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V. L. Ginzburg, Energiya No. 9, 2. (1984): 
 
It has somehow happened that research into high-temperature superconductivity has 
become unfashionable (there is good reason to speak of fashion in this context since 
fashion sometimes plays a significant part in research work and in the scientific 
community). It is hard to achieve anything by making admonitions. 
Typically it is some obvious success (or reports of success, even if erroneous) that 
can radically and rapidly reverse attitudes. When they smell success, the former 
doubters, and even dedicated critics, are capable of an about-face and of becoming 
ardent supporters of the new work. But this subject belongs to the psychology and 
sociology of science and technology. In short, the search for high-temperature 
superconductivity can readily lead to unexpected results and discoveries, especially 
since the predictions of the existing theory are rather vague. 
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FIG. 1. The inverse square root of the Seebeck co-
efficient versus the change in the susceptibility on
doping with titanium.
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are constant with m* = 1.5m, and g = 4.3. (Here
m* is the net density-of-states effective mass. )
The paramagnetic enhancement has been some-
what arbitrarily lumped into the value of g but
this would seem to be a reasonable parametriza-
tion. In other semimetals where the relevant di-
rect band gaps are comparable to the spin-orbit
splitting, very large values of g are obtained. "
Support for this parametrization follows from
the observation that m, =—2/g=m, for TiS„where
m, and m, are the spin and orbital effective
masses as defined by Cohen and Blount. " This
equivalence leads to Xp,nij 3xdjs~gggptjg for the
conduction electrons and hence a positive sus-
ceptibility as observed. Exchange-enhancement
domination of X would not seem to be consistent
with the linear correlation between iSi '" and
&X since such an enhancement would introduce a
substantial composition-dependent factor.
The 7 factor in Eq. (1) will be determined from

the dependence of p on temperature and composi-
tion. Benda' and Takeuchi and Katsuda" have
each reported that p-pofxT' in TiS, but in both
cases the proportionality is over a limited tem-
perature interval and, in the absence of corrob-
orating evidence, is inconclusive of new scatter-
ing mechanisms. But when TiS, crystals are
grown from high-purity elements by sulfur-va-
por transport, p —po~T' from 10 to 400 K. (The
highest temperature is presently limited by
chemical reaction with the contacts and the low-
est temperature by the large value of po. ) This'
result is shown in Fig. 2. There log(p -po) is
plotted versus log T. I find p(T) = 1.95&&10 ' 0
cm+ (2.0&& 10 ' 0 cm/K )T'. For this particular
sample p(300 K)/p0=10. This T2 behavior has
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FIG. 2. A log-log plot of the g-axis electrical re-
sistivity versus temperature for TiS2. The solid line
has a slope of 2.

been observed in materials with resistance ra-
tios of 9.5 to 11 while in impure-nonstoichiomet-
ric samples with resistance ratios of 3 to 8, I
find that the T' behavior is restricted to a small-
er interval in T.
The value of the exponent on T is mildly sam-

ple dependent. For the sample shown in Fig. 2
the exponent is 2.00+ 0.04. In samples with re-
sistance ratios between 11 and 12, the exponent
appears to be slightly larger, reaching values as
large as 2.1. In these cases the determination of
the exponent is complicated by a subtle plateau
in the curve of p versus T' near 120 K. This
plateau occurs near the distortion temperature
predicted by Thompson" from systematics of
charge-density-wave distortion temperatures in
the layered diehalcogenides. The highest purity
TiS, would then seem to fit the same systematics
established for the metallic layered dichalcogen-
ides.
Recently Lawrence and Wilkins' have reported

a theoretical study of electron-electron scatter-
ing in the simple metals. They find for a para-
bolic band model that p«sn '"T'. We have test-
ed this equation in the Ti,+„S, compounds by plot-
ting p(399 K) versus n '" as in Fig. 3. The val-
ue of n is calculated by assuming that the inter-
stitial titanium atoms each donate four electrons
to the conduction band. As shown in Fig. 3, p(300
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Figure 1. Temperature dependence of p for Li as a function of T2. The full circles give the 
measured data points and the line gives the best straight-line fit to the data points. 

The measured resistivity p can be written as 

P = PO + Pee(T) + pep(T) (1) 
where po is the residual resistivity, pee(  T )  and pe,(T) are the temperature-dependent 
contributions due to electron4ectron and electron-phonon scattering, respectively. 
For Li, for the measured temperature range, pep( T )  is completely negligible (Danino 
et al 1978). For all temperatures, pee(T)  is quadratic in the temperature. Thus, the 
expression for p reduces to 

p = po +  AT^. ( 2 )  
From equation (2) ,  it follows that a plot of p versus T 2  should yield a straight line. 

The data for p are plotted versus T z  in figure 1 and straight-line behaviour is indeed 
observed. It has been emphasised by Ribot er a1 (1979) that a more stringent test of 
power-law behaviour is obtained by examining the derivative of the resistivity data. 
Accordingly, we plot in figure 2 the quantity ( 2 T ) - ' ( A p / A T )  as a function of tempera- 
ture. The values of the derivative were obtained using pairs of next-nearest points of 
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Heavy carriers and non-Drude optical conductivity in MnSi
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The optical properties of the weakly helimagnetic metal MnSi have been determined in the photon energy
range from 2 meV to 4.5 eV using the combination of grazing incidence reflectance at 80° !from 2 meV to 0.8
eV" and ellipsometry !from 0.8 to 4.5 eV". As the sample is cooled below 100 K, the effective mass develops
a strong frequency dependence at low frequencies, while the scattering rate developes a sublinear frequency
dependence. The complex optical conductivity can be described by the phenomenological relation #($ ,T)
%&'(T)!i$("0.5.

DOI: 10.1103/PhysRevB.67.241101 PACS number!s": 78.20."e, 78.30."j, 71.27.!a, 71.28.!d

The weakly helimagnetic metal MnSi (TC#29.5 K) has
been the subject of intensive studies during the last 40 years.
In the helimagnetic phase, the resistivity has a T2 depen-
dence, which has been explained as resulting from a cou-
pling of the charge carriers to spin fluctuations.1 Recently,
interest has shifted to the quantum phase transition2 at a criti-
cal pressure of 14.6 kbar, where the Curie temperature be-
comes zero. The temperature dependence of the resistivity
outside the magnetically ordered region, at high pressures,
has been found to be proportional to T3/2 in a temperature
range far larger than that predicted by the so-called nearly
ferromagnetic Fermi-liquid theory !an extension of the
Fermi-liquid picture".2 This fact has suggested the non-
Fermi-liquid nature of MnSi in the normal state.2 Despite
these efforts in understanding the physics behind MnSi, few
attempts have been made to determine and understand its
optical properties. Measurements below TC of the far infra-
red normal incidence reflectivity indicated a remarkable de-
parture from the Hagen-Rubens law, usually observed in
metals.3 However, the high value of the reflection coefficient
close to the 100% line prevented a detailed analysis of the
frequency-dependent optical conductivity in this range. In
this Rapid Communication, we overcome this hurdle by us-
ing p-polarized light at a grazing angle of incidence of 80°,
for which the reflection coefficient drops well below the
100% line. We show that the frequency-dependent-scattering
rate and the effective mass deviate from the behavior ex-
pected for Fermi liquids which can be understood from the
fact that the optical conductivity is best described with an
expression that departs from the usual Drude model.
Single crystals were grown using the traveling floating-

zone technique.3,4 The temperature dependence of the resis-
tivity is shown in Fig. 1. Fitting the resistivity to )(T)
#)(0)!AT* in the temperature interval 4–23 K, we obtain
)(0)#1.85 *+ cm, A#0.021 *+ cmK"2, and *#2.1.
The resistivity increases more rapidly in the region between
23 K and the phase transition. For T$30 K, the resistivity
fits to )p(T)#&1/),!1/()!T)("1, with ),#286 *+ cm
and )!#1.62 *+ cmK"1. The remarkable accuracy of this
parallel resistor formula5 is further confirmed by the logarith-
mic derivative shown in the inset of Fig. 1. The tendency of
the resistivity toward saturation at a value ), for T→, is in

agreement with Gunnarsson’s result6 that the resistivity satu-
rates when the mean free path l#0.5n1/3d !roughly the Ioffe-
Regel limit", where n is the density of the electrons and d is
lattice parameter. Also, this indicates that if the temperature
saturation would be absent, the resistivity would be propor-
tional to T with a very high accuracy. These observations
stand in stark contrast to the T5/3 temperature dependence
predicted from the model of spin fluctuations in itinerant
electron magnetism.1
Grazing incidence reflectivity was measured in the range

20–6000 cm"1 using a Bruker 113v Fourier transform-
infrared spectrometer &Figs. 2!a" and 2!b"(. The temperature
dependence was measured using a home-built cryostat, the
special construction of which guarantees the stable and
temperature-independent optical alignment of the sample.
The intensities were calibrated against a gold reference film
evaporated in situ without repositioning or rotating the
sample holder. In the range 20–100 cm"1, we measured the
temperature dependence of the grazing reflectivity with 0.5

FIG. 1. dc resistivity as a function of temperature !solid curve".
The open symbols represent )p(T)#&1/),!1/(AT)("1, with ),

#286 *+ cm and A#1.62 *+ cmK"1. Top left inset: dc resistiv-
ity below 30 K !dots" and fit to )F(T)#)(0)!AT*. Lower right
inset: Temperature dependence *(T) of the exponent in )(T)
#)(0)!AT* !solid curve". The open symbols represent
d ln )p /d ln T.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 67, 241101!R" !2003"

0163-1829/2003/67!24"/241101!4"/$20.00 ©2003 The American Physical Society67 241101-1

MnSi 
 
FP Mena et al 
PRB 67 (2003) 
Fit: T2.14 

 
 

VOLUME 87, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 26 NOVEMBER 2001

far-infrared reflectance was measured with light polarized
along the c axis of the crystal at temperatures ranging
from 0.4 to 90 K using a Martin-Puplett-type polarizing
interferometer and a helium-3 cryostat. The midinfrared
reflectance was measured using a continuous-flow cold-
finger cryostat and a Bomem-Michelson interferometer for
frequencies up to 6000 cm21. In both cases an in situ gold
evaporation was used to obtain the absolute reflectance
[7]. High-frequency extensions to enable Kramers-Kronig
analysis to obtain the optical conductivity were taken from
previous data obtained using the same sample [5].

The main part of Fig. 1 shows the dc resistivity of the
sample within the ab plane and along the c axis. For com-
parison the c-axis result of Ref. [6] is also shown. The
lower inset shows the in-plane transition to the supercon-
ducting state. The transition is rather broad and begins
at nearly 3 K, which is enhanced over the intrinsic 1.5 K
TC of impurity-free Sr2RuO4. Furthermore the tempera-
ture dependence of the c-axis dc resistivity is very differ-
ent from that of Ref. [6] and appears to follow the general
trend of the ab plane. The in-plane residual resistivity
(lower inset) is beyond the range where superconductivity
survives in pure Sr2RuO4 which experiences a strong sup-
pression in TC due to nonmagnetic impurities [8]. Also,
the anisotropy between the ab plane and c-axis resistiv-
ity is an order of magnitude lower than in Ref. [6]. These
observations lead us to conclude that the sample we have
investigated is of the so-called “3 K phase” which has an
enhanced TC due to embedded microdomains of Ru metal
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FIG. 1. The dc resistivity of the 3 K phase of Sr2RuO4 mea-
sured along the c axis (solid curve) and within the ab plane
(open circles). The upper inset shows that the c-axis resistivity
exhibits a T2 dependence below approximately 30 K. The lower
inset shows the ab-plane transition to the superconducting state.
The dashed curve (main figure) shows the c-axis resistivity of
pure Sr2RuO4 given in Ref. [6].

[9]. Our results have a similar temperature dependence to
those of Ando et al. [10].

Unlike c-axis resistivity measurements where the cur-
rent path in the normal state is dominated by the Ru mi-
crodomains connected by the in-plane transport path, the
optical absorption, A, for light polarized along the c-axis
will be dominated by the intrinsic interplane transport of
the 3 K phase of Sr2RuO4. Since the Ru lamellae are ap-
proximately 1 mm thick along the c axis and are sepa-
rated by approximately 10 mm [9] they will account for
approximately 10% of the crystal surface encountered by
the c-axis polarized light. However, Ru is a good metal
with high conductivity, and thus the contribution from the
Ru lamellae to the total c-axis absorption will be far less.
The c-axis reflectance, 1 2 A, of Sr2RuO4 is shown in
the far-infrared in Fig. 2(a). At the highest temperatures
the reflectance below 150 cm21 begins to rise towards
unity. With decreasing temperature, as the interplane trans-
port becomes increasingly more coherent, this general rise
evolves into a plasma edge around 70 cm21. The normal
state presence of this plasma edge is qualitatively different
from the situation in the cuprates where it is an immedi-
ate consequence of entering the superconducting state and
has been associated with Josephson tunneling conduction
along the c axis [11]. The rising reflectance at the high
frequency end of the spectrum is due to an optical phonon
near 200 cm21. The inset shows a detail of the reflectance
at low frequencies above and below TC. Beyond 50 cm21

the two curves were indistinguishable.
Using Kramers-Kronig relations, the complex con-

ductivity was obtained from the reflectance. The real
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FIG. 2. The far-infrared c-axis (a) reflectivity and (b) optical
conductivity with phonon features subtracted, of the 3 K phase
of Sr2RuO4 at several temperatures. The inset to (a) shows
a low-frequency detail of the difference observed between the
normal and the superconducting state reflectance.
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CHAPTER 7. MICROWAVE MEASUREMENTS ON UPd2Al3

spin-flip scattering. For temperatures below 4 K the resistivity follows a T 2-

behavior [149] that is taken as an indication of Fermi-liquid behavior, and finally

the system reaches the superconducting state at 2 K. This general behavior is

found for the thin-film as well as the single-crystal data, and also their absolute

resistivities roughly correspond.

Figure 7.2: Low-temperature dc resistivity of UPd2Al3 thin film sample
UPA233c with Fermi liquid and gapped antiferromagnet model
fits. The inset shows the quadratic temperature dependence as
predicted by Fermi liquid theory.

The sample quality is often expressed using residual resistivity ratios. Com-

paring the resistivity at 300 K either to that at 2 K right above the superconduct-

ing transition or to that at 0 K by use of an extrapolation (see below), for the

particular UPA233c sample one obtains R300K/2K = 30 or R300K/0K = 40, respec-

tively. These values are extremely high for thin film samples [154, 155, 157, 158],

whereas the highest-quality single crystal has R300K/0K = 104 [152].

For the later discussion concerning Fermi liquid behavior in Section 7.4.1,

the low-temperature resistivity is of particular interest. For a Fermi liquid the

144

U2Pd2Al3 
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(2004) 
 
Fit: T2 

A.H.MacDonald etal., PRB 23 (1981):  Phonon-mediated interaction dominates in Li, K, Na.



however, can also be understood if polaronic transport is
considered. As described for crystalline semiconductors,18
there are three different regimes of transport. At low tem-
peratures, the electrons are bound and an activated resistivity
is observed (! decreases as T increases", at higher tempera-
tures a polaronic band is formed, and a small polaron metal-
lic transport is observed. The heavy particles are scattered by
phonons and thus the resistivity increases with increasing
temperature. Above 1/2#D , where #D is the Debye tem-
perature, the mean free path is smaller than the lattice spac-
ing and hopping conduction is observed, ! decreases again
as T increases. The data shown in Fig. 2 are consistent with
this scenario assuming that the latter hopping high tempera-
ture regime is masked by changes in oxygen stoichiometry
discussed above.
To better understand whether the observed behavior is

related to polaronic transport, we focused our attention to the
‘‘metallic’’ region which extends over a temperature range
that is large enough to perform a detailed fit to the data. For
polaronic transport in the metallic regime19 the Hall constant
should take the form:

RH!
$!

en , %1"

where e is the electron charge, n the carrier density, and $!

a constant close to 1 implying that the Hall constant is es-
sentially probing the carrier concentration. If small polaron
metallic conduction is considered, the resistivity should take
the form:19

!%T "!%&2/ne2a2tp"
A

sinh2%&'0/2kBT "
%2"

assuming only one low lying optical mode '0 with strong
electron phonon coupling. In the above formula, a is the
lattice constant, A is a constant depending on the electron-
phonon coupling strength and tp is the hopping integral of
polarons. Figure 3 shows the resistivity as a function of tem-
perature between 4 and 300 K for a 22.0 nm thick film with
n!1022 cm"3. The line on Fig. 3 is a fit to:

!%T "!!0#C/sinh2%&'0/2kBT ". %3"

As can be seen, the fit is excellent with !0!0.20 m( cm,
C!2.3 )( cm, and &'0 /kB!80 K.20 The interesting point
is that the phonon frequency obtained from the fit is very
similar to the one extracted by Zhao et al. from their own
resistivity fits on La1"xCaxMnO3. This soft mode seems to
be characteristic of the tilt/rotation of the oxygen octahedra
in perovskite materials. In LaTiO3, Raman data21 gives clear
evidence for the existence of a soft mode at an energy of
about 100 K, reinforcing substantially our interpretation of
the resistivity data. Additionally, if small polarons transport
is the correct interpretation of the resistivity data, it would
allow to unify the picture emerging from transport and pho-
toemission experiments. These results thus strongly suggest
that the physics at intermediate doping levels in
La1"yTiO3#* is dominated by electron-phonon interactions
and not by electron-electron correlations. Comparing the
data on La1"yTiO3#* and on La1"xCaxMnO3 suggest that
there is some universality in the transport properties of me-
tallic perovskite systems. This universality being related to
the existence of a soft mode, intimately related to the struc-
ture of the perovskites and the proximity of these systems to
ferroelectricity. Although difficult experimentally, growing
materials closer to the Mott insulating state and studying
their transport properties is important to probe the range over
which transport is dominated by polaronic effects. Finally,
we notice that if the phonon modes of a perovskite, in a
bilayer or trilayer stack, are not confined, they will affect the
scattering rates in the adjacent layers. This is essentially in-
dependent of whether that perovskite is metallic or not. In-
sulating perovksites with a high dielectric constant are cur-
rently being investigated as replacement gate oxides for SiO2
in CMOS devices.22 However, so far the reported p- and
n-mobility23 remained below those currently achieved with
SiO2, which might be precisely related to the phenomenon
discussed in this paper.
In conclusion, we have grown epitaxial films of the doped

Mott insulator La1"yTiO3#* compounds. The transport
properties of these films, including Hall effect and resistivity
have been studied. At low temperatures the resistivity always
increases as the temperature is decreased suggesting an insu-
lating ground state. At higher temperatures a metallic regime
is observed. The resistivity behavior can be perfectly ex-
plained if small polaronic metallic transport is assumed with
a dominant optical phonon mode with &'0!80 K. This
mode, observed in Raman experiments on LaTiO3, seems
also to dominate the transport properties of colossal magne-
toresistance compounds. Our results and analysis strongly
point to a physics at intermediate doping levels in
La1"yTiO3#* dominated by electron-phonon interactions
and not by electron-electron correlations.

We thank G. Zhao for useful discussions on polaronic
transport. This work was supported by the Swiss National
Science Foundation.

FIG. 3. Resistivity of a LTO 22 nm thick film with n
!1022 cm"3. The continuous line is a fit of the resistivity to a
polaronic conduction mechanism. Details of the fit are discussed in
the text.
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FIG. 1. (a) The zero-field resistivity r!T" of the thin films
La12xCaxMnO3 with x ! 0.25 and 0.40. (b) Low-temperature
resistivity r!T" of the x ! 0.25 film in zero and 4 T magnetic
field.

clearly from Fig. 2b where only the data below 40 K are
shown. Even the best power-law fit with n ! 2.24 de-
viates from the data substantially below 20 K where the
resistivity is nearly temperature independent.
Alternatively, one should consider a contribution from

electron-phonon scattering. At low temperatures, the
acoustic phonon scattering would give a T5 dependence,
which is not consistent with the data. Recently, Alexan-
drov and Bratkovsky [6] have proposed a theory for colos-
sal magnetoresistance in doped manganites. Their model
predicts that polaronic transport is the prevalent conduc-
tion mechanism even below TC . This has been partially
supported by the low-temperature optical data which re-
veal a small coherent Drude weight and a broad incoherent
spectral feature [13,14]. If their model is relevant, the
temperature dependence of the resistivity at low tempera-
tures should be consistent with small-polaron transport.
Although a theory of small-polaron conduction at low

temperatures was worked out more than 30 years ago [15],
no experimental data have been used to compare with the
theoretical prediction. The theory shows that [15], for
kBT , 2tp , the resistivity is given by

r!T " ! !h̄2#ne2a2tp" !1#t" , (1)

where tp is the hopping integral of polarons, n is the car-
rier density, a is the lattice constant, and 1#t is the relax-
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FIG. 2. (a) Resistivity r!T" vs T 2 for x ! 0.25. (b) Resis-
tivity r!T" vs T for x ! 0.25. The solid and dashed lines are
the curves for the best T 2 and power-law fits to the data below
80 K, respectively.

ation rate

1#t !
X

a

Aava# sinh2!h̄va#2kBT" , (2)

where va is the average frequency of one optical phonon
mode; Aa is a constant, depending on the bare conduc-
tion bandwidth and the electron-phonon coupling strength.
From the above equations, one can see that only the low-
lying optical modes with a strong electron-phonon cou-
pling contribute to the resistivity at low temperatures due
to the factor of 1# sinh2!h̄va#2kBT ". As discussed below,
among the low-lying optical modes, only the softest optical
phonon branch that is related to the tilting of the oxygen
octahedra is strongly coupled to the carriers. The high-
frequency phonon modes such as the Jahn-Teller modes
also have a strong coupling with carriers, but these modes
have negligible contributions to the resistivity below 100 K
due to the exponentially small factor in Eq. (2). By in-
clusion of impurity scattering, the total resistivity at low
temperatures is

r!T " ! r0 1 Evs# sinh2!h̄vs#2kBT" , (3)
where vs is the average frequency of the softest optical
mode, and E is a constant, being proportional to the effec-
tive mass of polarons.
In Fig. 3, we show the low-temperature resistivity r!T "

for x ! 0.25 and 0.40 films. The data can be well fitted

6087

La1-xCaxMnO3 
G. Zhao et al.  
PRB 84  (2000) 

Small polarons:

ρ(T ) = C
sinh2 ω0 / 2kBT( )

   

V.N.Bogomolov et  al, 
Sov. Phys. Solid St. 9 (1968)
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etry will change electronic properties near the metal-
nonmetal phase boundary [5-8]. Careful precalcining of
La203 (source of La) and a fairly strong reducing condi-
tion (40% H2i'Ar) prevented the La deficiencies and extra
oxygen. The presently prepared LaTi03 shows a nonme-
tallic behavior over all temperatures below 300 K, as
shown in the inset of Fig. -1, with T~ =138 K. Thermo-
gravimetric analysis showed the effective Ti valence of
3.02 for the insulating x =1 sample and the oxygen off-
stoichiometry less than 2% of the total oxygen content for
the Sr-substituted samples. The insulating state in La-
Ti03 was confirmed to be amenable to the hole-doping
procedure by the partial substitution with Sr as seen in
the metallic behavior (the inset of Fig. 1) of
Sro o5Lao 95Ti03 (x =0.95).
Temperature dependence of the resistivity (p) in me-

tallic compounds Srl —,La Ti03 is shown in Fig. 1, where
p —po is plotted against the square of the temperature
(T ). The residual resistivity po in the metallic com-
pounds is ca. 2x10 Qcm for the x=0.5 sample and
(5-7) && 10 0 cm for 0.6 (x (0.95. The metallic be-
havior persists in the samples with the lower filling of
x (0.5 (not shown in the figure), yet the samples with
x (0.1 show some carrier localization eA'ect [7], perhaps
due to poor shielding of the impurity (La +) potential by
low carrier density. Notably, the temperature dependen-
cies of resistivity in the metallic region are well charac-
terized by the relation p =po+AT, over a wide tempera-
ture region (at least up to 200 K). The quadratic tem-

perature dependence of resistivity is reminiscent of the
strong electron-electron scattering process which seems to
predominate the electron-phonon scattering process. The
coeScient A increases conspicuously with filling as the
x =1 Mott insulator is approached in spite of comparable
values of po. Such a filling-dependent behavior signals a
systematic change of the scattering rate and the effective
mass of carriers (vide infra). Incidentally, the increase in
the T coe%cient of the resistivity as the metal-insulator
transition is approached has also been observed in V203
(Ref. [9]) where pressure rather than the filling control
was used to drive the system through the transition.
To estimate the carrier concentration and its filling

dependence in Sr i — La Ti03, we have measured the
Hall coeScient. The inverse of the Hall coe%cient RH '

is plotted against x in Fig. 2. In the metallic region, at
least for 0. 1 ~ x ~ 0.95, the Hall coe%cient was observed
to be negative (i.e., of electron type) and nearly tempera-
ture independent as exemplified by respective values mea-
sured at 80 K (closed circles) and 173 K (open circles) in
Fig. 2. The absolute value of RH varies linearly with x
up to at least x =0.95. Thus estimated carrier density as
a function of x is in excellent agreement with the simple
prediction (indicated by a straight line) assuming that
each substitution of a Sr + site with La + supplies one
electron-type carrier per Ti site. [The change of unit cell
volume Srl — La„Ti03 is small (less than 4%) and may
be neglected in the following discussion. ] In other words,
the 3d band filling x gives a previse measure of the car-
rier density in the metallic phase of Sr~ La Ti03 even
in the composition region close to the insulating end
(x =1). The observed behavior implies existence of the
Fermi surface which satisfies the Luttinger sum rule. In
particular, in the metallic region near x =1, the com-
pound must show a large Fermi surface as expected for
the noninteracting electrons and not the small one typical
for holes doped in the insulator. The simple behavior of
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FIG. 1. Temperature (T) dependence of resistivity (p) in
Srl —„La„Tio3. p is plotted vs T . The inset shows p vs T plots
in the nonmetallic x =I (LaTi03) and metallic x =0.95 sam-
ples.

FIG. 2. The filling (x) dependence of the inverse of Hall
coetlicient (RH ) in Srl —„La„Ti03. Open and closed circles
represent the values measured at 80 K and 173 K, respectively.
A solid line indicates the calculated one based on the assump-
tion that each substitution of a Sr + site with La + supplies the
compound with one electron-type carrier per Ti site.
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Mobile charge carriers 
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The charge carriers are Fermions 
  

Mass renormalization: m*/mLDA~2.5  
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ε*F < ω0 :  Anti-adiabatic limit  
 
  
Fermi liquid of polarons 
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Baber scattering  (Proc. R. Soc. A 158, 383 (1937)) mediated by phonons 



Quantitative agreement with experimental T2 dependence 





The “physical minimum” that a physicist should know about. Vitaly Ginzburg's 
list of 30 subjects for the beginning of the 21st century: 
 
1. Controlled nuclear fusion. 
2. High-temperature and room-temperature superconductivity. 
3. Metallic hydrogen. Other exotic substances. 
4. Two-dimensional electron liquid (the anomalous Hall effect and other effects). 
5. Some questions of solid-state physics (heterostructures in semiconductors, quantum 
wells and dots, metal-dielectric transitions, charge- and spindensity waves, 
mesoscopics). 
6. Second-order and related phase transitions. Some examples of such transitions. 
Cooling (in particular, laser cooling) to superlow temperatures. Bose-Einstein 
condensation in gases. 
7. Surface physics. Clusters. 
8. Liquid crystals. Ferroelectrics. Ferrotoroics. 
9. Fullerenes. Nanotubes. 
10. The behavior of matter in superstrong magnetic fields. 
11. Nonlinear physics. Turbulence. Solitons. Chaos. Strange attractors. 
12. X-ray lasers, gamma-ray lasers, superhigh-power lasers. 
13. Superheavy elements. Exotic nuclei. 
14. Mass spectrum. Quarks and gluons. Quantum chromodynamics. Quark-gluon 
plasma. 
15. Unified theory of weak and electromagnetic interactions. W± and Z0 bosons. 
Leptons. 
16. Standard Model. Grand unification. Superunification. Proton decay. Neutrino mass. 
Magnetic monopoles. 
17. Fundamental length. Particle interaction at high and superhigh energies. Colliders. 
18. Nonconservation of CP invariance. 
19. Nonlinear phenomena in vacuum and in superstrong magnetic fields. Phase 
transitions in a vacuum. 
20. Strings. M theory. 
21. Experimental verification of the general theory of relativity. 
22. Gravitational waves and their detection. 
23. The cosmological problem. Inflation. The L term and “quintessence.” Relationship 
between cosmology and high-energy physics. 
24. Neutron stars and pulsars. Supernova stars. 
25. Black holes. Cosmic strings(?). 
26. Quasars and galactic nuclei. Formation of galaxies. 
27. The problem of dark matter (hidden mass) and its detection. 
28. The origin of superhigh-energy cosmic rays. 
29. Gamma-ray bursts. Hypernovae. 
30. Neutrino physics and astronomy. Neutrino oscillations. 





Hole doping phase diagram 
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 Interaction in n-type STO: mediated by phonons 
 

This interaction gives a strong T2 contribution to ρ(T) 
 

 Tc < 1 Kelvin  
                        Normal state: Fermi liquid of unpaired polarons 

 
Phonon part of the story is not so different for cuprates, but 

the physics of the cuprates is dominated by strong 
correlations 

 
Underdoped cuprates: 1/τ(ω,T)=ω2+(pT)2 
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E. van Heumen et al. , Physical Review B 79, 184512 (2009) 
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Figure 3 |Dispersion, linewidth and intensity of the magnetic excitations. a, Experimental magnon dispersion along the 100 direction in antiferromagnetic
Nd1.2Ba1.8Cu3O6 at T = 15 K, fitted using the spin-wave dispersion of a bilayer from ref. 16 (thick red line). The dashed lines are the acoustic (black) and
optical (red) spin-wave dispersions calculated using the fitting parameters. The grey area represents our energy–momentum resolution. Inset: relative
intensities of the acoustic and optical magnons for our scattering geometry. b, Experimental magnon dispersion along the 100 direction in
antiferromagnetic Nd1.2Ba1.8Cu3O6, underdoped Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7 at T = 15 K. Low-frequency INS data
recorded along the 100 direction from QAF for YBa2Cu3O6.6 have been added34. Lines are guides to the eye. c, HWHM of magnetic excitations in
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and YBa2Cu3O7. d, Integrated inelastic intensities. The error bars reflect the accuracy of the fitting procedure
detailed in Supplementary Information.

uncertainties associated with previous attempts to extract Jk by
extrapolating lower-energy INS data on doped cuprates30–33. On
approaching the 0 point (Qk = 0), we observe that the dispersion
is steeper in the doped compounds than in NdBCO6. Despite the
fact that 0 and QAF are no longer equivalent in the absence of
magnetic long-range order, the RIXS data obtained on YBCO6.6
nicely extrapolate to the low-energy ‘hour-glass’ dispersion around
QAF previously extracted from INS data on samples prepared in
an identical manner (Fig. 3b; ref. 34). The RIXS data on YBCO6.6
are also consistent with recent high-energy INS data on YBCO6.5
(ref. 33,35). The combined RIXS–INS data set on YBCO6.6 indicates
the presence of an inflexion point in the dispersion of the magnetic
excitations. We note that the situation seems somewhat different
for YBa2Cu4O8, where the energy of the magnetic excitations close
to the zone boundary is significantly reduced compared with the
other systems (⇠210meV instead of⇠300meV), and the dispersion
is flatter than in NdBCO6. This may reflect different values of Jk and
J? in this system, and deserves further investigation.

The intrinsic HWHM of ⇠200meV of the inelastic signal ex-
tracted from our data (Fig. 3c) is much larger than the instrumental
resolution and comparable to the magnon energies, indicating

strong damping by Stoner excitations. The damping rate does not
change substantially with Qk or with doping. Finally, whereas it is
not yet possible to obtain absolute magnetic intensities from RIXS
data, we can extract the relative intensity of the RIXS profiles by in-
tegrating the inelastic signal in the MIR region (see Supplementary
Information). Remarkably, the integrated intensity obtained in this
way is conserved on doping from the antiferromagnetic insulator
to the slightly overdoped superconductor.

We have thus demonstrated the existence of paramagnons, that
is, damped but well-defined dispersive magnetic excitations, deep
in the Stoner continuum of cuprates with doping levels beyond
optimal doping. Their spectral weights are similar to those of
spin waves in the undoped, antiferromagnetically ordered parent
material. These excitations have thus far not been observed by
INS due to the much less favourable counting rates and signal-to-
background ratios in INS experiments on doped cuprates3,6–12,30–34.

To obtain insight into the origin of this surprising observation,
we have carried out exact-diagonalization calculations of the t–J
Hamiltonian with the exchange coupling constant J = 0.3t (t is the
nearest-neighbour hopping) on finite-sized clusters, following the
method proposed in refs 36–38. We used clusters with 18 and 20
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DC transport in n-type SrTi1-xNbxO3 
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