)polaronic and Fermi-liquid
charge carriers coexist in the cuprate superconducter,Sa, CuQ,. Nearly all of the
charge carriers are small (bi)polarons fox 0.09, and above, = 0.09 the carrier density
of the Fermi-liquid-type ones increases rapidly. This behaviour is thus very similar to that
exhibited by other oxides, first deduced for WQ [7] and NbQ5_, [8], in which an
Anderson transition occurs as well. The normal-state gap 1St CuO, originates from
the formation of small bipolarons, which are also formed in ZW{J7]. Furthermore, in the
latter oxide the polarons are due to electrons and in the cuprates they are due to holes. The
very large supercarrier mass anisotropy was shown to be in quantitative agreement with that
predicted theoretically by AKM and from the present results. At optimal doping 0.15),
therefore, highF, superconductivity should arise from the coexistence of small-(bi)polaronic
(~60%) and Fermi-liquid-type carriers~40%), a consequence of the mesoscopic stripe
structure in the Cu@observed in these materials.
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