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Theory of the Open-Orbit Magnetoresistance of Potassium

M. Huberman and A. W. Overhauser
Depavtment of Physics, Puvdue Univevsity, West Lafayette, Indiana 47907
(Received 1 May 1981)

The discovery of open-orbit magnetoresistance peaks in potassium shows that its Fermi
surface is multiply connected. A charge-density-wave structure (which would have 24 do-
main orientations and five open-orbit directions per domain) explains the main features.
The magnetic field at which open-orbit peaks appear depends on domain size, which we

find to be ~ 0.1 mm.

PACS numbers: 72.15.Gd, 72.10.Bg

Recently Coulter and Datars® discovered open-
orbit magnetoresistance peaks in potassium.
Their data on two crystals, obtained with the in-
duced-torque method, are reproduced in Fig. 1.
In this paper we show that a charge-density-wave
(CDW) structure®'® explains the large number of
open-orbit peaks, their field dependence, their
width, and variations in the data from run to run.

More than twenty anomalous properties re-
ported during the last eighteen years, which are
inconsistent with the prevalent view that potas-
sium has a spherical Fermi surface, have been
explained quantitatively or qualitatively by the
CDW model. (See Ref. 3 for highlights.) There-
fore the authors make no apology for describing
as factual the properties of a CDW derived from
extensive theoretical and experimental research.
Nevertheless, any reader who feels that the data
shown in Fig. 1 (which are but two examples of
approximately 100 runs on twelve specimens!?)
can be reconciled with a horizontal line (de-
manded by a spherical Fermi surface) is free to
substitute the subjunctive mood in what follows.

The CDW wave vector _Q in potassium has a’
magnitude® @ ~ 1.33(27/a), 8% larger than the
Fermi-surface diameter. Its direction is near
a [110] axis® but, because of elastic anisotropy,

—Q is tilted 4.1° away and lies in a plane oriented

65.4° from the cubic (001) plane.® Accordingly
there are 24 symmetry-related, preferred axes
for -Q; so any single crystal will likely be divided
into _Q domains, each having its _Q along one of
these 24 axes. The resulting domain structure,
which depends on metallurgical history, is re-
sponsible for the nonreproducibility of conduc-
tivity data from one run to the next, if the tem-
perature has suffered a large excursion.®

The open orbits are created by three pairs of
energy gaps, shown in relation to the Fermi sur-
face in Fig. 2. The main gaps, associated with
the CDW periodic potential, cause the 0.6-eV
Mayer-El Naby optical anomaly* and distort the
Fermi surface nearby to form small necks or
points of critical contact. The heterodyne gaps,’
shown in Fig. 2, arise from a sinusoidal dis-
placement of the positive ions. The wave vector
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FIG. 1. Magnetoresistance of potassium vs H (Coulter
and Datars, Ref. 1). (a) Single crystal grown in oil, H
in a (21__1) plane. (b) Single crystal grown in a Kel-F
mold, H in a (321) plane.

—Q—_Gllo of this static displacement lies within

the Brillouin zone, unlike Q which is much larger.

Finally, a third pair of energy gaps arises from
a phason instability,® and they are also shown.
Other periodicities occur, but we believe their
energy gaps to be negligible.

Five open-orbit directions can be identified in

Fig. 2. For example, if there is no magnetic
breakdown,’ an electron traveling in & space on
a cyclotron orbit from B to C will be Bragg re-
flected to D, and will continue to E, where it will
be Bragg reflected back to B. The open-orbit
direction is 4Q - 3_(3110. However, if the hetero-
dyne gaps at C and D have suffered magnetic
breakdown, the electron will travel continuously
from B to E, where it will be reflected back to
B. The open-orbit direction is then 3Q - 2G,,,,.
A nonequatorial open-orbit 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.

It is well known'® that if a metal has only closed
orbits, there can be no high-field magnetore-
sistance. A nonsaturating magnetoresistance,
proportional to ﬁz, can occur whenever H is per-
pendicular to an open-orbit direction. This effect
disappears if H is rotated slightly into a nonper-
pendicular orientation. Sharp magnetoresistance
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FIG. 2. Fermi surface, energy gaps, and open orbits
(for H perpendicular to the plane shown).

peaks, observed by rotating H (or the crystal),
are the signature of open orbits. They provide
the method for measuring open-orbit directions.
The induced-torque technique,' requiring no
electrical contacts, has been so utilized for more
than a decade.

Obviously a theory for the angular dependence
of the magnetoresistivity of a single crystal con-
taining 24 Q domains, having therefore 120 open-
orbit directions, must employ simplifying ap-
proximations. We model the magnetoconductivity
of a single domain as if it were caused by six
Fermi-surface fractions—the dominant one a
spherical surface containing 1 -5 n=90% of the
conduction electrons. The other five are cylin-
drical surfaces, each having an axis parallel to
one of the open-orbit directions shown in Fig. 2
and containing n~2% of the electrons. The con-
ductivity of a macroscopic single crystal (but
broken up into 24 Q-domain varieties) is cal-
culated by means of the effective-medium approx-
imation.! 2

Accordingly the conductivity tensor for each
type, n, of Q domain is given by

5
0,=10=50)0, +10 ;- 1)
i=1

G, is the magnetoconductivity tensor of a spheri-
cal Fermi surface and @, ; is the magnetocon-
ductivity tensor of a cylindrical Fermi surface
having an axis parallel to the jth open-orbit di-
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rection of Q domain n.'® The effective conduc-
tivity tensor of the heterogeneous medium is

24
Oeff'=6.ext+z> fn (b'." "Fext)'Bn, (2)
n=1

where f, is the volume fraction of Q domain n,
and B, is an explicit tensor, depending on G,
and 0,; , which we have evaluated.’®> The effec-
tive-medium approximation is obtained by re-
quiring the conductivity T ,,; of the “host,” sur-
rounding each domain, to be just G .¢;. This
self-consistent tensor,

Geff =0ext @)

can be found quickly by iteration of Eq. (2).
We took the Q-domain distribution to be either
random (f, =2 ) or textured:

fo=Hl1+al$@ 17 -11}, )

where T is the unit vector of a texture axis.
Finally, the electron scattering time 7 for the
spherical Fermi surface was taken to be 1.5
x107'° sec, appropriate to potassium at 4 °K if
the residual-resistivity ratio is ~4000. Then H
=2 T corresponds to w,7=>50.

Since an open orbit is destroyed when it crosses
a domain boundary, the relaxation time 7., used
in calculating &, ; is shorter than 7, and is given
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FIG. 3. Theoretical magnetoresistance vs H. @ H
in (_2}1) plane, D=0.05 mm; texture: a=—1, 6=0.
(b) H in (321) plane, D=0.12 mm; no texture (@ =0).

684

approximately by

1 1, 85

Topen T 3D’ (5)

vy is the Fermi velocity and D is the diameter of
a—Q domain.

The magnetoresistivity p,, for Hina plane
perpendicular to a [211] or a [321] axis was cal-
culated according to the above theory and is
shown in Fig. 3. Induced-torque curves were also
calculated' and, except for the vertical scale,
were found to be indistinguishable from the mag-
netoresistance curves shown. The magnetic field
strength at which open-orbit peaks emerge de-
pends somewhat on domain size; D=0.05 and
0.12 mm, respectively, in Figs. 3(a) and 3(b).

A texture parameter a=-1, with an axis at 6=0,
was used in Fig. 3(a); random orientation, ¢ =0,
was used in Fig. 3(b).

The remarkable similarity between Fig. 3 and
the data of Fig. 1 illustrates the ease with which
(otherwise) incomprehensible data can be ex-
plained once one recognizes the CDW structure
of potassium. de Haas-—van Alphen data, which
are sensitive only to closed orbits, can no longer
be cited as evidence for a spherical Fermi sur-
face. For then, the only allowed behavior of a
magnetoresistance spectrum is the horizontal,
dashed line shown in Fig. 3(b).
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FIG. 4. Theoretical magnetoresistance for Hina
(211) plane, D=0.05 mm. (a) @=2, 6=60° () a=—1,
0=0; (¢) «=0. The dashed curve is for D=0.005 mm.
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Until Q-domain structure can be experimentally
controlled, it will not be possible to make de-
tailed comparisons between theory and data. We
illustrate this in Fig. 4, where three spectra are
shown for H in a (211) plane. Only the texture
parameters have been changed. Finally, the
dashed curve in Fig. 4(c) shows how open-orbit
spectra can be suppressed if metallurgical prep-
aration has caused too small a domain size.
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Role of Adsorbed Water in the Dynamics of Metmyoglobin
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By microwave measurements we have determined the dielectric relaxation rate for
adsorbed water in metmyoglobin crystals in the temperature range from 100 to 300 K.
The temperature dependence of the dielectric relaxation rate of the adsorbed water is
nearly identical to the temperature dependence of the conformational fluctuation rate
of the protein as measured by the Mossbauer effect. This surprising correlation may
be understood in terms of the mechanical and electrical interactions between the adsorb-

ed water and the protein.

PACS numbers: 77.40.+i, 87.15.-v

The physiological function of proteins cannot be
understood from their static structure since dy-
namical aspects are of great importance. Recent-
ly x-ray® and Mossbauer?®™* studies on myoglobin
crystals and frozen solutions have revealed that
the atoms in the protein molecule undergo unusu-
ally large displacements. For example, the aver-
age displacement of the Fe atom in myoglobin is
as large as 0.24 A at room temperature. Such
anomalously large values can be ascribed to the
fluctuations between conformational substates of
the protein molecule.’ These substates arise
from a large number of slightly different struc-
tural configurations which protein molecules can
adopt. In Mossbauer experiments it was found
that the characteristic time of these large-ampli-
tude motions is about 10°7 s at room tempera-
ture.* On cooling, however, these fluctuations
slow down, and below 200 K, they are too slow to

be seen by Mossbauer experiments.

Mossbauer experiments on proteins®® and Ray-
leigh scattering experiments on myoglobin’ pow-
ders with controlled water content have already
shown that the large displacements of the iron
atom disappear if the amount of water adsorbed
on the protein is reduced. Therefore to under-
stand the role played by water, we have studied
the dynamical dielectric properties of water in
metmyoglobin crystals. We find that the temper- .
ature dependence of the dielectric relaxation rate
of the adsorbed water in metmyoglobin crystals
is strongly correlated to the tenxperature depen-
dence of the displaceiment of the iron atom as
seen by Mossbauer measurements. In this paper
we discuss how the dynamic dielectric properties
of the adsorbed water may influence the confor-
mational fluctuations inside the protein.

Dielectric measurements at microwave frequen-
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