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Open-orbit magnetoresistance spectra of potassium
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A theory of the open-orbit magnetoresistance of potassium, discovered by Coulter and
Datars, is developed. The open orbits caused by the multiple periodicities of a charge-
density-wave {CD%') state are derived. Since a single crystal consists of domains, each
having its CD% wave vector along one of 24 preferred axes, we employ effective-medium
theory to calculate the magnetoresistance rotation pattern. The effects of domain texture
and size are illustrated. The magnetic field at which open-orbit peaks appear depends on
the domain size, which we find to be -0.1 mm. The rotation pattern at 24 T is calculat-
ed in order to exhibit the detailed information that becomes available at extremely high
fields. High-field experiments would aid in the determination of open-orbit directions
and allow magnetic-breakdown studies of the energy gaps.

I. INTRODUCTION

The discovery of open-orbit magnetoresistance

peaks in potassium by Coulter and Datars' shows

that its Fermi surface is multiply connected. A
charge-density-wave (CDW) structure ' explains~

the main features: the large number of open-orbit

peaks, their field dependence, their width, and vari-

ations in the data from run to run.
The nonsaturating magnetoresistance of the al-

kali metals has been a long-standing puzzle. Both
the transverse and longitudinal magnetoresistance

of potassium increase linearly with magnetic field

in fields as high as 10 T. Fear that this was an

artifact caused by probes led to the development of
inductive techniques, "which confirm the results

of probe methods. Helicon-resonance experiments

on intentionally deformed samples'c make surface
imperfections' an unlikely explanation. Voids can
cause a linear magnetoresistance, ' but the volume

fraction required is known to be too high. ' The
linear magnetoresistance is observed in both poly-
crystalline and single-crystal samples. It depends

upon sample preparation and history, varying by
almost 2 orders of magnitude for differently

prepared specimens and by about 50% for nomi-

nally the same specimens. 6 7 "
The most revealing results have been obtained by

the induced torque technique, a probeless method

for measuring the magnetoresistance as a function
of field orientation. ' In this experiment (Fig. 1), a
single-crystal sphere is suspended in a uniform

magnetic field H. Slow rotation of H (or the crys-

tal) about the suspension axis induces circulating

currents in the sample. The magnetic moment of
the induced current interacts with H, producing a
torque about the suspension axis. The torque
depends on the induced current, which in turn

depends on the magnetoconductivity of the sample
in the field H.

Early experiments by Schaefer and Marcus' on

potassium single crystals in fields up to 3 T
showed a nonsaturating torque, having a twofold

anisotropy. The high-field torque had four broad

peaks in a 360' rotation pattern. The twofold sym-

rnetry contradicted the supposed cubic symmetry,

implying a preferred direction in the crystal.
Holroyd and Datars' showed that, although the

torque was always nonsaturating, its anisotropy
depended on the sample preparation and treatment.
The torque was isotropic when all surface oil on
the sample was removed, but had a four-peak, two-

fold anisotropy when there was a nonuniform coat-

RQtOtiOn

OXIS

dt

FIG. 1. Induced-, torque experiment. Rotation of H
induces currents, which interact with H, producing a
torque about the suspension axis.
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ing of oil (oil-drop effect). The anisotropy cannot
be blamed oQ sample shape or strain„since ellip-
soidal Rnd spherical saHlplcs had thc Same anlso-

tropy„and intentionalj. y stIaincd samples showed
no significant anisotropy. Voids or surface
sciatches caQDot bc thc cxpIRQation, Since deep
cylindricaI holes driIIed into the sampIe had Qo sig-
nificant effect.

In experiments at higher magnetic fields, Coulter
and Datars dlscQvcrcd QRI'I'Gw, Qonsaturating

torque peaks, appearing above about 5 T. The
sharp structure was observed in approximatcIy 100
runs on I2 spcclmcns, when thc torque at low'er

fields was either isotropic or anisotropic. The data
for two cryst818, about 4 IYlTQ ln dimeter~ onc
grow'Q in Gil and tbc Other ln R Dlold, Rt R tempera-
ture I.4 K Rrc reproduced in Fig. 2. Thc magnetic
field is in a (211) plane and a (321) plane, respec-
tively, for Figs. 2(a) and 2(b).

SCIoiclassical transport theorems, ' which are ex-

perimentally verified for many metals„predict that
if a metal has only closed orbits, the high-field

IIlagQctorcslstancc Saturates. Foi example, ln

copper crystRIS which aic Gricntcd 1Q R magnetic
field so that all orbits are closed, the predicted sa-

fliratioii of tlie Iiiaglietoi'esis'taiice is observed. A
Qonsaturatlng transverse xnagnctorcslstancc, pro-

portloQRI to H, can occur whcncvcl H 18 pcrpcn-

dicular to an o~en-orbit direction. This effect
disappears if H is rotated slightly into a nonper-
pendiculax orientation. Sharp, nonsaturating mag-
netoresistance peaks, observed by rotating H (or
the crystal), are the signature of open orbits.

An exact solution for the induced torque in
terms of the components of the magnetoresistivity
tensor has been derived by Visscher and FRIicov.
Assuming the high-field behavior predicted by
seIIllclasslcaI transport thcorcms, "thc toIquc ls

Rppf QxlIIlately px'oportloQRI to thc magnctoresis-
tance (p~) in the direction perpendicular to H and
the rotation axis. The induced-torque technique
is thus an open-orbit detector, yielding sharp, Qon-

saturating torque peaks whenever H is p~endicu-
Iar to an open-orbit direction. '

Potassi~ has a body-centered cubic lattice Rnd

is monovalent. The first Briliouin zone is only
half-filled. The electrons at the Fermi surface are
far from the zone boundary and their energy is
only weakly perturbed by the lattice potential. The
Fermi surface is expected to be nearly spherical

and certainly simply connected. The occurrence of
open Qrbits requires RQ additional periodic poten-
tial (besides the lattice potential), producing energy

gaps at the Fermi surface.
In this papcI' wc px'escnt a theory Gf the opcn-

orbit magnetoresistance of potassium, shown in

Fig. 2. We first review the theory of open-orbit
magnctorcslstance. Thc open-Orbit diicctlons in
potassium, caused by a CD%, arc then derived.

Thc magnetoresistancc of a single crystal, having a
doInain structure, is then calculated. %C conclude
with a discussion of directions for future research.
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II. OPEN;ORBIT MAONETORESISTANCE

We illustrate the theory of open-orbit magneto-

icsistancc with a simple model: a Pcrim surface

consisting of two separate surfaces, a sphere and a
cylinder. ' This model has the virtue that its exact
conductivity tcnsoi 18 dcrivRMC.

In a Illagnetlc fiejd 8=Hz, the conductivity ten-

sor o, of a spherical Fermi surface is

FIG. 2. Magnetoresistance of potassium versus H
(Coulter and Datars, Ref. l). (a) Single crystal grown in

oil. H in the (211) plane; its direction in the plane of ro-
tation is not known. (b) Single crystal grown in a Eel-I'

mold. H in the (231) plane; its direction at 8= —90' is

[128j and its sense of rotation is clockwise about the
[23 1] axis.
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r0, =eH/mc is the cyclotron frequency, and r is
the electron relaxation time.

The conductivity tensor 0., of a cylindrical Fer-
mi surface, having an axis to, is most conveniently

cxpfcsscd ln thc QUM coofc4natc system~ shown I
Fig. 3, defined by u=(wxy)/sing and u=toxu. (I)

is the angle between m andy and 8 is the angle be-
tweeli tile projection of N lil tile xz plalie and z. Iii
the uuto frame,

I I I

4)cT -" P00

1 —5 0
1+5' 1+5'

5 1

1+5' 1+5'
0 0 0

(2)

where 5=—ro, ~sing cos8. Transforming into the xyz
fr ames,

I I I

90 IG5
Magnetic field direction, 8

FIG. 4. Open-orbit magnetoresistance. Sharp peaks
occur when H is perpendicular to the open-orbit dir'ec-

tion to. Open-orbit electron fraction q=0,001.

where the orthogonal transformation matrix is

—cosO 0 sin 8
S=— cosP sin8 —sing cosP cos8

s1nf sll18 cosf sing cos8
(4)

peaks, proportional to H, occur when H is per-
pendicular to to. It can be shown that the peak
height is

Letting t) be the electron fraction of the cylindri-
cal Fermi surface, the total conductivity of a
sphere and cylinder is

The zero-field resistivity is approximately the same
as for a spherical Fermi surface, but, in a magnetic
field, the open-orbit electrons affect the resistivity
dramatically.

Figure 4 shows the transverse magnetoresistance

p as a function of field strength and orientation.
The open-orbit electron fraction is rl =0.001 and
the angle between the open-orbit direction m and
the rotation axis y is /=45 . Sharp, nonsaturating

FIG. 3. Relative orientation of the uvre a,nd xyz axes.
au is the open-orbit direction and H is para, llel to z.

where bp~ p~(H) —p~—(0) at 8=90' and
p= I/o. The peak fullwidth at half maximum, in-

versely proportional to 8, is

68=2/(ro, csin/) .

It can be shown that the Hall coefficient has the
free-electron value, Rlr ———1/nec. Open orbits
have a negligible effect on the longitudinal magne-
toresistance, which saturates when ~,~g 1.

In a CD& state the conduction electron density
has a sinusoidal modulation due to the effects of
electron-electron interactions. The CD% wave
vector Q in potassium has a magmtude

Q =1.33(2n./a), 8% larger than the Fermi surface
diameter. Its theorctically predicted direction is
near a [110]axis, but because of elastic anisotro-

py, is tilted -4.1' away and lies in a plane oriented
65.4' away from the (001) plane.

Due to the underlying cubic symmetry, there are
24 symmetry-related, preferred axes for Q. Any
single crystal will likely be divided into Q domains,
each having its Q along one of these 24 axes. The
domain distribution and size depend upon the



metallurgical history, being affected, for example,

4y sample shape RQd size, snffacc orlcBtatloQ and
px'cpMatioQ, ~QcBling time, $Qd thecal stre&. , A
directed stress due to a nonuniform oil drop or ox-
ide spot can pl'oducc R pfcfclTcd doIQRIQ orienta-
tion. At tcmpcratglcs above I5 K, %'herc potassi-
UG1 bcgBN its mechanical I'ccovcry~ domMQ

gro%th can occU1 ln order to Icllcvc internal
strains. Tbc UQcontx'olIIcd domain stDMtUx'c ex-

plains the variability of the open-orbit magne-
toresistauce for samples prepared by different
methods and for the same sample after warming to
llq old-Qltl ogcQ tempera tgrc.

The open orbits are created by three pairs of en-

cfgy gapa» sllown 111 I'elation 'to thc FciTQ1 sllffRcc
in Fig. 5. IQ a CD% state, the conduction elec-
tron density ls

p(r)=IIs(l —p cosQ F) .

po is the average electron density; p and Q are the
fractional modulation and wave vector of the
CD%. The main gaps, which cause the 0.6 CV

Mayer-El Naby optical-absorptioQ anomaly, ~sc
from the exchange and correlation potential

V(r) =6 cosQ. r (9)

The Fourier transform of p(r ) is

p- =p(q ) g exp[ —iq (L+A sinQ-L)], (12)

where p(q) is the ionic form factor. Expanding to
first order in the amplitude A, we obtain

p- =p( q )g c ' " ' "(1—i q *AsinQ. L) (13)

of the CDW. Since the CD%" wave vector Q is

only slightly larger than the Fermi-surface diame-

ter, these gaps distort the Fermi surface nearby,
forming small necks or points of critical contact.

The heterodyne gaps, shown in Fig. 5, arise
from a sinusoidal displacement of the positive ions,
Which occUzs ln oI'dcr to IMQtNQ charge Qcotrall-

ty. Thc llew lolllc posltiolls R L Rfc I'clatcd to thc

old PosltloQs I by

which is nonzefo only if q =G or G+Q, where G
is any reciprocal lattice vector. Of the new period-
icities G+Q, only Giio —Q is smaller than the
Fermi-surface dlaiflctcf. Its cilel'gy gapa llltcfscct
the Fermi suface whereas those due to the others
arc Qot expected to do so.

The phason-instability gaps, also shown in Fig.
5, ~sc &om a static phasoQ instabiHty, having
wave vector 2Q, which lowers the total energy.
Thc iomc positioQS R & afc Qovv givcQ by

R ~ =L+A sin(Q. L+Psin2Q. L), (14)

A is the amplitude of the lattice distortion. Its
magnitude is 0.03 A and its direction is parallel to
the vector (18.5,54.0,53.1) when Q=(2Ifla)(0.966,
0.910,0.0865).I The iomc charge density is thus

p(r)= gp(r —L—AsinQ L), (11) where P is the amplitude of the static phason.
Taking the Fourier transform of the ionic charge
density and expanding to first order in A and P
Q]tclds

where p(r) is the charge density of a single ion at
thc origin RQd thc sUI 18 over all lattice sltcs I..

p-=P(q) ge 'q [1—iq.A(sinQ*L+PCOSQ Lsin2Q L)],
L

which is nonzero only if q =G, G+Q, or G+3Q,
where G is any reciprocal lattice vector. Of the
new periodicities G+3Q, four al'e smallcl than the
Fermi-surface diameter, producing energy gaps at

the Fermi surface. Of these four, 3Q—2Giio is
most loQgitUAQRl, l.c., has thc largest componcBt
parallel to A. Since p- is proportional to q A, it
ls expect& to have thc largest energy gap.
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Besides these, other energy gags, which are

higher order in the amplitudes A and P, occur.
Except for the main gap, the sizes of these energy

gaps are not known. In order to illustrate the

theory, we include only the three sets of gaps
shown in Fig. 5.

The main gap, which is 0.6 eV, is too large to be
broken down by the magnetic field, but the others,
which are smaller, may be. (The breakdown field

for the main gap is about 1000 T.) The probability
of an energy gap being broken down by a magnetic
field H is

2~mcE~

2''e iK (vXH)
i

—Hp—:exp (16)
H

+

K is the wave vector of the periodic potential pro-
ducing the energy gap Eg and v is the velocity that
an electron would have at the energy gap if it were
free. Taking H parallel to z and K parallel to x,
Eq. .(16) reduces to

r

P =exp
mEg

(17)
4fico, m

/
u„uy

/

Since the breakdown field Ho depends on the elec-
tron velocity, an energy gap may simultaneously be
broken down by some orbits on the Fermi surface
and not by others.

Five open-orbit directions can be identified in

Fig. 5. For example, if there is no magnetic break-
down, an electron traveling in k space on a cyclo-
tron orbit from 8 to C will be Bragg reflected to
D, will continue to E, where it will be Bragg re-

flected back to B. The open-orbit direction is

4Q —3Giis. However, if the heterodyne gaps at C
and D have suffered magnetic breakdown, the elec-
tron will travel continuously from B to E, where it
will be reflected back to 8. The open-orbit direc-
tion is then 3Q —2Giio. A nonequatorial open or-
bit such as G to H (with reflection back to G) can
occur even though the same heterodyne gaps have
undergone magnetic breakdown on the equatorial
orbit at C and D. The breakdown field of the orbit
G to H, shown projected into the plane of Fig. 5, is
greater than that of the orbit C to D, since v„vz is
less.

Since the magnitudes of the heterodyne and
phason-instability gaps are not known, neither are
the breakdown fields. Again, in order to illustrate
the theory, we include all of the five possible
open-orbit directions, indicated in Fig. 5.

IV. OPEN-ORBIT MAGNETORESISTANCE
OP POTASSIUM

Obviously a theory for the angular dependence
of the magnetoresistivity of a potassium crystal
containing 24 types of Q domains, having therefore
120 open-orbit directions, must employ simplifying
assumptions. %e model the magnetoconductivity
of a single domain as if it were caused by six
Fermi-surface fractions, a sphere and five

cylinders. The sphere contains (1 —5')-90% of
the conduction electrons. The cylinders, whose
axes are parallel to the open-orbit directions in Fig.
5, each contain rl =2% of the conduction electrons.

Since the magnetic breakdown probability, given

by Eq. (16), depends on the angle between H and
the periodicity K producing the energy gaps, the
open-orbit electron fraction g is different for each
of the 120 open-orbit directions. Moreover it is
field dependent, either increasing or decreasing as
H increases. For example, as H increases, the elec-
tron fraction having the open-orbit direction Q will
increase whereas that having the open-orbit direc-
tion Q'—:Gi~0 —Q will decrease. In the model, 120
field-dependent values are thus replaced by one
constant.

Since the energy gaps and breakdown fields are
unknown, q cannot be estimated from the predict-
ed Fermi surface (Fig. 5). We shall show, howev-

er, that the overall scale of the open-orbit magne-
toresistance depends on vj but the structure is in-
sensitive to its value. Lacking absolute measure-
ments of the induced torque, we assume the value

il =2%.
Accordingly, the conductivity tensor for each

type n of Q domain is given by

5

cr„=(1 5g)o, +il g o—,„j .
j=1

0., is the magnetoconductivity tensor of a spherical
Fermi surface, given by Eq. (1), and o«J is the
magnetoconductivity tensor of a cylindrical Fermi
surface having an axis parallel to the Jth open-orbit
direction of Q-domain n, given by Eqs. (2)—(4).

The conductivity tensor of a macroscopic single
crystal, broken up into 24 Q-domain varieties, is
calculated by means of the effective medium ap-
proximation. ' This is a mean-field type of ap-
proximation, which is expected to be valid when
the domain size is greater than the electron mean
free path but smaller than the sample dimensions.
The effective conductivity tensor of the heterogene-
ous medium is
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24

+ g f (o„o,—„,) o,
n=l g f„o.„

(20)&.=[I —I-i ('on=o, t)] ',
vkhcrc thc sfmIDctr1c tensor I ~X) depends onlg on
the syiiinietric part oexi of cTeqiq having tlie same

principal axes. The eigenvalues I; of I',„„which
satisfy the equation

f„and o„are the volume fraction and conductivi-

ty of Q-domain n. o,„, is the conductivity of the
"host" surrounding each doIIlain. a„ is a tensor

dcpcndlng on 0'~ and 0'exp~ given bp

3

g A,;I;=—1,
i=I,

are functions of the eigenvalues &; of™o,'„i.

A, I «A,2«A, 3, then

1

&i (A, ,A2As) ( I/A, i
—1/&)) ( I/&i —I/&g)1/2

—-(F E}

1 1 —[{AP,i/A, g) ( I/A, i —I/A, g) E] . —1/2 1/2

~, (A.,A.,A.,)'r' ( IP, ,- I/~, )'"(I/~, —I/~, )

F and Z are elliptic integrals of the first and

second kinds, defined by
5

F(5,k)= I (1—k sin P) '/dP,

E(5,k}=I (1—k sining}'r~dg,

having amplitude and modulus

5=sin '(1—A, i/Az}'~i,

( I /A, i
—I /A, 3)

'i

(As/Ai)'r sinh '(Az/A, ,—I)'ri

If A, i
——A,2=A,3, then I i ——I z

——I 3
————,A,z.

The effective-medium approximation is obtained

by requiring the conductivity o,„,of the host, sur-

rounding each domain, to be just o,ri. This self-

cons1stcnt tensor~

I

Starting from a free-electron conductivity tensor,
the solution typically converged after five itera-

tions to within 1%.
The 24 parameters f„which specify the Q-

domain distribution are unknown. We take the Q-
domain distribution to be either random (f„=—„)
O1 textur&:

f„=~ I I+a[—,(Q.T) ——,] J, (23)

where T is the umt vector of the texture axis and a
is a texture parameter lying between —1 and + 2.
%=0 corresponds to Qo tcxtuI'c, 0'. ~ 0 to 8 prolate

texture, and o; «0 to an oblate texture.
The twofold anisotropy of the induced torque

observed at lower magnetic fields, which contrad-

icts the suppcsed cubic symmetry, shows that the

Q-domain distribution may have a preferred direc-

tion. Equation {23)is one example of such a dis-

tribution. In the model the 24 parameters f, are

thus rep1a~ by three parameters, the texture axis

T and texture parameter a. %e shal1 show, how-

ever, that the main qualitative features of the

open-orbit magnetoresistance do not depend on the

assumed texture.
The electron scattering t1mc f' at 1.4 Ks h1ch 1s

primarily duc to impurity scattcrlng, 1s determined

fi'oiii the zero-fiield resistivi'ty p. Iil zei'0 iriagrietic

field, the resistivity is approximately the same as

for a spherical Fermi surface,

(24)

Oeff=oext ~

can be found quickly by iteration of Eq. (19).

(22)
since the cylindrical surfaces contain only a small

fraction, 5rl =10%, of the electrons. The zero-

field resistivity of the induced-torque samples was
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+
%open S 3B

which may be rewritten as

(25)

(26)

not measured, but the residual resistivity of pure
potassium is typically about 4000 times smaller
than the room-temperature resistivity p=7 pQ cm,
implying x=1.5&10 ' sec at 1.4 K. Assuming
this value, co,~=50 at H=2 T.

The relaxation time v applies to the spherical
surface, having conductivity tensor o;. In high
magnetic fields, the open-orbit conductivity is
much greater than the closed-orbit conductivity.
Since an open-orbit is destroyed when it crosses a
domain boundary, the relaxation time ~, ,n to be

o ~ e
open

used in o«J. is shorter than v. An electron in an
open orbit travels in a straight line at the Fermi
velocity U~ and the average distance it travels be-
fore leaving a spherical domain of diameter D is
3D!S. r,~„ is thus given approximately by

lp

0x

o 30

P0
a) 20
Ql
o

~ I I I ~ I ~ I ~ ~I I ~ I ~ I I ~
I I I ~ I

~ ~ ~ I ~ ~

0 ~ I ~ I I ~ ~ I ~ ~ I ~ ~

-90 -60 -30 0 30 60 90
Mognetic field direction (deg]

FIG. 6. Theoretical magnetoresistance versus H. (a)
H in the {211}plane; its direction at 8= —90' is [1 20]
and its sense of rotation is clockwise about the [211]
axis. D=0.05 mm; texture: a= —1, 8=0. (b) H in the
(2 3 1) plane; its direction at 8= —90' is [128] and its
sense of rotation is clockwise about the [2 3 1] axis.
D=0.12 mm; no texture (a=0).

where A, =uzi=0. 13 mm is the electron mean free
path. In principle, Eq. (25) applies only when H is
nearly perpendicular to the open-orbit direction,
but this modification has a small effect.

The magnetoresistivity p~ for H in a plane per-
pendicular to a [211]or [321] axis was calculated

according to the above theory and is shown in Fig.
6. Induced-torque curves were also calculated us-

ing the Visscher-Falicov formula2 and are shown
in Fig. 7. Except for the vertical scale, they are in-

distinguishable from the magnetoresistance curves.
The crystal orientations in Fig. 6 correspond to the
experimental data in Fig. 2. The crystallographic
direction in the plane of rotation, which was not
known for the data in Fig. 2(a), was adjusted in
Fig. 6(a).

The magnetic field strength at which open-orbit
peaks emerge depends somewhat on domain size.
a=0.05 mm and &=0.12 mm were used, respec-
tively, ln Figs. 6(a) and 6(b); the corresponding
open-orbit relaxation times are r,„,„=r/8 and
~,~„——~/4. A texture parameter a = —1, with an
axis at 8=0, was used in Fig. 6(a); random orienta-
tion, a=0, was used in Fig. 6(b).

A CD% domain structure is indeed consistent
with thc main fcaturcs of the experimental Icsults:
the large number of open-orbit peaks, their field
dependence, their width, and variations in the data
from run to run. S1Qcc there is mole than onc
open-orbit direction per domain, the peak locations

are not expected to correspond to a single set of 24
symmetry-related directions.

Magnetoresistance spectra for different open-
orbit electron fractions q are shown in Fig. 8. The
structure in the magnetoresistance is the same;
only the overall scale is affected. Absolute meas-

IO

a

IO

0-90 -60 -30 0 50 60 90
Magnetic field direction (deg)

FIG. 7. Theoretical induced torque versus H. The
curves shown were really computed by the Visscher-
Falicov formula, using the same parameters as in Fig. 6.
For a spherical Fermi surface, the induced-torque sa-
turates at No ——(8~/15)R Q(ne) p, where p is the zero-
field resistivity, n is the electron density, 8 is the sample
radius, and 0 is the angular rotation frequency.
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Magnetoresistance spectra for different domain
sizes are shown in Fig. 10. a=0.1 mm in Fig.
10(b) is the approximate domain size of the experi-
mental data in Fig. 2. If metallurgical preparation
has caused too small a domain size, the open-orbit
peaks can be suppressed. If the growth of larger
domains is stimulated, about twice as many open-
orbit peaks are clearly resolved. Induced-torque
cxpcriIYlcnts thus pfovldc 8 measure of thc doIQain
SIZC.

I I \ ~ ~ I I I ~0-90 -60 -X) 0 M 60 90
Magnetic field direction (deg)

FIG. 8. Theoretical magnetoresistance for H in a
(321) plane. (a) q=0.02, (b) g=0.01,

urements of the induced torque, together with the
sample diameter, rotation frequency, and zero-field
resistivity, will enable an estimate of rI.

Magnetoresistance spectra for different textures
arc shown 1n Flg. 9. Although thc qua11tativc
features are the same, the quantitative details are
very different. Some peaks present for one texture
are absent for another. Until Q-domain structure
can be controlled, a detailed fit of theory and ex-
periment is impossible, since it would require ad-

justing all 24 vallles of tile dollla111 probabllltles f„.
The uncontrolled domain structure, both texture
and size, explains the variability of induced-torque
data.

Thc immediate thcorctlcal Rnd cxpcrlmcntal
challenge is the determination of the open-orbit
directions in potassium from its magnetoresistance
spectra. Since the location of an open-orbit peak
determines only the plane of the open-orbit direc-

tion, many experimental runs on accurately orient-

ed crystals are required. If the temperature is al-

lowed to rise above 15 K between runs, some peaks
which afc plcscnt 1n onc run may bc absent ln thc
next due to domain distribution changes. Since
only about 20 of the 120 predicted open-orbit
peaks are present in Fig. 2, each observed peak
contains many unresolved peaks, which further
complicates the data analysis.

The additional information that becomes avail-

Rblc Rt cxtrcIncly high magnetic flclds ls lllust1Rtcd

in Figs. 11 and 12 by ma, gnetoresistance spectra at

ZO .
(&&)

O.0 I mm

~ I ~ ~ ~ I I ~ \ I I ~ I t ~

20

~ I0

0-,'
(b)

20
CP

I0-

a 0 I ~

c (c3

30

I \ ~ ~ ~ I I
I ~ ~ I

~ ~ ~ 'I I ~

~ ~ ~

t t
~ ~ I

—20
~Q

0
O

th

(c) l rnrn
H BT

20

-90 -60 -30 0 30 60 90
Magrletic field direction (degas

FIG. 9 Theoretical ma0;netoresistance for H in a
(211) plane, D=0.05 mm. (a) a=2, g=60'; (1) o.=—1,
8=0; (c) a=0. The dashed curve is for D=0.005 mm.

~F zoi II

'g j'sI, 4 QI
0~~
-90-60-30 0 30 60 90

Magnetic field direction (deg)

FIG. 10. Theoretical magnetoresistance for H in a
(321) plane. (a) D=0.01 mm; (b) D=0.1 mm; (c) D=1
mm.



25 OPEN-ORBIT MAGNETORESISTANCE SPECTRA OF POTASSIUM 2219

VI. CONCLUSION

Q 100
Q

Q.

CD

O

o 50
CD

H=24T

0
-90 —60 -50 0 30

Mpgnetic field direction (deg)
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FIG. 11. Theoretical magnetoresistance at 24 T for
H in a (211) plane.

24 T, which we have computed for H in a (211) or
(321) plane. Approximately twice as many open-
orbit peaks are sharply resolved at 24 T as at 8 T.
We assumed as before that all five open-orbit
directions in each Q domain are equally likely,
even though magnetic breakdown may require this
simple assumption to be modified. For example, if
the heterodyne and phason-instability gaps can be
neglected at such high fields, each Q domain
would have only one open-orbit direction Q, reduc-

ing the total number of open-orbit directions from
120 to 24. High-field experiments will thus also
allow magnetic-breakdown studies of the energy
gaps.

Potassium, the simplest metal of all, is for
solid-state theory the analog of the hydrogen atom.
Its properties must have explanations. Only two
views are under serious consideration: (1) potassi-
um has a CDW; (2) potassium has a spherical Fer-
mi surface. The open-orbit magnetoresistance ob-
served by Coulter and Datars, ' shown in Fig. 2,
supports the first view, which explains the main
features, and rules out the second view, for which
the only allowed magnetoresistance spectrum is the
horizontal, dashed line shown in Fig. 6(b).

A question that is often asked is whether dislo-
cations can cause the narrow torque peaks in Fig.
2. An oriented array of dislocations scatters elec-
trons perpendicular to the dislocation axis. The to-
tal relaxation time due to impurity and dislocation
scattering is then anisotropic. %e have calculated
the induced torque for oriented dislocations, as-
suming a zero-field resistivity

1 0 0

p=p01 0 (27)

000.1

which is 10 times less parallel to the dislocation
axis than perpendicular to it. Taking the disloca-
tion axis in the rotation plane, we show in Fig. 13
the dependence of the induced torque on the angle
8 between H and the dislocation axis. The torque
saturates at relatively low fields and is completely

100% oriented

0.6 dislocati ons

H =0.8T

150- H=2n T

O 0.2

O

X 100

CJ
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O
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0 30
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60 90

FIG. 12. Theoretical magnetoresistance at 24 T for
H in a (321) plane.
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Oo 90' 180'

Magnetic field direction, 8

FIG. 13. Induced torque of oriented dislocations.
Resistivity anisotropy=0. 1. The torque saturates at
X/No ——0.55, where Xo——{8m/15)R Q(ne) p
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1sotropic.
An outstanding enigma is why the effects of a

CD% are not observed in de Haas —van Alphcn
(dHvA) experiments. The dHvA frequency is pro-
port101181 to thc cxtlclnal Fermi-surface closs-
scctlonal area. Although the prcssure dcpcndcncc
of the dHvA frequency in potassium is
anomalous, ""its angular dependence is nearly
isotropic. ~ The relatively large distortions of
the Fermi surface near the energy-gap planes
caused by a CD% are not observed.

Since the dHvA effect is sensitive only to closed
orbits, it cannot detect the open orbits observed by
the induced-torque technique. %C expect that in a
single domain sample the Fermi-surface anisotropy
would be observed and can only conclude that the
apparent isotropy is a consequence of the domain
structure. We speculate that, if the Q-domain size
is small, thc obscrvd dHvA fi'cqucncy is an aver-

age over many domains. A theory of the dHvA
effect in a polydomain sample, taking into account
electron-electron interactions, remains to be

developed.
Deliberate attempts to prepare dHvA effect sam-

ples having laigc don1a1n sizes afc cncouragcd.
The factors affecting the domain distribution in
order of importance are surface orientation, direct-
ed stress, and a magnetic field. Surface faceting
may control the domain size, since different sur-
face orientations favor different Q directions.
Etching, which produces larger facets, may thus
stlll11118'tc tllc glowth of 181'gcl' do11181ns. Tllc 8111811

samples (about 1 mm in diameter) typically used in
dHvA experiments may be "all surface"; their
domain size may be limited by the surface facet
size. The use of larger samples, having an interior
region, may thus permit larger domains to grow.
Simultaneous induced-torque measurements, inter-

pret& using thc theory developed here, would pro-
vide an cst1n1atc of thc domain S1zc.
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