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experimentally' and theoretically" for MnO, and
a similar behavior is-expected for UO, ." Such
fluctuation-induced tricritical behavior can be
studied by the numerical simulation methods de-
scribed here, provided that an anisotropy term
is added to the Hamiltonian.
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The induced-torque experiments of Holroyd and Datars show evidence for an anomalous
anisotropy in the residual resistance of potassium of about five to one. We show that this
is consistent with the hypothesis that the conduction electrons are in a static charge-den-
sity-wave state. The importance of torque and de Haas-van Alphen experiments on the
same specimen is emphasized.

The experiments of Holroyd and Datars' have
verified the existence of the giant torque anomaly
in potassium that was originally observed by
Schaefer and Marcus. ' The results show a varia-
tion of the induced torque with magnetic-field di-
rection in spherical samples of potassium, an ef-
fect that is sizable even in the limit of zero mag-
netic field and becomes enormous for high fields.
The low-field results imply that the residual re-
sistivity of potassium is highly anisotropic, in
contradiction to the simple theory of metals. The
purpose of this Letter is to show that this anisot-
ropy can be explained if the conduction electrons
in potassium are in a static charge-density-wave
state.

In an induced-torque experiment, a, magnetic
field is rotated with respect to a suspended sam-
ple, usually spherical in shape. The time varia. —

tion of the field induces currents, which, by inter-
acting with the field, exert a torque on the sam-
ple. The magnitude of this torque is measured
as a function of both the direction and magnitude
of the magnetic field. For a simple metal, i.e. ,

a metal with a spherical Fermi surface, the in-
duced torque, for a spherical sample, should be
independent of the direction of the magnetic field.
De Haas-van Alphen measurements on potassium
seem to indicate that its Fermi surface is spheri-
cal to within 0.1%.' In contradiction, the gigantic
anisotropies in the induced-torque experiments
suggest that potassium is not so simple and that
further study is needed.

In order to facilitate the examination of this
problem, we present in Fig. 1 the data. for sample
K-10 of Holroyd and Datars. ' The induced torque
is plotted versus direction of magnetic field for
axes of rotation along the growth axis [Fig. 1(a)]
and perpendicular to the growth axis [Fig. 1(b)],
for field values from 1 to 23 kG. The field was
rotated at a. speed of 22'/min, and the sample was
kept at a, tempera, ture of 1.5 K. In order tha.t the
sample acquire a, precise shape, the potassium
was grown in a Kel-F mold with a spherical cavi-
ty of diameter 1.11 cm, machined to within 10
in. When the magnetic field was rotated in a
plane perpendicular to the growth axis, as in Fig.

632



VOLUME 39, NUMBER 10 PHYSICAL REVIEW LETTERS 5 SEPTEMBER 1977

80—
(a) K—10

60- (

!

8

40—

20E

C

I500
LJJ

O
IOOO-

CI
LIJ
O
D
Z.'

500—

0
0 40 80 I 20

8 (degrees)

!60

FIG. l. Induced-torque vs magnetic-field direction
for field values between 1 and 23 kG for sample K-10
of Holroyd and Datars, which was prepared in a mold.
The sample was a sphere of diameter 1.11 cm with the
field (a) rotated about the growth axis; (b) rotated in a
plane containing the growth axis. The lowest curve in
(a) is for 500 G; the second is for 1 kG. Their ratio
leads to an x-z average co~& 1.5 at 1 kG.

1(a), the magnetic-field dependence was essential-
ly isotropic, which is the result expected from a
metal with a spherical Fermi surface. In con-
trast, when the growth axis was in the plane of
rotation, as in Fig. 1(b), an anomalous four-
peaked anisotropy of 45 to 1 appeared in the torque
pattern for high fields. At low fields, this pat-
tern became twofold, the maximum occurring
when the field was perpendicular to the growth
axis, and the minimum when it was parallel. The
observed dependences clearly isolate the growth
axis as a unique direction in this specimen.

In order to consider the low-field results in
more detail, we plot with circles in Fig. 2 the
data~ at the minimum, 28' of Fig. 1(b) (lower
curve), and at 118' (middle curve) in the torque
pattern versus magnetic field. The upper circles
are the ratios for each field value. The solid
curves are drawn through the data, while the
dashed extensions bracket all reasonable extrapo-
lations of the ratio to zero field. Thus, the zero-
field limit of the torque anisotropy is between
2.5 and 3 to 1. In this limit, the residual resistiv-
ity tensor p is diagonal; and with the directional
dependence for this sample, we have p„„=p»=p,
and p„=yp„where z is along the growth axis.
The ratio R of the torque with magnetic field in
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the x direction to that with the field in the z direc-
tion for a spherical sample may thus be written
as'

(~+ 1)'+ (~.~)'
2(y+ 1)+ ((u,v )'

With R at H = 0 between 2.5 and 3, y must be be-
tween 4 and 5. This is consistent with the value
y=4 that was originally estimated from the data
of Schaefer and Marcus. ' The cu,r in Eq. (1) is
that for the x or y direction. The data of Figs. 1
and 2 imply vp-2. 5 at 1 ko. The corresponding
value for relaxation along the z axis would be- 0.5.

Lass has suggested that the high-field torque
patterns observed by Schaefer and Marcus could
be explained with an isotropic resistivity if the
sample shapes had been nonspherical by about
10-15%.' However, this hypothesis could not pos-
sibly explain the data of Holroyd and Datars pre-
sented here in Figs. 1 and 2. The low-field ani-
sotropy could be reproduced by Lass's model if
the sample were elliptical (i.e. , pancake shaped)
with the growth-axis dimension reduced to 45% of
its reported value, as if the mold had been slight-
ly less than half filled. ' However, for a magnetic
field of 1 ko, the value of the torque at the mini-
mum in the angular pattern calculated using this
model could never exceed 3.2 dyn cm, regard-
less of relaxation time. Consequently, the value
of 5.4 dyn cm observed by Holroyd and Datars is
much too large to be consistent with this explana-
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FIG. 2. Low —magnetic-field values of induced-torque
shown in Fig. 1, with data points plotted as circles.
The lower curve is the minimum in induced torque ta-
ken at an angle 0 =28' in Fig. 1, while the middle curve
is taken at 0 = 118'. The upper curve is the ratio of
these limiting values and is the low-field torque anisot-
ropy. Solid curves are drawn through the experimental
points.
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tion.
Finally, we remark that an attempt to extrapo-

late the anisotropy curve of Fig. 2 into unity for
H = 0 would require a 500%%uo magnetoresistance
along the z axis at j. kG. The observed magneto-
resistance in K is typically 2%%uo for 1 kG.

Faced with the dilemma of an anisotropic resid-
ual resistivity in potassium, we suppose that the
conduction electrons are in a static charge-den-
sity-wave (CDW) state. This hypothesis has pro-
duced successful explanations of other anomalies
in potassium. ' A CDW is characterized by a to-
tal self-consistent one-electron potential of the
form G cos(Q r). This potential mixes plane-
wave states k with k+Q, producing a periodic
variation in electron density and energy gaps of
magnitude G at k = + 2Q. The wave vector Q of the
CDW spans the Fermi surface so that Q -2kF,

V, =A exp[- (~/~, )']. (2)

Here x, is the signer-Seitz radius, a value that
approximately mimics results of pseudopotential
calculations. " In addition, scattering can take
place from a strain field" with potential

where kF is the Fermi wave vector. Mixing of
states k with k + Q permits impurity-induced Um-
klapp scattering along Q.' Therefore, if an elec-
tric field is applied along Q, the resistivity will
be larger than if it is applied perpendicular to Q.
For this reason we take Q to be in the z direction,
the growth axis of Holroyd and Datars' sample
Z-10.

In the temperature region of interest, the re-
sistivity of potassium is dominated by impurity
scattering. Electrons can scatter from an impur-
ity potential V„which for mathematical conven-
ience we take to have the Gaussian form

V, =B Q (exp [- (r —L —uT)'/~, '] —exp [- (r —L)'/~, ']],
L~p

(3)

where uT. - L/L' and is the displacement of a
neighbor at site L from its position in the ab-
sence of an impurity. " The resistivity along each
principal axis was calculated by assuming a uni-
form displacement 6 of the Fermi sphere. 5 was
determined by balancing impurity-induced mo-
mentum transfer with that caused by the applied
field.

We calculated the resistivity anisotropy for
each of these two potentials as a function of an as-
sumed normalized gap G/EF of the CDW, where
EF is the Fermi energy; the results are plotted
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FIG. 3. Predictions of the resistivity anisotropy vs
charge-density-wave gap C/E F for the scattering-po-
tential models described in the text. The shaded rec-
tangle represents the range of values determined by ex-
periments.

in Fig. 3. In addition, because the total influence
of a defect is actually described by the combined
effect of these two potentials, we plot the maxi-
mum and minimum values of the anisotropy re-
sulting from any linear combination of the two
terms. These are labeled interference (maxi-
mum) and interference (minimum) in Fig. 3.
Since the results are ratios of resistivities, pa-
rameters such as the absolute magnitude of poten-
tials and the concentration of impurities drop out
of the calculations.

Experimental values are shown by the shaded
rectangle in Fig. 3. The range of values of the
CDW gap G/F. ~ (0.29 to 0.36) has been determined
by other experiments. ' It is clear that the calcu-
lated anisotropy can be large enough to account
for the experimental results if scattering from
the strain field is comparable to or greater than
that from the central ion. This is certainly rea-
sonable when the valence of an impurity (e.g. ,
Na) is the same as that of the lattice ion or if the
impurity introduces a significant strain.

The high-field torque peaks can be explained
only when the multiply connected topology of the
Fermi surface is recognized. A CDW structure
provides this complication, ' but a quantitative
theory is not yet developed.

We conclude that the CDW model for potassium,
for reasonable values of the parameters, pro-
vides a resolution of the puzzle of the anisotropic
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residual resistivity that is consistent with experi-
ment. %e must note, however, that it is by no
means necessary that any single crystal be char-
acterized by a single Q direction throughout. It
is possible for a Q-domain structure to exist.
This Q-domain structure, in fact, provides an
explanation for the sample dependence of the an-
isotropies seen in induced-torque experiments. "
Since the torque anisotropies in sample K-10 of
Holroyd and Datars are larger by an order of
magnitude than those in other samples, we con-
jecture that it was probably the only single-Q
sample that has ever been studied.

A difficulty for the CD% model in potassium
stems from the results of the de Haas-van Alphen
(dHvA) experiments. ' However, it is not clear
what effect a multiple Q-domain structure would
have on the results of these experiments. " Un-
fortunately, dHvA experiments have never been
done on samples that are known to exhibit the
large torque anisotropies shown in Figs. 1 and 2.
Therefore, with induced-torque measurements
as a tool for characterizing samples, it wouM be
extremely interesting to perform dHvA experi-
ments on a sample that exhibits the large torque
anisotropies discussed here.

A CD' structure will lead to weak diffraction
satelbtes. Phase excitations' may reduce their
intensity in K by several orders of magnitude. A
search for these satellites at 10 ' of the (110) in-

tensity level should be attempted.
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A new model, based on an extremely strong coupling between the electronic and vibra-
tional systems of certain defect centers, is proposed to explain the phenomenon of per-
sistent photoconductivity observed in some compound semiconductors. The model is
supported by data on donor-related defects in n -type Al„Ga, ,As which exhibit the fea-
tures characteristic of this effect: a very large Stokes shift (thermal depth, - 0.1 eV;
optical depth, - 1.2 eV); and a very small (& 10 3 cm ), thermally activated, electron-
capture cross section at temperatures below 77 K.

Many compound semiconductors exhibit persis-
tent impurity photoconductivity at temperatures
below about 77 K. This very striking, and puz-
zling, effect is characterized by a large photo-
conductivity which persists for hours, or even
days, after the optical excitation is removed. It
can only be quenched by heating the sample above
some characteristic temperature. Such effects

have been observed in Al„Ga, „As, ' GaAs, „P„,'
Cd, ,Zn, Te, ' CdTe, ' ' GaSb, ' and CdS. ' The long
persistence time implies that the capture cross
section for the photoexcited carriers is less than
10 '0 cm'. This is six orders of mag'nitude smal-
ler than the smallest capture cross section of any
well-characterized attractive, repulsive, or neu-
tral center in Si, Ge, or III-V semiconductors. ' "
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