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Tk in the range 0.05-0.2 K, it is' possible to ob-
tain again a good agreement with the experimen-
tal data by a slight adjustment of A, On the oth-
er hand for Tx>1 K we obtain a poor agreement
with the experimental points, particularly in the
low-temperature region, even if we allow a A
variation in the range 30-300 K.

Our calculations unquestionably show the im-
portance of the crystal-field splitting for the
magnetic susceptibility of Kondo systems and
suggest that crystal fields should play a promi-
nent role also for other properties of the Kondo
systems. This possibility, as well the extension
of the theory to other crystal-field symmetries,
is at present under examination.
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The Hall coefficient (R) for homogeneous potassium single crystals was measured at
4.2°K in magnetic fields (4) up to 85 kG. Above 15 kG, R approached H-independent val-
ues in excellent agreement with free-electron calculations. Thus, the Fermi surface
must be simply connected. Below 15 kG, R exhibited weak &4 dependence stemming al-
most unambiguously from scattering anisotropy (due predominantly to phonons). At low
H, R is compared with pseudopotential calculations. Correlations between R and mag-
netoresistance are identified for either scattering or inhomogeneity phenomena.

A recent commentary' concerning the anoma-
lous linear magnetoresistance (MR) of potassium
(K) concluded with the challenge “... because so
long as there are doubts about the behavior of
potassium, there must be doubts about our funda-
mental understanding of metals.” Analogously,
the anomalous decrease of the Hall coefficient
(R) at high magnetic fields (H) presents an equiv-
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alent challenge. Traditional microscopic theo-
ries® for homogeneous® conductors with simply
connected Fermi surfaces (FS) rigorously pre-
dict that R must approach an H-independent val-
ue (R.,=~1/ne; n=electron density) in the high-
field limit where w,7>1, w, being the cyclotron
frequency and 7 the relaxation time. Thus for
K, In, and Al, whose FS are generally believed
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to be simply connected, R should accordingly be-
come H independent at high H. But this predic-
tion disagrees with experimental results*® at
high H where R decreases monotonically with in-
creasing H, even though w,7>1. For In® and
Al,%® these observed anomalous decreases of R
have been generally weak. However, for K,*°
very striking decreases of R (up to 12% at w,T
=350) have been observed which seemingly con-
flict with (1) the common belief’ that K is the pro-
totype free-electron metal, and (2) de Haas—van
Alphen results® which directly measure an almost
perfectly spherical FS for K. Many nontradition-
al explanations have been proposed for the anoma-
lous high-field behaviors of R and/or MR due to
either FS%!0 or scattering'™'? or inhomogeneity*?
effects.

In this Letter, experimental evidence'* is pre~
sented for the H independence of R at high trans-
verse H for K single crystals which were charac-
terized to be homogeneous as defined below.?
These results were obtained directly from classi-
cal dc four-probe measurements (absolute accu-
racy ~1%; resolution ~0.02%) at 4.2°K up to w,T
=250 on three samples with resistivity ratios be-
tween 300 and 4.2°K (p/p, ,) of 2560, 3220, and
4700. The voltage between the Hall probes (V)
was continuously recorded as H was changed
from -85 to +85 kG. Our previous experiences
with the anomalous linear MR showed the crucial
importance of minimizing the numerous sources
of both gross and subtle macroscopic inhomoge-
neities.!’®> Therefore, concerted efforts were
made to avoid these pitfalls in our present mea-
surements.

The samples (2 mm diam; ~1 m long) were pre-
pared by filling evacuated clear polyolefin tubing
with freshly vacuum-distilled molten K. These
encapsulated samples were then slowly solidified
in a temperature gradient. The Hall probes were
point probes made of K only, which were formed
during the filling process in accurately positioned
small holes diametrically opposed in the tubing
wall. Over very large regions near the Hall
probes, these samples had very uniform cross
sections with no contraction voids and were also
single crystals with visible blaze planes. The cur-
rent, MR, and Hall probes were all well separat-
ed. Between the MR probes, the samples were
uniform single crystals except near the MR probe
furthest from the Hall probes where a few small
contraction voids and large crystallites existed.

Babiskin and Siebenmann'® (BS) previously ob-
served for K not only the usual anomalous linear

MR at high H, but additionally three distinct sat-
urating MR behaviors at lower H. In order to
achieve consistency between these results and

the predictions of both the traditional microscop-
ic theories® for homogeneous conductors and the
macroscopic theories'® dealing with inhomoge-
neous conductors, BS proposed a heuristic model'?
which essentially extends Matthiessen’s rule from
H=0 to high H. In this BS model, the three sat-
urating MR behaviors were attributed to the an-
isotropy of microscopic scattering mechanisms
(phonons, residual defects, and size effects)
which occur microscopically on a scale smaller
than the mean free path (),). However, the anom-
alous linear MR was attributed to macroscopic in-
homogeneities,'® which occur macroscopically on
a scale >, and cause H-dependent redistribu-
tions of the current streamlines. (We previous-
1y'3 chose », to indicate the approximate midpoint
of the transitional range of dimensions which sep-
arates predominantly microscopic from predomi-
nantly macroscopic phenomena. Although this
choice of ), is appropriate at #=0, it is not ap-
propriate for transverse H for which we hence-
forth replace A, by D,, the mean cyclotron diam-
eter.)

The homogeneity characteristics of our samples
were deduced by analyzing their MR according to
the BS model'® as follows: (1) At high A, their
linear MR slopes (S) were very small [S<5x107%;
S=(apy/p) w1 Apy/p, is the MR increase].
These small slopes characterize these samples
as containing essentially no significant macro-
scopic inhomogeneities on a scale >D,, except
for the few small voids and crystallite boundaries
between the MR probes. Consequently, we em-
phasize that these samples were even more homo-
geneous near the Hall probes where no voids or
crystallite boundaries existed. (2) At lower H,
the Apy/p, values due to their residual MR satu-
rations'® were also very small (Ap,/p, <0.005).
Thus, these samples can be characterized as
having an essentially uniform distribution of resi-
dual defects on a scale <D,. (3) At 4.2°K, the
Apy/p, values due to their phonon MR satura-
tions®® (occuring at ~15 kG) were much greater
than those due to the residual and size-effect
saturations.®

The continuous recordings of Vi versus H at
4.2°K appeared to be straight lines from - 85 to
+85 kG to within the recorder pen-line width.
Since the Hall probes were accurately positioned,
no resistive or MR voltage was detected [i.e.,
Vg=0at H=0 and Vg(+H)==Vg(-H)]. Thus, V,
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FIG. 1. Deviations from linearity of V3 versus A for
a p/py, »=4700 K sample at 4.2°K.

is the odd-functioned Hall voltage alone. This
apparent linearity of V, was examined more
closely using a linear bucking technique where a
bucking voltage (Vz), accurately proportional to
H with an adjustable slope, was subtracted from
Vg. After setting V5=V, at —85 kG, the greatly
amplified odd-functioned deviations from linear-
ity of Vg (i.e., Vx=Vp) from -85 to +85 kG
shown in Fig. 1 were obtained from continuous
recordings at 4.2°K for the p/p, ,=4700 sample.
Figure 1 demonstrates that V is significantly
nonlinear below ~15 kG, but its deviations from
linearity above ~15 kG are within the measure-
ment uncertainty.

Above ~15 kG, the absolute R values for our
three samples were sample independent to ~ 1%
with an average value of —43.9x10°1* m?/C.

This value agrees closely with the one-electron-
per-atom values for R, of —43.8 and —44.6 x10"*
m?/C, which were calculated respectively from
the 4.2°K density'” and the 5.2°K lattice constant.'®
While this absolute agreement is significant,

what is more important is that the relative val-
ues of R are essentially H independent above ~15
kG and are constant to ~0.1% between 65 and 85
kG. (Because of the constant uncertainty of Vg

— Vg in Fig. 1, the relative accuracy of R in-
creases with H from a rather indeterminate level
at very low H to ~0.1% at 85 kG.) Figure 2 clear-
ly shows this H independence of R at high H in the
the normalized plot of R/R,, versus both w,7 and
H, where R.=R at 85 kG.

Based on the charge-density—wave model which
yields a multiply connected FS for K, Overhauser®
calculates a decreasing R above a magnetic break-
down field of 54 kG, which agrees with anomalous
experimental results.* However, in Fig. 2, our
H-independent results for R at high H disagree
diametrically with H-dependent results* and also
do not support Overhauser’s model. Instead, our
results support the usual conclusion™®!? that the
FS of K is indeed simply connected.

Concerning our low-field results, we redefine
R/R, as r, which is the Hall-angle mixing factor
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FIG. 2. Normalized plot of R/R. versus w,T {and 4)
for a p/p,.,=4700 K sample at 4.2°K.

described by Allgaier.'® At low H, »#1 because
of FS and/or scattering anisotropy, while at high
H, -1 because it depends only on the FS vol-
ume rather than FS and scattering anisotropy.
Allgaier’s'® extension of earlier works on 7 at
low H shows that scattering anisotropy alone al-
ways makes » >1, while FS anisotropy alone al-
ways makes 7 <1 provided that the FS anisotropy
is not strongly energy dependent. Since the FS
anisotropy for K is very weak® and is also weakly
energy dependent, it causes only a negligible
drop of 7 below unity. Therefore, our entire re-
sult in Fig. 2 of »>1 up to ~15 kG can be attribut-
ed almost unambiguously to scattering anisotropy
alone.

Concerning the nature of the scattering anisotro-
py, our 4.2°K results of a decreasing » up to ~15
kG and a scattering-independent » above ~15 kG
correlate closely with our phonon MR results'®
at 4.2°K of an increasing Apy,/p, up to its satura-
tion, also at ~15 kG. This phonon MR satura-
tion originates from the formation of “hot-spot”
bands'*® on the FS which is associated with the
increase of umklapp scattering with increasing H.
Therefore, we conclude that the decreasing » up
to ~15 kG stems predominantly from this same
source of electron-phonon scattering anisotropy.

In the low-field limit where w,7<«<1 and » -7,
as H-0, the 7, value of ~1.07 at 4.2°K shown in
Fig. 2 is our estimate of 7, extrapolated from »
values at higher H due to the measurement uncer-
tainty at very low H. This estimated 7, stems
predominantly from electron-phonon scattering
anisotropy, but also includes small contributions
from the anisotropies due to the FS, residual de-
fects, and size effects. Hayman and Carbotte®
have recently calculated the temperature depen-
dence of 7, for K using the measured phonon
spectrum and various proposed pseudopotential
form factors. They determined that the magni-
tude of 7, due to electron-phonon scattering an-
isotropy was indeed >1 and was very sensitive to
the form of the pseudopotential used. The four
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different form factors that they used led to the
values 1.10, 1.24, 1.74, and 3.85 for », at 4.2°K
Thus, our estimated experimental 7, value of
1.07 clearly favors the calculated® 7, value of
1.10 for the proposed Ashcroft pseudopotential.

Both the high- and low-field aspects of our re-
sults on R for homogeneous K single crystals
are in excellent accord with traditional micro-
scopic theories.? Therefore, we conclude that
the anomalous high-field behaviors of R and MR
are not characteristics of Zomogeneous® conduc-
tors. Furthermore our results cannot support
any of the nontraditional FS*'° or scattering**2
explanations proposed for the anomalous high-
field behaviors of R and/or MR, which essential-
ly assume homogeneous conductors. We have
carried out a detailed examination of the anoma=
lous results for K and for many other metals as
well as semiconductors. This examination showed
that the anomalous behaviors of R and MR can be
systematically correlated with each other and
with the presence of many sources for macro-
scopic inhomogeneities on a scale >D,. There-
fore, based on the microscopic and macroscopic
postulates of the BS model'® for MR which we
now extend correspondingly to R, we adopt the
following heuristic standpoint: (1) At lower H,
the H dependence of R and the corresponding sat-
urating MR behaviors stem predominantly from
the anisotropy of microscopic scattering mecha-
nisms on a scale <D, and from FS anisotropy.
Thus D, and N, are position independent ® if not
overwhelmed by macroscopic inhomogeneities.'®
(2) At high H, the anomalous H-dependent de-
crease of R and the corresponding linear MR in-
crease stem predominantly from macroscopic in-
homogeneities® on a scale >D, which cause D,
and N, (mostly N, for K) to become increasingly
position dependent® with increasing H. This, in
turn, causes H-dependent redistributions of the
current streamlines of a magnetohydrodynamic
nature.

Our standpoint concerning inhomogeneities for
simple metals is not entirely new, since many of
its aspects have long been well recognized in
semiconductors.® The influence of known inhomo-
geneities on the high-field behavior of R and MR
have been extensively studied® in such high-mo-
bility semiconductors as InSb whose FS is nearly
isotropic. However, inhomogeneity effects have
not received adequate attention in metals, since
the strong FS anisotropies for most metals have
generally masked these subtle “anomalous” ef-
fects as well as the elusive scattering effects.

But for simple metals (especially for K), these
inhomogeneity and scattering effects are un-
masked and can be unscrambled by high-field
studies.

A detailed paper on this general subject will be
published elsewhere. We thank R. S. Allgaier
and S. M. Bhagat for illuminating discussions.
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New Type of First-Order Phase Transition in Ferroelectric Thin Films
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It is shown that the depolarization field in a ferroelectric thin film changes the order
of the phase transition as well as the magnitude of the polarization and transition temper-

ature.

Previous discussion'"® has been concerned with
the order of a phase transition as determined by
the number of order parameters in Landau’s
theory* of phase transitions and by model calcu-
lations that go beyond the Landau theory. Ander-
son and Blount! have pointed out that a first-
order transition is possible when only strain is
involved since the third-order term in strain
does not generally vanish in the free-energy ex-
pansion, Pytte? as well as Gillis and Koehler?
have discussed the results of model calculations
that go beyond the Landau theory. They point out
that the self-consistent field theory can lead to a
first-order transition when the only anharmonicity
is of fourth order, whereas the Landau-Lifshitz-
Devonshire* theory predicts a second-order tran-
sition when only fourth-order anharmonic terms
are considered. The present paper will describe
a new type of first-ovder phase transition in a
unidomain ferroelectric thin film which is also
characterized by an anharmonicity of only fourth
order in the polarization. For the system under
consideration, namely, intrinsic semiconducting
electrodes placed externally on the ferroelectric
thin film, the modification of the order of the
transition can be shown to result from the addi-
tional order parameter that results from the
compensating charge in the electrode.
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The concept of a depolarization field®® has
been around for quite some time now, and it is
well realized that it can play a dominant role in
ferroelectric crystals of small dimensions. In
what follows it will be shown that a second-order
ferroelectric transition in bulk is transformed to
a first-order transition in thin films under the
influence of the depolarization field.

In the study of ferroelectric bulk properties
one assumes that the polarization is fully com-
pensated and consequently the depolarization
field is set equal to zero. Without compensation,
the depolarization field for values of the polariza-
tion of approximately 1 ;C/cm? would be on the
order of 10" V/em. This is about 2 orders of
magnitude more than the stability of the polar
state would allow. Since close cancelation of the
polarization is necessary for stability, the prop-
erties of the electrodes, in which the compensa-
tion charge is accomodated, play an important
role. It will be shown that the presence of the
depolarization field leads to reduction in polariza-
tion values and depression of transition temper-
ature in thin films when compared with the bulk
value. Below a certain “transition length” the
ferroelectric state becomes thermodynamically
unstable. Quantitative results will be provided
for triglycine sulphate (TGS).



