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Normal state experiments in high TC superconductors have given a
rich and very confusing story. The confusion stems from the
sensitivity to processing history and other sample-dependent effects,
from the intrinsic richness of phenomena available in these systems,
and from the difficulty of reconciling the unexpected phenomena with
any single unifying theory. Most of the data, from pressed powder
("ceramic") samples, represent an exceedingly complicated and
sample~dependent average of the different tensor components of the
microscopic transport coefficients. Therefore we shall focus on
single crystal results whenever possible. The experiments to be
discussed are

1. Resistivity
Hall coefficient
Thermopower

Magnetism

oW

Ultrasound

6. Thermal conductivity. This is also nicely reviewed by
Fischer, Watson, and Cahill,! who also review specific heat and
electrical resistivity;

7. Electrodynamics
I. Resistivity

Most high Tc superconductors are orthorhombic and thus have 3

independent tensor components for the resistivity, Pysc = Par pyy =
Py P, P We use a notation where the CuO2 planes lie in the ab
or xy plane, and the CuO chains (in YBa2Cu307) lie in the b or y
direction. However, almost all orthorhombic crystals are
microtwinned, so that only an average of P, and Py (called pab) can
be measured. It is suspected that Py and Py will differ by less than
a factor of 2, so the in-plane average should not be far from an
arithmetic mean (pa+pb)/2. By contrast, P is typically larger by a

factor of 50 or more.
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For homogeneous single-phase samples which are superconducting,
the following general features are seen in the normal-phase

temperature dependence:

(i) Pab is "metallic” with dpab/dT positive and comparable to
pab/T.

(ii) P, is larger by ~10? and usually "non-metallic" (dpc/dT < 0).

(iii) Pab is surprisingly close to linear in T, and the
extrapolated value pab(Tzo) is close to zero.

(iv) The slope dpab/dT is large, ~0.5-1.0 pflem/K, corresponding to
room-temperature resistivities of 150-300 uQcm. However, variations
of a factor of 2 or more in slope are commonly seen from sample to
sample, reflecting problems such as microcracks or inhomogeneities
which diminish the effective conducting cross-sectional area,
problems with attaching leads, or possibly other factors.

These four observations will now be illustrated with data selected

from the literature. Figure I.1 shows resistivity? of the

non-superconducting "parent” compound La2Cu04, an antiferromagnetic

pl(mQ cm)

Fig. I.1 p_,. {denoted p,) and p (denoted p ) of insulatin
ab I c L 2

La20u04 from Ref. 2. The inset shows Py OR 2 linear

scale.
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insulator. At 300 K, Pt is 1.3 x 10% pQcm, and Py is larger by a
factor of 300. Both directions show a dramatic increase in p(T) at
low temperatures. This is interpreted? as a crossover from diffusive
transport at high temperature to strongly correlated variable range
hopping at low temperature. Good homogeneous single crystals of
superconducting LaZ“XMXCuO4 (vhere M = Ca, Sr, Ba) have been hard to
grow, and fewer single-crystal resistivity data are available.

Figure I.2 shows results for pab(T) from Suzuki and Murakami® in a

sample which is superconducting at 12 K.
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Superconducting single crystals of the family MBa CUBO7 5 ATe more

2

common, where M = Y or various Lanthanides, and & is most often ~ O.

Figure 1.3 shows single crystal measurements by Penney et al.% on

YBa2Cu307.

crystals. The one with the higher Tc shows a lower p b’ both in
al

Notice that there are two pab(T) curves on two different

slope (~0.7 pfliem/K) and in extrapolated pab(T = 0) (~20 pflcm)
compared with the lower TC crystal (~1.5 uflem/K). By contrast,

consider the results of Stormer et al.5 on oriented thin films, shown
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Fig. 1.2 pab(T) from Ref. 3, measured on a single.crystal thin
film of La1'92Sr'08Cu04.
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in Fig. 1.4. Here the "best” sample (as measured by Tc and critical

current density) has the lowest resistance ratio (3.4 for sample 1 as
opposed to 5.4 for sample 6) as well as the highest p(300 K)
(233 pfQcm, similar to the better sample in Fig. 1.3, for sample 1,
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Fig. I.4 p(T) for oriented thin films of YBaZCu307, from Ref. 5.
Presumably the results are very similar to pab(T) of
single crystals. Samples numbered 1 through 6 have

decreasing values of TC and jc.
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compared to 151 pflecm for sample 6.) Furthermore, the best sample
(No. 1) has an extrapolated p(0 K) of O uQcm, whereas the worst
sample (no. 6) has an extrapolated p(0 K) = -30 pQcm.

More recently, single-crystal data for other layer structure
CuO-based superconductors have become available. Figure 1.5 shows
results by Martin et al.® for an untwinned orthorhombic crystal of
BiZSr2‘ZCaO_8CU208 with Tc ~ 81 K. Three unusual features should be
noted: (i) The anisotropy pc/pa and pc/pb is extremely large, nearly
105. This reflects the large spacing of 12 A between CuO layers in
the crystal structure. (ii) The "non-metallic" behavior de/dT <0
is almost absent. (iii) P, and Py, exhibit quite linear temperature
dependences, with anisotropy pa/pb ~ 1.5-2.0 and extrapolated T = 0O
intercepts pb(O) ~ +5 uflem and pb(O) ~ =15 pflem.  The average slope,
dp_, /dT, is 0.46 pQen/K.

ab’
4
T l |
Bir Sry 5 Cagg Cu,yOg
3 -
>-
=
=
[
®w 2 I
)
L
o
. —
0
0 100 200 300 400 500 600 700

Fig. 1.5 ; g y i 5
ig pa(1). pb(F). and pc(T) for 312Sr2‘2CaO‘SCu208 as

measured in Ref. 6.



220

Perhaps the most striking aspect of these data is the surprising
degree of linearity of pab(T)' The linearity persists up to 600 K as
shown in Fig. 1.5, and has been followed up to 1100 K in La?_XSrXCuO4

and 800 K in YBaZCUBO7 by Gurvitch and Fiory.7 Of course, conven-
tional metals also have linear p(T) curves at higher temperature

where the cross section o x <u?> (for scattering degenerate-electron
quasiparticles from lattice displacements u) goes as n + 1/2 (where n

is the Bose occupation factor), which equals (kBT/hu) (1+1/12

(hw/kBT)2 +...) at high temperature. Actually, it is not general ly
appreciated at how low a temperature the Bloch~Gruneisen resistivity

begins to appear linear. This linear resistivity is partly due to

the factor of 1/12 and is partly due to other factors. A good

example is rhenium,8 shown in Fig. I1.6. These data show the typical

weak anisotropy of an hcp metal, and the typical linearity down to

T ~ 75 K, in spite of a high GD ~ 420 K (derived from elastic

constants.) The slope (dp/dT ~ 0.065 pQem/K) and linearly

extrapolated intercepts (p(0 K) ~ -3 pflem), are typical of good

metals (i.e. metals with propagating electronic quasiparticles,

having room-temperature mean free path Z 20 A.) Therefore, it is

certainly not correct to cite the linear p(T) behavior as a priori

evidence for unusual physics. In particular, pab(T) for ‘

La CuO4 shown in Fig. 1.2 has just the kind of deviation

1.92570. 08
from linearity expected in ordinary metals, and Bloch-Gruneisen-type
fits have been made® to the data of Figs. 1.2 and I.3.

Nevertheless, there are reasons for arguing that the linear p(T)
is very unusual, and weaker but still plausible reasons for supposing
that the extrapolated T = O value p(0 K) ~ O is in fact "intrinsic"
(i.e. characteristic of the best samples). These reasons have been
presented by Stormer et al.® based on the data of Fig. 1.4 and a
correspondingly unusual temperature-dependence of the Hall

coefficient (to be discussed in the next section.)

A critical test would be to discover metallic samples where p(T) Fig.

can be measured to much lower temperatures, to search for curvature
of p(T), which would be expected for a conventional phonon scattering

mechanism. Such a material has been studied by Xiao et al.10 and is

o (106Q-cm)

1.6

300
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pab(T) (denoted as pl) and pC(T) (denoted as p“) for Re

metal,

from Ref. 8.
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shown in Fig. I.7. It is striking that in the best superconductors
(with composition near BiSrCuOy) the p(T) curve is linear down to

TC ~ 7 K. The absolute values of p{300 K) in these polycrystalline
samples are 2-3 x 103 pQem, much higher than pab(BOO K) of single
crystals of other superconductors, but typical for polycrystalline
metals. The value of A is remarkably close to zero in good samples.
However, the occurrence of negative values of A in extrapolated cases
is not easy to understand unless the intrinsic p(T) behavior is a
highly nonlinear function of T at low T.

However, counter-examples can be found. For example, Torrance
et al.ll have studied various metallic but non-superconducting
compounds based on CuO and find ordinary-looking curved p(T)
behavior. However, their best data were obtained from a compound
La4BaCu5013 which does not have a layer structure. Less easily
explained away is a measurement by Cheong et al.!? on a single
crystal of Lal__XSrXCUO4 (x ~ 0.02), shown in Fig. I.8. pab(T)
appears to have a small low-temperature linear slope, and a fairly
ordinary upward curvature.

It has not been easy to find a theoretical explanation for an

R(T)/R(287K)

intrinsic linear behavior of p(T). Zou and Anderson!3 gave a
plausibility argument based on RVB theory, but their argument has
received criticism.14 If the behavior is intrinsic, it may not be
limited to CuO systems. Gurvitch’ has pointed out that similar
behavior was seen!® in NbO. Figure 1.9 shows p(T) for various

polycrystalline samples of cubic NbO in the range 77 K < T < 900 K.

Except for being smaller in magnitude by a factor 2-10, the p(T) data 0

for this low~TC oxide are very reminiscent of the best data for
highmTc CuO systems. The data are also quite reminiscent of the
behavior of conventional Fermi liquid metals like Re (Fig. 1.6).
Another low TC oxide superconductor is spinel-structure L11+xT12—xO4'
Resistivity datal® for ceramic samples are shown in Fig. I.10. Again

the data are reminiscent of the high—Tc Cu0 superconductors, except

Fig.
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Fig. 1.8 pab(T) for LaZSrCu2O6 from Ref. 12.

that data on hig&ETc samples with good metallic conductivity
(p < 103 pQcm) are not available.

A second question which the single crystal p(T) data raise is
whether the rapid increase as temperature 1is lowered at low
temperature is intrinsic, and how to explain it. Zou and Anderson!3
offered an explanation for intrinsic Py~ 1/T behavior from RVB
theory. Very often data fit well the form pc(T) = A/T + BT where the
term BT is interpreted as arising from defect-related short circuits
of the barriers between CuO2 planes. This is illustrated in Fig.
1.11, which shows data by Hagen et al.l7 plotted as pc(T) versus T2.
However, Iye et al.l8 have reported on some samples where pc(T) lacks
completely the A/T term, and these are presumed to be the best
annealed crystals. These data are shown in Fig. I.12. Ossipyan

et al.l9 have also seen "fully metallic” behavior of pc(T).
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Fig. 1.9 p(T) for cubic NbOX from 77 to 900 K and various oxygen

stoichiometries near x = 1 (from Ref. 15).

If dpc/dT < 0 at low temperature is not intrinsic as Iye suggests,
then this behavior may indicate incipient strong or weak localization
in the c~direction. This explanation has not found immediate
theoretical support. At T = O K, strong localization in the
c-direction is inconsistent with delocalization in the ab plane.
Impurity fluctuations in the hopping matrix element tc will always
permit the wave function to couple better to adjacent planes at

certain "hot spots," destroying strong 1D localization.
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Fig. I.11 pc(T) for five single crystals of YBaZCUBOT’ plotted as

p,T versus T2 (from Ref. 17).

Finally, it is worth comparing such behavior with that of a more
conventional layer-structure superconductor. Single crystal data?0
for the hexagonal-structure, 2.5 K superconductor 4Hb-polytype of
TaS2 are shown in Fig. I.13. The metallic behavior of Pot and
non-metallic pc(T) are quite similar to that of CuO superconductors.
At T < 25 K, the sharply rising pC(T) stops rising and seems to
saturate, consistent with weak localization.

A third issue raised by the p(T) data is the absence of
"saturation” effects. Many metallic d-band compounds are known where
p(T) appears conventional (i.e. Bloch-Gruneisen-like) at low
temperature, but approaches approximately a constant high temperature

value, P ~ 150 pflem.  This was first empbasized by Fisk and

at
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Fig. 1.12 pab(T) and pc(T) for a single crystal of YBa?CUBOT. The

two sets of data are obtained from different combinations
of contacts. Note that pC(T) is linear in T (from Ref.
18).

Webb,21 and their data for Alb-structure metals is shown in Fig.
I.14. The phenomenon does not depend on whether the metal is a good
(like Nbgsn) or bad (like Nbssb) superconductor, only on the fact
that p is large.?! It is apparent that the carriers at low tempera-
ture have a fairly large mean free path, permitting a conventional
Fermi liquid analysis, whereas at high temperature the scattering is
so strong that the mean free path is { 3 A. In this regime, wave
vectors, velocities, and mean free paths can no longer be properly
defined. The experimental observation is that p(T) saturates in this
regime, and this is often explained by the statement that the mean
free path cannot become any shorter than ~3 A, so the resistivity
must cease growing. In fact, there is no good theory to explain

this.?2 The downward curvature of Py, in Ta32 (Fig. 1.13) is
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Fig. 1.13
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Pab (denoted as p|) and pc(T) (denoted as pl) for a
single crystal of 4Hb«TaS2 (from Ref. 20).

strongly suggestive of saturation with Peac ™ 400 pflcm.  The question

is, why are very similar effects not seen in CuQ superconductors? In

fact, such effects probably are seen in samples where alloying has

disordered the Cu09 planes.

ceramic samples of YBaz(Cul_

XGax)307.

Figure I.15 shows p(T) data?3 for

As x increases to 0.07, p has

increased in magnitude by a factor of 2-3 at room temperature, and

downward curvature is starting to be noticeable.

The crossover point
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(from Ref. 21).

where deviations from Bloch-Gruneisen behavior start to be seen is
typically 10 KA. This suggests that pure YBa2Cu307 has a mean free
path at 300 K of ~ 30 A. This is consistent with the observed’ lack
of saturation up to 800 K in pure samples. Such a long mean free
path is surprising in a high Tc material, since most scenarios derive
superconductivity from interactions between quasiparticles, and these
interactions should cause scattering.

If we assume a mean free path £ ~ 30 X at 300 K in YBa2Cu307, and
take quite a low value, pab(SOO K) ~ 220 pfiem, we can estimate the
number of carriers by a crude argument. We write p = hkF/ne22 and
assume that the carriers are located in a single-sheeted cylindrical

Fermi surface of radius kF = VZWEE where n is the carrier density and
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RESISTIVITY (1073Qcm)

Fig. 1.15 p(T) for ceramic samples of YBaz(Cul_xGaX)SO7 for various
values of %, from Ref. 23.

¢ is the unit cell height. The resulting value of n corresponds to
~ 1.6 carriers per formula unit, or about 1/2 carrier per Cu atom.
Assigning a free electron value to the mass, the corresponding Fermi
velocity is 0.7 x 108 m/s and the corresponding lifetime T is 4 x
10155, The corresponding scattering rate -/t is ~ 0.15 eV or about
2kaT at 300 K. In electron-phonon systems,?4 the scattering rate
corresponds to 2WAkBT where A is the dimensionless electron-—phonon

coupling. Thus we fit the data with A ~ 1, a number which is not
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unreasonable. A value A ~ 1 is much too low to account for a 90 K
value of TC by a pure phonon mechanism.

This argument should not be taken very seriously, however. For
one thing, band theory does not give a single sheet in YBaZCuBO7.
For another, the relevance of the band-picture is often doubted.
However, recent photoemission measurements of List?® show a Fermi
edge. One ought at least to allow the possibility that the carrier
mass m¥ differs from the free electron value m. Then the
corresponding argument leads to A ~ 1.0 (m/mx). If one wishes to
increase A but not to make m*/m smaller than 1, then one will have
difficulty understanding how the resistivity is so large and yet does

not saturate.
II. Hall Effect

Most of the oxide superconductors have close relatives which are
semiconductors or insulators and which can be reached from the
superconducting phases by compositional variations of stoichiometry.
Interest of course attaches to the interrelation between the
properties of the semiconducting and superconducting phases, and Hall
effect measurements provide perhaps the simplest probe with which to
explore this interface. The Hall constant is by no means
straightforward to interpret in general: only in the high~field limit
is the meaning clear, and even then we need information as to how
many bands are involved to understand the numbers. But the variation
of Hall constant with a parameter such as the concentration of a
constituent in a compound can be given a clean interpretation in many
cases, and this is the situation in some of the high TC oxides.

We consider first the data for La2Cu04. The pure material is
non-metallic. The Hall coefficient?6 is large and T-dependent,
roughly following the behavior of p(T)., although the mobility uH(T)
has a broad maximum near 100 K in an antiferromagnetic sample with
Ty = 280 K. Data for strontium-doped systems come from Shafer

N
et al.?6 and Ong et al.27 and they are in substantial agreement for
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these measurements on polycrystalline material. It is found that
each Sr atom substituted adds one hole, as might be expected from
simple chemical considerations. Shafer et al.26 show that the number
of holes as determined by RH is equal to the [Cu-O]+ concentration in
the compound as determined iodometrically. This variation of hole
concentration with Sr addition continues out to a composition
La1'858r0'150u04 beyond which there is an abrupt drop to an
essentially unmeasurably small Hall constant (Fig.II.1). This
behavior appears most cleanly in the data of Ong et al.27 It is
important to note that the oxygen stoichiometry becomes a problem for
Sr > 0.20. Torrance et al.?8 have reported on this, and they have

shown how to maintain the stoichiometry near O4 for Sr

concentrations as large as 0.40. °
Band theory makes instead the following predictions. For x = O,
there is a half-filled band with one carrier per cell. If currents
and Hall fields are in the ab plane of a single crystal, with B Hc,
such a system will have RH small because of partial cancellations of
hole-like and electron-like contributions. The cancellation is exact
in the simplest 2D single band model. More sophisticated
calculations?? have cancellation at x & 0.20, with R

H
from positive (hole-~like) at x = O to negative at x > 0.20. For B 1

going smoothly

c, RH is predicted to be negative and fairly small. The Hall data
for small x completely contradict this picture, as expected, because
L32Cu04 is actually non-metallic.

The non-metallic behavior is attributed to electron—electron
(Coulomb) correlations, and can presumably be modelled by an
appropriate Hubbard Hamiltonian. For dimension D > 1 and filling
factor deviating from 1/2, the behavior of Hubbard models is not
rigorously known. It is tempting to attribute the experimentally
observed jump in RH at x = 0.15 to a transition from a highly
correlated metal with carrier density x = number of dopants to a
conventional band Fermi-liquid with carrier density 1 - x. The
transition is presumably driven by free-~carrier screening of the
repulsive Coulomb effect (Hubbard U). The difficulty is then how to

relate this transition to the occurrence of superconductivity,
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especially since no sharp changes in superconducting properties occur
at x = 0.15. Three routes are available; all invoke sample
inhomogeneities to argue that the true intrinsic change in RH of a
homogeneous sample would occur in a more explainable location. One
route is to push the RH jump to larger x, making the superconducting
region very interesting because the normal state behavior (as seen in
RH) is not a conventional Fermi liquid. Another route is to push the
RH jump to lower x, so that the whole superconducting region is built
from a conventional Fermi liquid. A third is to argue that the jump
in RH is entirely an artifact, i.e., to argue that poorly made
samples are always highly correlated.

Single crystals of Laz__XSrXCuO4 in the superconducting range have
been hard to grow. We know of only one report3 of RH on such a
single crystal, a thin film with x ~ 0.06 and TC ~ 18 # 2 K. Only
one tensor component nyz (Hall field in x or a direction, current in
y or b direction, B field in z or ¢ direction) was measured. The
resulting "carrier density,” l/eRxyz is shown in Fig 11.2. At T ~
50-100 K, their value of n corresponds to RH ~ 1.4 x 109 m3/C, a
fairly low value, smaller by a factor of ~6 than the interpolated
value at x = 0.06 in Fig II.1, and larger by a factor of ~3.5 than
the band theory prediction.?9 Perhaps the most interesting aspect of
Fig 11.2 is that 1/RH is seen to have a strong linear T-dependance A
+ BT above 150 K. The room temperature value of RH is even smaller,
farther from the ceramic data of Fig II.1 and closer to band theory
(the discrepancy of 2.4 then lies within the expected accuracy of the
available solution of the Boltzmann equation??). However, band
theory cannot easily account for the T-dependence, and the phenomenon
is seen even more strikingly in YBa,Cu,O,

277377
Behavior somewhat analogous to that seen in Sr doped La.,CuO, is

found in YBaZCu307“X as x is varied (Fig.I1I1.3). The oxygei !
stoichiometry corresponding formally to pure divalent Cu is 6.5 (x =
0.5). This is exactly the region below which semiconducting behavior
sets in and where we see in the polycrystalline sample a Hall
constant RH with a rapid variation in nominal hole concentration3?

l/RH. For x < 0.5, there is a long plateau region of RH which
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corresponds to 0.24 holes/planar Cu, close to the value found for the

Sr doped L'aLZCuO/jl 40 K superconductor. The plateau in RH corresponds

to the plateau in Tc vs. x at 55 K. For x = O, RH is roughly 40%

Fig. II1.2 Carrier density (1/RHe) and Hall mobility for a single

crystal thin film B |lc (Ref. 3). smaller than in the plateau region, and it is here that T, is 90 K.

Thus, Tc correlates nicely with I/RH or with minimum carrier

density. The most unusual feature is a strong temperature dependence
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l/RH ~ A + BT. Unlike La2~XerCu04 (Fig. 11.2), YBaZCUBO7 has the
coefficient A close to zero. There is no generally accepted
explanation.

Single-crystal data are available from several laboratories. An
example from Penney et al.3! is given in Fig. II.4. When B is Hc (so
that electron orbits are in the metallic ab plane) the sign is

positive (hole~like) and 1/R, goes accurately like T. When B is Lc.

H
the sign is negative, and the T-variation is weak. The signs and

orders of magnitude agree with the predictions of band theory,3? but
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Fig. 11.4 V0/|RH|e for a single crystal of YBa,Cug0, (Ref. 31).

Vo = 175 A3 is the volume per formula unit.
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band theory gives only a weak T-dependence. Forro et al.33 report a

o>
similar experimental value of R, with B Lc at room temperature, but

find a significant T“dependenceﬂin the opposite direction(|RH\
decreases as T decreases). Their data with B ||c are smaller than
those of Penney3! but have a similar T-dependence. Stormer et al.,®
looking at epitaxial thin films of YBaZCu307 grown on SrTiO3 (100},

found both the magnitude and T-dependence of R, to vary significantly

with sample. Of six samples, only one (which gad the highest
critical current density) showed 1/RH ~ BT, three of the samples had
somewhat similar T-dependence, and two had RH smaller and weakly
T-dependent.

The Hall constant has also been reported for a single crystal
sample of the Bi-based cuprates,34 and again hole-type conduction is
found in the plane. In the case of the lower Tc BaB103»based

superconductors, measurements on BaPb, . Bi 35 gshow a strong

0.7%%0.3%
temperature variation of RH which has been interpreted as arising
from the sum of activated- and temperature-independent terms, the
former depending on the concentration of O-vacancies in the films.
In this way it has been argued that most of the temperature
dependence of the electrical resistivity arises from the temperature

dependence of the carrier concentration in this material.

III. Thermopower

Relatively little has been reported concerning the thermopower of
the high Tc oxides. This is presumably due in part to the fact that a
simple interpretation of the data is generally difficult, the
thermopower involving as it does the derivative of the density of
states at the Fermi level. The measurements have the advantage that
they are fairly simple and make only modest demands on sample
geometry. One also determines the sign of the dominant carriers in
the material.

Most of the data we are familar with are on YBa2Cu307. Single
crystal data of Wang and Ong3® find that the thermopower is positive

both in and out of plane. The anisotropy is considerably less than
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reported for the resistivity, and the temperature dependence is
strong perpendicular to the Cu-O planes (Fig. III.1). There is a
peak in the in-plane thermopower at Tc. The in-plane thermopower
found by Howson et al.37 is negative, but also peaks at Tc. A study
by Yu et al.38 agrees with this last result. These authors also
looked at the magnetic field dependence above TC for La1‘85SrO-15Cu0
at fields up to 30 T and found no effect. Their hope to freeze out

the spin entropy contribution seems unrealistic in view of the large

exchange coupling that two-magnon Raman39 experiments appear to find.

Kwok et al.40 have reported the variation and temperature dependence
of the thermopower of YBa2cu30x for 6 < x < 7. The temperature
dependence changes markedly in the vicinity of x = 6.5, but the

metallic-1like behavior for 6.1 < x < 6.5 remains unexplained.
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Fig. III.1 S(T) for YBa?CuBO from Wang and Ong (Ref. 36).
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IV. Magnetic Properties

The nature of the underlying pairing mechanism is the primary
question concerning high Tc oxide superconductivity. While there is
still a slight possibility for a phonon mechanism, most theorists
have looked to exciton and magnetic interactions, or their
combination. Considerable experimental attention has focussed on the
striking magnetic properties of the cuprates. There appears to be no
magnetism in the BaBiO3 based superconductors, and so we must
conclude that either there is more than one mechanism for high Tc in
the oxides, or that the cuprate magnetism has nothing to do with
superconductivity. But the magnetic behavior of the cuprates is
interesting in its own right, and studies of these materials are
providing new arenas for the study of correlated-electron systems.

We begin with the properties of LaZCu04. The first point to make
concerns the stoichiometry of the compound. There were early reports
that large variations in La stoichiometry below 2 and oxygen
stoichiometry below 4 were possible, but neutron line profile
analysis now shows that La and Cu stoichiometries are within 1 atomic
% of their nominal ones. However, single crystals grown from PbO
fluxes were found to contain approximately 2 atomic % Pb incorporated

into the crystals.4! Similarly, crystals grown from fluxes based on

Li B.O. appear to incorporate Li at similar levels.4? A number of

47275

the properties of lLa, CuO4 are now known to be quite sensitive to

substitutions of thii sort, and it is necessary to characterize
samples whose properties are under investigation.

The oxygen stoichiometry problem is more controversial. The usual
practice has been to write the formula as Lazcuoq_y which carries the
implicit assumption that the oxygen stoichiometry never exceeds 4.
Below we shall present arguments which suggest that the stoichiometry
of oxygen is always on the high side, the lower bound of four
occurring when Cu has a formal valence of +2 in the compound. So
within the error of neutron determination of the lLa and Cu
stoichiometries, we will argue that the formula is more appropriately

written La,Cu

o O4+y. Firstly, high pressure oxygen loading
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experimentst3 have shown that the material can be prepared with y =
0.13 in a slightly different structure. Furthermore, it is known
from magnetic studies of the related compound LazNiO4 that the
3-dimensional magnetic ordering temperature is rapidly suppressedi?
when the oxygen stoichiometry deviates from 4, presumably due to the
frustrated character of the magnetic ordering and the attendant
defect sensitivity. In La20u04, inert gas or vacuum annealing is
found?5 to raise the Neel temperature TN substantially, again
consistent with the view that the procedure is approaching oxygen
stoichiometry 4.0 from above. And we have the result that the Hall
constant is positive for nominal La20u04. consistent with a small
excess of oxygen above 4.0. Where this oxygen sits in the lattice is
not yet known, and it is interesting that the other rare earth
cuprates R2Cu()4,46 all of which form in a related but different
structure, are n-type and cannot be made metallic via chemical
substitutions.

Single crystals of La2Cu04 can be grown from excess CuO and these
appear to be within 1 atomic % of having full La and Cu occupancy.
The magnetic susceptibility of these crystals is quite anisotropict?
(Fig. 1V.1): the basal plane susceptibility is roughly half that
perpendicular to it. There is a peak in the susceptibility near room
temperature, and neutron diffractiont® has shown this peak to corre-
spond to the 3D ordering shown in Fig. IV.2. 1In the planes the spin
arrangement k-vector is consistent both with what would be expected
from the nested aspect of the band-structure-predicted Fermi surface
and from a strongly coupled 2D Heisenberg antiferromagnet. As
mentioned above, the tetragonal K2NiF4 structure has an intrinsically
frustrated face-centered lattice of Ni's; the slight orthorhombic
distortion present in the LagcuO4 structure lifts this frustration
slightly, and the 3D magnetic structure chooses an interlayer
arrangement with antiparallel spins on the nearest interlayer sites.
The Neel temperature depends strongly on annealing protocol.45 TN is
generally observed in the range 240-280 K, but careful inert-gas
annealing has raised TN to 308 K,45 and a vacuum anneal, which

decomposes part of the surface of a crystal, raises TN to 326 K.45
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Fig. IV.1  Anisotropy of x in La2Cu04 (Ref 47).

The chapter on neutron scattering results covers in detail the
microscopic magnetic properties of La20u04. so our discussion will be
restricted mainly to macroscopic aspects of the magnetism of the
cuprates. However, we note one important result of the neutron work
here. This is that there are extremely strong 2D fluctuations in the
Cu-0 planes, characterized by a temperature of order 1000 K.49 These

fluctuations have also been seen in two-magnon Raman scattering.39
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Fig. IV.2  3-D Ordering in La2CuO4 (Ref. 48)

These large interactions account for the rather flat temperature

dependence of the magnetic susceptibility, excepting the region very

near TN.

Applied fields induce a weakly ferromagnetic phase below TN. Tﬁis
was first detected by Cheong et al.50 in a PbO-flux grown crystal,
which NQR%! measurements found to be only partially ordered
magnetically, apparently from incorporated Pb in the crystal.
Subsequent neutron work3? found that this field-induced weak
ferromagnetism arose from the preference of the Cu spins to lie in
the plane of its orthorhombically tilted (and elongated) CuO6
octahedron. This gives rise to a small net resultant moment from two
neighboring, antiferromagnetically aligned spins, but each of these

resultant moments is opposed by another anti-aligned resultant moment

245

in the crystal. The applied external field flips this opposed
resultant moment. We show magnetization data for this transition®3
in Fig. IV.3. Included in the figure is the H~T phase diagram
determined by Cheong’® which indicates that the transition field goes
discontinuously from zero to finite values at TN. It has also been
found that there are large resistance effects at TN' especially
perpendicular to the Cu-O planes, provided there are sufficient
carriers present (Fig. IV.4). Crystals with very low conductivity
show no conductivity anomaly at TN.

The effect of Sr doping is to depress TN rapidly, and for x > 0.02
no long-range magnetic order is found. There has been some
suggestion that a spin-glass phase exists for 0.02 < x < 0.15 but
this is not certain.5¢ This muon experiment on Sr doped samples
indicates that the Cu moment maintains its full value in this range
of x in spite of the lack of long-range order. The superconducting
phase diagram!! for Sr-doped LaZCuO4 is shown in Fig. IV.5.
Antiferromagnetic order appears not to coexist with the
superconducting phase.

Two kinds of magnetic order have been found in the materials
related to YBa2Cu30y. The first is found in the materials containing

rare earth elements carrying localized f-moments.®5 These f-moments
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Fig. IV.3 a) M versus H and b) H-T phase diagram (Ref. 53).
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order at low temperatures, and the ordering coexists with
superconductivity. For samples of the 123-materials with y < 6.5,
this ordering still occurs unchanged. There appears to be no
depression of the superconducting TC by these f-moments, and the
above facts show that the rare earth magnetism is essentially
independent from the high TC oxide superconductivity. We give in
Table IV.1 data pertinent to the rare earth ordering in the

123-materials.

Table IV.I Néel Temperatures of RB32CU 0,

377-x

TN(K) Ref.
Pr < 0.5 56
Nd < 0.5 56
Sm 0.60 56
Eu 0
Gd 2.1 55
Tb 3¢
Dy 0.95 57
Ho 0.17 57
Er 0.59 57
Tm *
Yb 3

¥not reported

The second kind of magnetic ordering observed®® is ordering of Cu
moments in the semiconducting 123-materials with y < 6.5. This
magnetic ordering does not, therefore, coexist with the
superconductivity. To date, the Cu-moment ordering has been studied
in Y, Nd and Er 123-materials. All these compounds show T, near

N
500 K for y = 6.0. TN decreases smoothly to O K as y » 6.5. Only
the Cu’s in the planes carry a moment at high T, and these are aligned
antiferromagnetically along the direction perpendicular to the

planes. It has also been observed in some samples that a second
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magnetic phase grows in and replaces the above mentioned phase at low
temperature. For a Nd sample with y = 6.1, this second phase started
growing in below 90 K.59 The strange feature of this transition is
that all the Cu's now carry moment, a chemically important fact
indicating that, at least in these O-deficient materials, both chain
and plane Cu-sites have similar oxidation states. This low
temperature phase has the spins lying parallel to the Cu-O planes.

It remains to be determined what conditions lead to this second
ordering and how general it is.

The question of interest of course is whether or not some of these
magnetic interactions survive in the materials which become
superconducting. ’There are at present only tentative results on this
question. A neutron measurement on Sr-doped La20u0450 indicates that
the magnetic interactions are there in force in the superconducting
material, but some questions remain to be cleared up concerning the
sample on which the measurements were made, principally concerning
sample homogeneity. The two-magnon mode has been reported in Y
193-material, broadened but at the same energy.S! The question here
is whether or not the surface layer measured is truly indicative of
the bulk. Photoemission experiments,25 have found that oxygen is
immediately lost from freshly cleaved surfaces that are not

maintained near He temperature.
V. Elastic Properties and Ultrasound

Elastic properties of the high TC superconductors and related
compounds have been measured on superconducting and non-supercon-
ducting ceramics at high temperatures (above 4 K). on superconducting
ceramics at very low temperatures (1 K and below). on large (2.5 mm)
and superconducting single crystals for which the Meissner effect has
not been measured. and on non-superconducting single crystals. In
the normal state, two points immediately attract attention to the
importance of the elastic constants. They are the intrinsic

anisotropy of the high-temperature superconductors, and the
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possibility of using elastic-constant data in the high temperature,
phonon—dominated regime to sort out the specific heat.

Unfortunately, the most difficult measurements to interpret are those
performed at high temperatures on ceramics, where no anisotropy
information is available. The root of the difficulty may be inferred
from the work of Blendell et al.6? where ultrasound determinations of
the elastic constants of sintered YBa?CUBO superconductors of
various densities were corrected for éoros?ty using the expressions
of Ledbetter and Datta.63  Their uncorrected results are shown in
Table V.I, where B is the bulk modulus, E is Young's modulus, p is

the shear modulus and o is Poisson's ratio.
Table V.I

Porosity“ve(km/s) vs(km/s) o E(Gpa) B(Gpa) pn(Gpa) p(gm/cc)
12.9% 4.87 2.76 .264 107 75.5 42.4 5.56
32.6% 3.63 2.06 .263 46.1 32.4 18.3 4.30

As shown, they find that for their sample, with a porosity of 12.9%
(theoretical density from x-rays is 6.383 gm/cc) the longitudinal
sound velocity v, was 4.7 km/s and the transverse wave velocity v
was 2.76 km/s. For their lower-density sample, having 32.6% porosity,
Vp = 3.63 km/s and vy = 2.06 km/s. Upon correcting for porosity, the
higher~density sample extrapolated to vy = 5.22km/s and vy = 2.92km/ s,
2 = 4.32km/s and A
2.35 kn/s. Furthermore, the predicted value (corrected for porosity

while the lower density sample extrapolated to v

in the denser sample) of the bulk modulus was 1.39 x 10!2 dynes/cm?,
an extremely low value compared to values for a single
superconducting64 crystal of YBa2Cu30y measured in the b direction
(long axis of the orthorhomb) of about 1.5 x 10'2 dynes/cm?. Thus
one must conclude that intrinsic structural differences exist between
samples of differing densities. This is not surprising, as at all
the frequencies for which such quantities have been measured, the

wavelength of sound is much larger than the grain size. One probes,



250

therefore, the properties of the bonds between grains as well as the
jintrinsic properties. These structural differences, associated
perhaps with sample variations, heat treatment, and oxygen content,
can cloud any conclusions based on ceramic measurements. Thisﬂis
illustrated further in YBa2Cu30y superconductors by the observations
of Kim et al.,65 who find that Vo varies from 4.7 km/s for

y = 6.2, p = 6.12 gm/cc to 3.95 kn/s, p = 6.37 gn/cc for y = 6.8,
opposite in density dependence to the results of Blendell, but with
no obvious fundamental processing differences except for oxygen
anneal. More confusion exists in the interpretation of the
temperature dependence of Vo for the purpose of understanding the
superconductivity. It increases on cooling, as measured by Ewert

et al.67 in YBaZC‘u 0 ceramic, shown in Fig. V.1 but decreases on
y

3
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Fig. V.1 Vp for YBazL‘uBOy ceramic from S. Ewert et al. showing a

normal increase in v, cooling below 300 K (Ref. 66).
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v i 3 . o ’ P i r 67
cooling in ceramic Lal.85Bd().150l104' as shown in Fig. V.2.
Nevertheless, one may estimate the phonon specific heat and the Debye
temperature from the Debye-—average sound velocity which is
1 1 2 -1/3
Vp = [’s [“”‘3 ! H &)

v v -

2 s
We find vp = 3.25 km/s if we use the corrected data of Blendell
et al. on their higher-density YBa2Cu30y sample. The Debye
temperature is then a little over 280 K if we use the theoretical
density. This is to be compared with a Debye temperature of 392 K69
determined via specific heat for a superconducting single crystal
with a Tc of 89 K. The single-crystal elastic data are consistent
with specific heat data obtained on ceramics,%9 where values nearer
to 360 K are observed. Thus the discrepancy, though/suggestive of

porosity and ceramic structure effects, is certainly real because it
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Fig. v.2 vy for a single-crystal Lal.SSBaO.ISCuO4 ceramic showing
the decrease in sound velocity on cooling below 300 K.

From K. Fossheim et al. (Ref. 67).
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is hard to imagine how this éompound could have a Vo of 7.3 kn/s and
a v of 4.1 km/s, the values predicted by the specific heat data if
we use o = 0.26. A highly anisotropic structure could, however,
limit the specific heat contribution from the acoustic-branch
phonons.

The superconducting phase transition generates a discontinuity in
compressional elastic constants which can be obtained from a thermo-
dynamical treatment. Observation of such effects are relevant to the
interpretation of normal-state properties because the discontinuity,
Av
by

P in the bulk sound velocity of an isotropic superconductor, given
veAC ch 2

Ave=~*2‘i‘“ @ (2)
where AC is the discontinuity in specific heat at TC and vy is the
bulk sound speed, is a measure of the required resolution for
ultrasound measurements to shed light on the free energy changes
associated with superconductivity. Saint-Paul et al.6% find no
anomaly at TC in their superconducting single crystal (nor could they
measure the anisotropies in the sound velocities) within the
resolution of their measurement, which is insufficient to resolve the
expected drop (Fig. V.3). Neither do they find any change in slope
of the sound velocity at Tc in contrast to observations on ceramics
by, for example Bishop et al.70 shown in Fig. V.4. Thus, even though
Saint-Paul’'s single crystal was probably too large to be properly
oxygenated, it is unlikely that hysteretic effects or anomalous
changes in vy or its slope are important to superconductivity. They
are most likely manifestations of the ceramic nature of the samples.
Even in such high-quality glasses as fused silica, the sound velocity
decreases on cooling from 300 K and the ultrasonic attenuation
increases’! to peak at 40 K. In the high Tc superconductors,
attempts have been made to measure the discontinuity in value or in
slope of the shear elastic constants expected at Tc. Again, the
properties of the ceramics intrude. The difficulty with shear in

ceramics is well discussed by Pippard.?? Based on his arguments and
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Fig. V.3 ) for a single-crystal YBa2Cu3Oy with a Tc of about 90 K
but with no determination of the Meissner fraction. Note
the smooth, monotonic increase in sound speed on cooling.
The measurement was of insufficient precision to detect
discontinuities at Tc. From M. Saint Paul et al. (Ref.

64).

reasonable estimates’3 for the pressure dependence of the thermo-
dynamic critical field, we find that the expected discontinuities are
of the order of 100 ppm for the value of the bulk modulus, and,
absent the unlikely possibility of spontaneous shear occurring at Tc,
0 for the shear modulus; changes in slope are also small. Thus, the
very large effects in the slope of the shear modulus such as those
observed by Ledbetter”4 or Bhattacharya’® would overwhelm the small
thermodynamically~induced break in slope at TC at a temperature only
1 K away from Tc. The implications are obvious. It is interesting
to note that only the high-resolution data of Brown et al.?3 on the
shift in bulk modulus at Tc in GdBa CuB()y (Fig. V.5) provide

2
thermodynamic agreement, required by Eq. (2), with the specific



254

600

| o =
500 Y Ba, Cug (@]

® CERAMIC

400 |— —

300 [— ®® -
200 — 006 00 .

100 — %0 1
.0000’,0

CHANGE IN SOUND VELOCITY (ppm)

80 85 90 95 100
T (K)
Fig. V.4 vy for a ceramic superconducting sample of YBa2Cu30y
showing a break in slope at Tc which is not seen in the

ceramic. From Bishop et al. (Ref. 70).

heat data of M. E. Reeves et al.?”6 and the pressure dependence of TC
measured by Borges et al.”7 Brown, however, had to cycle his pressed
pellet up and down in temperature for many days before the small
"earthquakes” finally subsided to the point where a 70 ppm
discontinuity was unmasked. This low-level relaxation of ceramic
pellets would certainly bring into question the extremely noisy x-ray
data of Horn et al.78 where a discontinuity in the difference between
the two in-plane lattice constants at TC was claimed. On the basis
of the same thermodynamic arguments which obtain discontinuities in
specific heat, thermal expansion, and elastic constants at Tc. one
finds that for the isotropic case, no discontinuity in volume is

expected. Based on similar reasoning, but including the fully
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Fig. V.5 vy for a ceramic superconducting sample of GdBaZCU3Oy'
Shown are the first cool-down for sample II and data for
sample I after many thermal cycles, which served to
reduce random discontinuous jumps below the level of the

expected discontinuity (shown) at Tc' From S. E. Brown
et al. (Ref. 73).

anisotropic stress tensor, it is only by a coincidental effect that
the difference between two lattice constants could be discontinuous
for an orthorhombic so0lid.7”?

The pressure dependence of elastic constants has also been studied
by using x-rays. In La1'7BaO'3CuO4~y, Moret?9 finds an anomaly in the
a~axis (short axis) compressibility: the a-axis does not change
up to 7 kbar, while the c-axis compresses uniformly. Above 7 kbar,
they find dasadp = 2 x 10 4/kbar and dc/cdp = 1.7 x 10 4/kbar.

Cu0

A similar anomaly is observed by Shelton80 i
y ed by Shel ton in La1.850a0.15 4
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However, neither Terada nor Takahashi8! see such effects in either
La1~88r0‘2CuO4Wy or La1.4SrO.6CuO47y where compressibilities of both
lattice constants in the former are 2.5 + 0.4 x 10 */kbar and

da/adp = 1.9 x 10 #/kbar and dc/cdp = 2.24 x 10 4/kbar for the
latter. Thus the basal plane is perhaps stiffer than the direction
normal to the planes, but perhaps not by as much as the error bars on
the anisotropy which are about 20%.

At very low temperatures, one might expect many of the anomalous
results arising from the problems with ceramics to disappear because
the thermal expansion coefficients, related to the Debye temperatures
of hundreds of degrees,08 freeze out. In ultrasound measurements on
YBa2Cu30y from 10 K to 5 mK, Golding et al.32 postulate a
sufficiently high density of tunneling states (on "two-level
systems") to fully account for the linear term observed in the
specific heat™0 with a quasi-particle density as low as it would be

in a fully gapped superconductor. Golding attributes the tunneling

states to mobile oxygen defects.
VI. Thermal Conductivity

Although the thermal conductivity is a useful tool in studying
superconductors, the data available for the high TC superconductors
above Tc is sparse. Because all the measurements we know of above
10 K have been performed on ceramics, the usual precautions must be
taken in drawing conclusions. The data of Uher et al.83 (Fig. VI.1)
on YBaZCuBOy (TC = 92 K) is typical. Above TC, the thermal
conductivity increases from about 3.5W/mK at TC to about 4W/mK at
300 K. From these values and their resistivity data on the same
specimen, they estimate that at least 90% of the thermal conductivity
comes from phonons. This large phonon background effectively masks
any features in the electronic thermal conductivity. Below TC Uher
and others8¢ see an increase in thermal conductivity. This is
opposite the effect seen in classical superconductors, in which

electronic part dominates and freezes out exponentially as the gap
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Fig. VI.1 The thermal conductivity of YBa2Cu30y ceramic showing the

increase below T . From C. Uher et al. (Ref. 83).

develops. For the high TC materials, it appears that the decrease in
electron-phonon scattering below TC is more important than the
freezing out of electrons. Bayot84 concludes that this is evidence
for strong electron-phonon coupling, but Uher warns that both strong
and weak-coupling classical superconductors with low electronic
thermal conductivity in the normal state also display this
behavior.85 86 At very low temperatures (0.1-7 K), the thermal
conductivity remains small and is similar to that observed in other
sintered ceramics.87 These data37 overlap those of Bayot84

and, within a factor of two, agree with them.
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VII. Electrodynamics

Measurements of the electrical conductivity of the high Tc
materials in the normal state have been made at infrared frequencies
and at dc. Intermediate frequency measurements of the complex
conductivity are not possible because the pe (where p is the
resistivity and e is the dielectric constant) time constant is too
small in a metal. However two sets of measurements in the microwave
regime (1 GHz to 100 GHz) have been made on single crystals of
Eu2Cu04 and LaZCuO‘}‘88 89 These materials are semiconductors with a
1.7 eV gap. In both materials at frequencies near 10 GHz a large
resonant response is observed. Such a mode indicates collective
transport, in this case with a large effective mass of many 10’s of
electron masses, which is the result of a highly correlated ground
state. The spectral weight of the mode in the Eu compound, shown in
Fig. VII.1, is activated (with an activation energy of 630 K) and is
strong enough to produce a dc dielectric constant of about 1000 at
300 K. The material had a Hall carrier density which is activated®?
(activation energy of 700 K) in agreement with the activation energy
of the spectral weight. Such an activated spectral weight is unlike
that of a charge density wave (which is IR active at temperatures
below Tc, much like the behavior of a superconductor). The La20u04
displays a similar mode, but with a more complicated temperature
dependence: the static dielectric constant remains high (about 70)
when extrapolated to zero temperature. This value of dielectric
constant is typical of perovskites, but the collective mode is not.
This mode, because of its close coupling to the dc carrier
concentration, indicates that some very complicated phenomena may

accompany current transport in the semiconducting copper oxides.
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