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This relationship has been investigated by Nachtrieb 
et alA and Hudson and Hoffman5 for self diffusion in 
lead and found to hold only for pressures below about 
12 kbar. I t is concluded inasmuch as the experimental 
data for InD versus Tm/T as shown in Fig. 4 have about 
the same scatter as the isobar data for IILD versus 1/T 
from Fig. 2 that within the experimental error a relation 
of the form of Eq. (6) is valid to 40 kbar for the diffusion 
of Ag into Pb. A least-squares analysis of the data of 
Fig. 4 yields a value of 15.3 kcal/mole for AH(0) from 
Eq. (6) in good agreement with Seith and Keil's15 value 
of 15.2 kcal/mole. I t is noted, however, that although 

1. INTRODUCTION 

TH E galvanomagnetic properties of a metal in the 
high-field region, where the effect of collisions on 

the motion of the current carriers is small compared 
with the effect of the magnetic field, can provide direct 
information about its electronic structure. Lifshitz, 
AzbeP and Kaganov1 showed in particular that the 
variation of the field dependence of the galvanomag
netic properties is independent of the collision processes 
in the high-field region and is governed solely by 
geometric features of the Fermi surface of the metal. 

The high-field region is defined formally by the 
inequality, 

co c f» l , (1) 

which must be satisfied for all the carriers. In Eq. (1), 
coc is the cyclotron frequency, 

uc=eB/fn*c, (2) 

of a carrier of cyclotron mass ?n* and charge e moving 
in its cyclotron orbit in the magnetic field B, and f is 
an average around the orbit of the relaxation time 
characterizing the collision and scattering of the carrier. 
For a given magnetic field, the high-field region can be 

1I. M. Lifshitz, M. Ya AzbeP, and M. I. Kaganov, Zh. 
Eksperim. i Teor. Fiz. 31, 63 (1956) [English t ransl : Soviet 
Phys.—JETP 4, 41 (1957)]. 

the high-pressure data have about the same slope it 
predominately falls below the Seith and Keil15 data. 
This is not surprising in terms of the proposed mech
anism since the vacancy contribution to the diffusion 
disappears as the pressure increases. 

The error limits as indicated in Table I for the activa
tion energy have been calculated from the rms deviation 
between the experimental points and the curves of 
Fig. 2. The error limits for Z)0 and the activation 
volumes AV as shown in Tables I and I I have been 
estimated by relating them through Eqs. (3) and (4) to 
the errors in AH. 

achieved by increasing f. This is accomplished by using 
a high-purity sample of the metal at a low temperature 
to reduce the scattering of the carriers by impurities 
and lattice vibrations. 

For a given metal, the residual resistance ratio, 

R R R = ^i2r/-#4.2°K = pJK!r/p4.20Kj (3) 

i.e., the ratio of the resistance R, and therefore the 
resistivity p, of a sample at room temperature 
(RT~295°K) and at 4.2°K, is a useful criterion for 
comparing the purity and perfection of different 
samples, PRT is determined almost entirely by the 
scattering of the carriers by lattice vibrations and is 
almost independent of the impurity content of the metal 
sample, whereas p4.2°K is determined almost entirely by 
the scattering of the carriers by impurities and physical 
defects. Since p is inversely proportional to f, RRR is a 
direct measure of the value of f for the sample at 4.2°K. 

We describe in this paper measurements of the 
anisotropy and field dependence of the magnetoresist-
ance of rhenium at 4.2°K. We employed one set of 
samples with current directions J oriented along the 
three major symmetry axes of this hep metal and having 
values of R R R from about 1000 to 7000, and another 
set, similarly oriented, but having values of RRR from 
about 25 000 to 43 000. 

Following an account of the experimental procedure 
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High-field magnetoresistance measurements show that rhenium is a compensated metal whose Fermi 
surface supports three sets of open orbits. One set, which dominates the behavior of the magnetoresistance, 
occurs on a nearly cylindrical electron surface whose axis is along [[0001]. The mobility of these electrons is 
an ord er of magnitude less than that of the other carriers. A second set of open orbits, directed along (1010) 
and res ulting from magnetic breakdown, is seen only in fields greater than about 30 kG. A third set, also 
directed along [0001], occurs on one of the sheets of the Fermi surface supporting the (1010)-directed orbits, 
resulting in two-dimensional regions of aperiodic open orbits centered on the (1120) axes. 
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in Sec. 2, we describe in Sec. 3 the experimental results 
in the "medium-field" region, which we define by the 
criterion co cf^l . In this region the magnetoresistance 
(measured on the set of samples of lower RRR) exhibits 
an unusual dependence on the magnetic field2 for most 
directions of B and J. As the field increases, the mag
netoresistance initially behaves as if it were going to 
saturate, but then the field-dependence curve goes 
through a point of inflection and increases more rapidly 
at higher fields until it approaches a quadratic power 
law.3 We show by means of a simple model that the 
inflection can result from a large difference between the 
mobilities of the carriers on different sheets of the Fermi 
surface, one of which is open along the hexagonal axis. 
We also make a comparison of the magnetoresistance 
of the samples of higher RRR in fields up to 100 kG 
with the magnetoresistance in the medium field region 
and find that Kohler's rule is obeyed. 

In Sec. 4 we describe the measurements up to 100 kG 
on the samples of both low and high RRR. These 
measurements, in which coc€M for all carriers, show 
that, in addition to the open orbits directed along the 
hexagonal axis whose effects we describe in Sec. 3, the 
Fermi surface of rhenium also supports two sets of open 
orbits not seen in the medium-field region. One set is 
directed along the (1010) axes and exists whenever the 
field is in a {1010} plane.4 The other is directed along 
the [0001] axis and exists for all directions of the field 
in the (0001) plane.5 We conclude that these two sets 
of open orbits occur on the same sheet of Fermi surface 
since a two-dimensional region where the magneto
resistance saturates6 is observed around the (1120) 
axes. The saturating magnetoresistance associated with 
the {10T0)-directed open orbits does not obey Kohler's 
rule, but instead scales with RRR in a manner corre
sponding to magnetic breakdown. 

2. EXPERIMENTAL PROCEDURE 

The rhenium was purified by electron beam float-
zoning using compressed and sintered rods of the 
powdered metal.7 After several passes of the molten 
zone, the crystals of rhenium were seeded to grow with 
their axes within 1° of a symmetry axis. The purity of 
the single crystals was checked by measuring their 

TABLE I. Orientation and residual resistance ratio (RRR) 
of rhenium samples. 

2 In a weakly magnetic metal like rhenium the difference 
between the magnetic induction B and the applied magnetic field 
Ho is so small that for our purposes we consider B = H0, and for 
convenience we use the symbol B for both. 

3 W. A. Reed and E. Fawcett, Bull. Am. Phys. Soc. 7, 478 
(1962). 

4 N. E. Alekseevskii, V. S. Egorov, and B. N. Kazak, Zh. 
Eksperim. i Teor. Fiz. 44, 1116 (1963) [English transl.: Soviet 
Phys.—JETP 17, 752 (1963)]. 

5 E. Fawcett and W. A. Reed, Proceedings of the International 
Conference on Low Temperature Physics 1964 (to be published). 

6 1 . M. Lifshitz and V. G. Peschanskii, Zh. Eksperim. i Teor. 
Fiz. 35, 1251 (1958) [English transl.: Soviet Physics—JETP 8, 
875 (1958)]. 

7 R. R. Soden, G. F. Brennert, and E. Buehler, J. Elec. Soc. 
112, 77 (1965). 

Sample 

Re 208 
Re 210 
Re 215 
Re 382 
Re 409 
Re 421 
Re 424 

Orientation 

polo] 
[0001] 
[1120] 
[1120] 
[1120] 
[0001] 
[1010] 

RRR 

920 
950 
3960 
6770 

43 300 
25 800 
24 000 

RRR, which in the case of the higher purity samples 
was required to be greater than 25 000. The lower 
purity samples were prepared in a similar manner but 
from less pure starting material. 

A cylindrical sample about 15 mm long by 2 mm 
diam was spark-cut from each single crystal. Three 
pairs of mutually perpendicular potential leads were 
soldered to each sample so that all components of the 
electric field could be measured. The Hall (transverse) 
leads were placed in a plane perpendicular to the sample 
axis, and the magnetoresistance leads were placed above 
and below the Hall leads separated by about 6 mm. The 
orientation and residual resistance ratio of each sample 
was checked after cutting and mounting with potential 
leads, and is given in Table I. 

For the measurements up to 18 kG the sample was 
mounted in an assembly so constructed that it can be 
rotated ± 5 ° about one horizontal axis and ± 9 0 ° about 
the other perpendicular horizontal axis. In this way the 
sample can be accurately aligned in the magnetic field 
and tilted from a vertical to a horizontal position while 
immersed in liquid helium. For any tilt angle <p between 
the sample axis and the vertical, the Varian magnet 
can be rotated about a vertical axis to make any 
required angle 6 between the magnetic field and a 
fiducial direction in the horizontal plane. The potentials 

B (SOLENOID) 

FIG. 1. Angular 
coordinates of the 
magnetic field B rela
tive to the sample 
for the two experi
mental geometries. 



H I G H - F I E L D M A G N E T O R E S I S T A N C E O F R e A 1559 

were measured and the data reduced and plotted 
automatically by use of a system described by Reed 
and Brennert.8 

The measurements up to 100 kG were made in a 
Bitter solenoid magnet. To recover the degree of free
dom lost by the inability to rotate the magnetic field, 
a more elaborate assembly was used with the solenoid 
which permits the sample to be either tilted ±90° 
about a horizontal axis or rotated ±180° about its own 
axis.9 The angular coordinates describing the orientation 
of the magnetic field relative to the sample in this case 
are the tilt angle <p' between the sample axis and the 
horizontal plane, and the sample rotation angle 0'. The 
two sets of angular coordinates corresponding to the 
two experimental geometries are illustrated in Fig. 1. 
The transverse magnetoresistance is measured when 
<p=0 or <p' = 0 and in this case 0^0'. For equal but 

2 4 6 8 10 
B(KI.LOGAUSS) 

FIG. 2. Magnetoresistance of rhenium. The continuous curves 
show the field dependence of the transverse magnetoresistance 
(<p=0°) of sample Re 215 for several values of the rotation angle 
6 measured from the [0001] axis. The points Y(6) on the left-hand 
ordinate axis show for each value of 0 where the magnetoresistance 
is equal to 1.0, and the right-hand ordinate scale should be shifted 
accordingly. The dashed curves correspond to the cylinder-sphere 
model of the Fermi surface described in the text. 
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8 W. A. Reed and G. F. Brennert, Phys. Rev. 130, 565 (1963). 
9 G. F. Brennert, W. A. Reed, and E. Fawcett, Rev. Sci. Instr. 

(to be published). 

FIG. 3. Magnetoresistance of rhenium. The continuous curves 
show the field dependence of the transverse magnetoresistance 
(^=0°) of sample Re 208 for several values of the rotation angle 9 
measured from the [0001J axis. The points F(0) on the left-hand 
ordinate axis show for each value of 0 where the magnetoresistance 
is equal to 1.0 and the right-hand ordinate scale should be shifted 
accordingly. The dashed curves correspond to the cylinder-spheres 
model of the Fermi surface described in the text. 

nonzero values of <p and <p', the directions of B corre
sponding to equal values of 0 and 0' are not equivalent 
for the two geometries. 

3. MEDIUM FIELD REGION 

A. Experimental 

The continuous curves in Figs. 2 and 3 show the 
measured field dependence of the transverse magneto
resistance in fields up to 18 kG at a temperature of 
4.2°K for samples Re 215 and Re 208, which have their 
axes in the basal plane. Sample Re 210, with its axis 
along the hexagonal axis, has an almost isotropic 
transverse magnetoresistance at 18 kOe and its field-
dependence is everywhere similar to the curve 0=0°, 
in Fig. 3 for sample Re 208, which has about the same 
RRR (Table I). 

For each of the three samples, the magnetoresistance 
increases more rapidly than linearly with increasing 
field at the higher fields, except when B lies within 
about 10° of the basal plane (0>8O°). When 0=90° in 
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Figs. 2 and 3 the magnetoresistance is very low and 
approaches saturation,10 which suggests that there is an 
open sheet of the Fermi surface supporting open orbits 
directed along the hexagonal axis when B is in the basal 
plane. This saturation and the approach of the trans
verse magnetoresistance to a quadratic field dependence 
for sample Re 210 with J along the hexagonal axis is 
consistent with the behavior of the magnetoresistance 
of a metal in the high-field region where B is in a 
direction producing open orbits on its Fermi surface. 
In this case the resistivity for J in the x-y plane per
pendicular to B making an angle a with the open x 
direction is 

Uhc holes such that 

(CXX°+CXX
2B2) cos2a+Cm° sin2a, (4) 

where Cxx°, Cxx and Cyy° are field-independent coeffi
cients.6 We conclude that one sheet of the Fermi surface 
of rhenium supports a broad band of open orbits along 
the hexagonal axis when B is in the basal plane. The 
characteristics of this sheet are discussed further in 
Sec. 3B. 

The fact that for most directions of the field and 
current the magnetoresistance increases faster than 
linearly at the higher fields (and approaches a quadratic 
power law when .Z^lOO kG) shows that rhenium is a 
compensated metal having equal numbers of holes and 
electrons. This result is expected for a metal with a hep 
structure and, therefore, with two atoms per unit cell.11 

At the lower fields the curves in Figs. 2 and 3 show 
an unusual behavior. The field dependence of the mag
netoresistance first begins at low fields to approach 
saturation, and then at higher fields turns upwards. The 
point of inflection moves to higher fields as 6 increases 
and disappears altogether when 0=90° and B is in the 
basal plane. 

B. Model of the Fermi Surface 

The unusual field-dependence of the magnetoresist
ance of rhenium can be explained by means of a simple 
model of its Fermi surface. We represent the open sheet 
by a cylindrical electron surface, open along the 
hexagonal axis, with carriers having a mobility, /j,e° cos\f/, 
where \p is the angle between B and the open direction. 
The rest of the Fermi surface, consisting in general of 
both electron and hole sheets, must contain a net 
number of holes equal to the number of electrons in the 
open sheet for the model to be compensated. We assume 
that these other sheets are closed and represent them 
by two spherical surfaces containing ne

c electrons and 

10 For sample Re 215, when 0=90°, the magnetoresistance goes 
through a broad maximum as B increases; and when B>6 kG, 
it decreases with increasing B (Fig. 2). The two other samples of 
the same orientation show similar behavior and for Re 424 the 
magnetoresistance actually becomes negative a t the higher fields. 
The explanation of this behavior is not known, but presumably 
the mechanism responsible for the negative magnetoresistance 
can only produce an appreciable effect when the magnetoresistance 
is very low. 

11 E. Fawcett and W, A. Reed, Phys. Rev. 131, 2463 (1963). 

ne
cjrn^nhc (5) 

ne° being the number of electrons per unit cell in the 
open sheet. We arbitrarily assume that the electrons 
and holes in the spherical surfaces have the same 
mobility /^,e

c which is about an order of magnitude 
larger than fie°. 

For this model the high mobility carriers on the 
spherical surfaces enter the high-field region when B 
reaches a value such that ixh)e

cB=l, this value of B 
being independent of \j/. But the electrons in the open 
surface do not enter the high-field region until B is 
increased by a factor [i%,eclixe cosi/\ At intermediate 
fields the model behaves like an uncompensated metal 
and the magnetoresistance approaches saturation, 
because only the spherical surfaces are in the high-field 
region. At higher fields its magnetoresistance must 
eventually approach the quadratic field-dependence 
characteristic of a compensated metal, except when B 
is perpendicular to the axis of the cylinder and there are 
open orbits perpendicular to the current direction. 
Therefore, the field-dependence curve must turn 
upwards at higher fields, giving rise to a point of in
flection which moves to higher fields like l/cosi/' as \p 
increases. 

We describe the model formally by writing the con
ductivity tensor for the two spherical surfaces: 

Gh+e 

l + 4,e 

1 Kth,e* 0 

-Kth,e
c 1 0 

0 0 l+tht« 

(6) 

where <rh+ee is the sum of the contributions of the 
spherical surfaces to the conductivity in zero field, and 
we write 

h,eC=\^cf\h,eC^^h,eCB (7) 

and 

K=-
nh

c—ne 

nh
c+ne

c nh
c+ne

c 
(8) 

The conductivity tensor for the open cylindrical 
electron surface is 

. . o _ _ 

l+te
02 cosV 

where we write 

0 — tfcosf 0 

e° COST/' 

0 

1 

0 

=-fXe°B. 

(9) 

(10) 

In Eq. (9) we choose the z axis as the open direction 
(the hexagonal axis) making an angle yp with B, and ae° 
is the contribution of the cylindrical surface to the 
conductivity in zero field in the x-y plane. 
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If we define 
R = H,°/pK..e=tJ>/thtS (11) 

as the ratio of the mobility of the electrons on the 
cylindrical surface when ^ = 0° to the mobilities of the 
carriers on the spheres, we can write the zero-field 
conductivity a in the basal plane, 

(T=e{ (fie
c+nh

c)fih,e
c+neW} 

= (en»fih,e
c/K)(l+KR), (12) 

by Eqs. (5), (8), and (11). A comparison of Eq. (12) 
with the equation, 

o- = <jhrhe
c+crJ), (13) 

gives 
a^e^a/il+KR), <re»=KR<r/(l+KR). (14) 

The parameters which can be varied to obtain the 
best fit to the experimental data are K, ne° and R. For 
a given sample the measured conductivity a in zero 
field at 4.2°K,12 together with the mobility ratio R and 
the carrier number ratio K, determines ah+ec and <re° 
separately from Eq. (14). For a given value of B, ne° 
then determines the values of th,e

c and te°, since from 
Eqs. (7) and (8) 

e e ne° th>e
c 

o-h+ec=-(ne
c+nh

c)fih>e
c= , (15) 

c c K B 

and from Eqs. (8) and (10) 

<Te° = -neW = • (16) 
c c B 

We determine the total conductivity tensor by adding 
the tensors (6) and (9) for various values of \p and then 
invert the conductivity tensor to obtain the resistivity 
tensor. To evaluate a field-dependence curve for a given 
value of \p, we compute the resistivity tensor for various 
values of th,e

c, and obtain the corresponding values of B 
for the assumed values of K, ne° and R from Eqs. (14) 
and (15): 

ne
Qeth)e

c 1+KR 
B= = n.°ethlS. (17) 

Kah+e
c Ka 

The procedure for determining the values of the 
parameters R, ne° and K which best fit the experimental 
curves for the field dependence of the magnetoresistance 
is as follows. The asymptotic value of the saturating 
magnetoresistance is determined at 0=90° for the 
samples having their axes in the basal plane.13 For the 

12 The conductivity <r is not measured directly since the sample 
cross section is usually irregular and cannot be measured accu
rately. Instead the value of <r at room temperature is assumed to 
equal that of polycrystalline rhenium (<TRT~ 5.4X10-4 ST1 cm-1), 
and the value of <r at 4.2°K is found b}' multiplying <TRT by RRR. 

13 An asymptotic value Ap(oo)/p(0)=0.9 is adopted for the 
saturating magnetoresistance at 0 = 90°. This corresponds roughly 
to the maximum value of the magnetoresistance for the curve, 
0 = 90°, of Fig. 2, and the asymptotic value for the curve, 0 = 90°, 
of Fig. 3. 

model the saturating magnetoresistance for ^=90°14 

approaches in the limit of infinite field the value, 

Ap(oo) p(oo)-p(0) 1+KR' 
= = - 1 . (18) 

P(0) p(0) K2+KR 

Since R<0.1 and K< 1, we can neglect the term KR in 
both numerator and denominator of Eq. (18) and 
equate this expression to the measured asymptotic 
value to obtain a rough approximation to K. 

The ratio of the field at which the magnetoresistance 
first begins to saturate to the field at the inflection point 
is a rough measure of R/cos\//. It is impractical to meas
ure this ratio accurately, but the best value of R can be 
obtained by optimizing the fit between the shape of the 
computed field-dependence curves for the model in the 
medium-field region and the experimental curves of 
Figs. 2 and 3. The computed field-dependence curves 
show the magnetoresistance as a function of th,e

c and 
the conversion factor, obtained by comparing with the 
experimental curves showing the magnetoresistance as 
a function of B, gives ne° by Eq. (17). 

The model makes no distinction between samples 
having different current directions in the basal plane, 
but we fit it to data from the rhenium samples with 
their axes along the different two-fold symmetry axes. 
These data are similar but not identical, so that the 
optimum set of values of K, ne°, and R is necessarily a 
compromise. These values are given in Table II, and 
the corresponding curves showing the magnetoresistance 
as a function of the transverse field are represented by 
the dashed lines in Figs. 2 and 3. For these values of 
the parameters, the value of (cocr)e,^

c for a sample 
having RRR= 10 000 in a field of 100 kG is 370 and 
the values of ne

c and fin0 are 0.04 and 0.22 carriers per 
cell, respectively. The value of R is thought to be 
accurate to within a factor of 2, but the numbers of 
carriers in the different sheets, and thus the values of 
cocf, may differ between the real metal and the model by 
a large factor. 

According to the model, the magnetoresistance, when 
the field is rotated in the (1120) plane, should vary as 
cos20 in the high-field region. This result follows directly 
from the assumed cylindrical nature of the open electron 
surface and is in good agreement with the observed 

TABLE II. Parameters for the cylinder-sphere model 
of the Fermi surface of rhenium. 

Number per unit cell of 
electrons in the open sheet: 

Number ration [Eq. (8)]: 
Mobility ratio [Eq. (11)]: 

We° = 0.18 
JS>0.71 
12 = 13 

14 For the samples having their axes in the basal plane, ^ = 0 
when <p=0°, since the rotation angle 0 is measured from the 
hexagonal axis (see Fig. 1). 
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FIG. 4. Magnetoresistance of rhenium. Curve 1 shows the 
transverse magnetoresistance (<p=0°) of sample Re 215 in a field, 
B — 90 kG, as a function of the rotation angle 6 measured from the 
[0001] axis. The transverse magnetoresistance of sample Re 409, 
which has the same orientation, in a field, B = 18 kG, is scaled 
down by the factor given by Eq. (24) and shown by curve 2. 
Curve 3 shows the function, 1670 cos20, which closely fits the 
experimental data except for 0<M)°. 

anisotropy of the magnetoresistance shown in Fig. 4 
except when the field is near the hexagonal axis where 
effects resulting from open orbits in the basal plane 
are observed (see Sec. 4). 

However, this simple model is not intended to be an 
accurate description of the Fermi surface of rhenium. 
There is no reason to suppose for example that the 
closed sheets of the Fermi surface are spherical, this 
assumption having been made only to render the model 
tractable analytically. However, the good agreement of 
the cos20 dependence of the model to the experimental 
data at the higher fields leads us to believe that the 
open sheet approximates to a high degree a circular 
cylinder. The model also demonstrates that the physical 
explanation of the inflection in the field dependence of 
the magnetoresistance is the difference in the mobility 
of the carriers on different sheets of the Fermi surface. 

C. Hall and Transverse Even Voltages 

For the model of a cylinder and two spheres, the sign 
of the Hall voltage in the high-field region is determined 
by the relative mobilities and numbers of carriers in the 
electron and hole sheets. The Hall term of the re
sistivity tensor when B is along the hexagonal axis 
(^ = 0°) approaches in the limit of infinite fields the 
value, 

K(1+KR)(1-R2) th,e 
p1 2(oo) = -

(R+K)2 a 

K(l+KR)(1-R2) vLh,eB 

(R+K)2 a 

Since R<&1, corresponding to the much lower mobility 
of the electrons on the cylindrical surface than of the 
electrons and holes on the two spheres, the Hall term is 
positive. When ^ > 0 ° the mobility /xe° cosr/' of the elec
tron on the cylindrical surface is even smaller, so that 
the Hall term is always positive. 

We have not made a thorough experimental study of 
the transverse terms in the resistivity of rhenium, but 
the measured values of the Hall coefficient in the high-
field region are found to be positive for several samples. 
We therefore conclude that the low-mobility carriers 
on the cylindrical surface are electrons. 

D. Magnetic Breakdown 

Falicov and Sievert15 show that under conditions of 
magnetic breakdown, when electrons (or holes) describe 
trajectories in the magnetic field which connect different 
sheets of the Fermi surface, there is an additional 
scattering mechanism associated with incoherent Bragg 
reflection. The effective relaxation time Teu when 
magnetic breakdown is complete may be written 

l /Teff=l /r+C« 0 , (20) 

where r is the relaxation time in zero field, C is a con
stant of order unity and co0 is the cyclotron frequency 
at the breakdown field. 

The magnetoresistance in the high-field region for a 
model comprising two spherical surfaces containing 
equal numbers of electrons and holes approaches 

Ap(oo) 

P(0) " 
= («cf).(«,*)*= (~) (~) ( - ) B2. (21) 

W \mr/ e Wv h 

If magnetic breakdown over the whole electron sheet 
occurs at a field Bo, and the values of fe and T% are 
sufficiently high that the metal is well into the high-
field region at Bo, i.e., 

coofe~coof/^>l, (22) 

then by Eqs. (20) and (21) the magnetoresistance 
approaches a new asymptotic limit, 

Ap(oo) 

(19) 

.(fY^VlW. (23) 
W \ nr / e\mr/\ 

At a field above Bo the magnetoresistance given by 
Eq. (23) is smaller than the value obtained by extrapo
lating Eq. (21) to the same field in the ratio, 

1/Co)ofe. 

The experimental data, however, rule out magnetic 
breakdown as the explanation of the inflection in the 
field dependence of the magnetoresistance. According 
to Eq. (23) the magnetoresistance in the high-field 
region under conditions of magnetic breakdown varies 

15 L. M. Falicov and P. R. Sievert, Phys. Rev. Letters 12, 550 
(1964); Phys. Rev. 138, A88 (1965). 
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as B2/p(0) since fh varies as l/p(0), whereas under 
conditions of no breakdown the magnetoresistance 
obeys Kohler's rule and varies as [B/p(Q)\\2. 

To demonstrate that the measured magnetoresistance 
obeys Kohler's rule in the high-field region, we show in 
Fig. 4 data for two samples of the same orientation as 
the field rotates in the same crystal plane. The curve 
showing the anisotropy of the transverse magneto
resistance of Re 215 in a field B = 90 kG (curve 1) 
corresponds to the rotation of B illustrated in the insert 
to Fig. 2. The corresponding curve for Re 409 in a field 
B— 18 kG (curve 2) is scaled down by a factor 
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where we use the values of RRR in Table I and the 
relation between RRR and PRT/PA.2°K given by Eq. (3). 
The shape of the anisotropy curve is similar for the two 
samples and the magnetoresistance can be represented 
roughly by the function, 1670 cos20, except when B is 
near the hexagonal axis (0^0°). The narrow minimum 
there results from open orbits in the basal plane, which 
we discuss in Sec. 4. The magnitude of the magneto
resistance scales by the expected factor to within the 
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FIG. 5. Kohler diagram for rhenium. The transverse magneto
resistance (v>=0°) of the three (1120) samples for a rotation angle 
0=75° measured from the [0001] axis, is plotted against BXRRR. 
The measurements on Re 215 are taken up to 5 = 100 kG, while 
the measurements on Re 382 and Re 409 are taken up to 
£ = 18kG. 
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FIG. 6. Magnetoresistance of rhenium. The curves show the 
anisotropy of the magnetoresistance in a field of 100 kG of sample 
Re 424 as it is rotated about its [1010] axis, which is inclined at 
various angles (90— <p') to B. The points Z(<p') on the left-hand 
ordinate axis show, for each value of <p\ the origin for the magneto
resistance scale given on the right-hand ordinate axis, which 
should be shifted accordingly. 

experimental accuracy, which is determined mainly by 
the accuracy of measuring the very low value of p(0) 
for Re 409, about ±10%. 

The experimental confirmation of Kohler's rule in 
the medium-field region is illustrated in Fig. 5 where 
the field-dependence curves for three different samples 
of the same orientation are plotted as a function of 
5XRRR. The curves superimpose to within the experi
mental accuracy, showing that the magnetoresistance 
is indeed a function of this quantity. 

4. HIGH-FIELD REGION 

The anisotropy of the magnetoresistance of samples 
Re 424, Re 409 and Re 421 in a field of 100 kG is shown 
in Figs. 6, 7, and 8, respectively. These samples are the 
ones having higher RRR and they are oriented with 
their axes along the three symmetry axes (Table I). 
The three current directions and the locus of the field 
direction B as each sample is rotated about its axis at 
a tilt angle, <p'=30° (Fig. 1), are shown in the stereo
gram of Fig. 10. The field-dependence of the magneto
resistance for several transverse directions of B is shown 
in Fig. 9. 
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FIG. 7. Magnetoresistance of rhenium. The curves show the 
anisotropy of the magnetoresistance in a field of 100 kG of sample 
Re 409 as it is rotated about its [1120] axis, which is inclined at 
various angles (90 -V) to B. The points Z(<p') on the left-hand 
ordinate axis show, for each value of <p', the origin for the magneto
resistance scale given on the right-hand ordinate axis, which 
should be shifted accordingly. 

For most field directions the field dependence of the 
transverse magnetoresistance approaches but does not 
quite achieve a quadratic power law. For example, if 
we write 

AP(B) 
= const Bm, (25) 

P(0) 

the exponent m has the value 1.91 for the field-
dependence curve labeled (a) in Fig. 9, corresponding 
to a field direction 5° away from the hexagonal axis of 
sample Re 424 (see Fig. 6). The value of m is 1.90 for 
the higher values of B on the curves for both Re 409 
and Re 215 shown in Fig. 5, the field direction for these 
curves being 15° from the basal plane. These values 
of m are less than 2.00 by an amount significantly 
greater than the experimental accuracy, which is about 
± 1 % for the measurements up to 18 kG and about 
d=2% for the measurements up to 100 kG. Other com
pensated metals have been observed to exhibit in the 
high-field region a field-dependence of their transverse 
magnetoresistance with m<2, so that although the 
cause of these small discrepancies from the theoretical 
value of exactly two has not been explained,16 we can 

nevertheless conclude with some confidence that 
rhenium is compensated. 

When B lies in either the (0001) or {1010} planes 
the magnetoresistance may exhibit a saturating field-
dependence, depending upon the direction of the 
current. For example, in Figs. 6 and 7 each curve shows 
the anisotropy of the magnetoresistance for a different 
value of the tilt angle <pf, but they all have a broad deep 
minimum centered on 0' = 90°, where B lies in the (0001) 
plane. The magnetoresistance here saturates at a low 
value less than 10, i.e., at least four orders of magnitude 
smaller than the maximum value near 0'= 10°. We saw 
in Sec. 3 (cf. Fig. 4) that this behavior results from a 
band of open orbits on a nearly-cylindrical sheet of the 
Fermi surface with its axis along the hexagonal axis. 

A. (10T0) Open Orbits 

In the case of the samples having their axes in the 
basal plane, there is a narrow minimum when B is along 
the hexagonal axis, i.e., at 0'=O°, p '=0° in Figs. 6 
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16 E. Fawcett, Advan. Phys. 13, 139 (1964). 

FIG. 8. Magnetoresistance of rhenium. The curves show the 
anisotropy of the magnetoresistance in a field of 100 kG of sample 
Re 421 as it is rotated about its [0001] axis, which is inclined at 
various angles (90— <p') to B. The points Z(<p') on the left-hand 
ordinate axis show, for each value of <p', the origin for the magneto
resistance scale given on the right-hand ordinate axis, which 
should be shifted accordingly. 
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FIG. 9. Magnetoresistance of rhenium. The curves show the 
field dependence of the transverse magnetoresistance when B is 
in the directions indicated by the arrows labeled (a), (b) in 
Fig. 6, and (c) in Fig. 7. 

and 7. The corresponding field-dependence curves, 
which are illustrated in Fig. 9 (curves b and c), show 
that these minima are associated with an approach to 
saturation of the magnetoresistance starting at B^30 
kG. As the tilt angle <pf is increased from zero, this 
minimum in the anisotropy curves for the [1010]-axis 
sample Re 424 (Fig. 6) resolves into two minima sym
metrically displaced from 0' = O° with a much shallower 
minimum remaining at 0'=O° in the (1210) plane. For 
the [1120]-axis sample Re 409 (Fig. 7), the relatively 
deep minimum remains at #' = 0° where B lies in the 
(1100) plane, while two pairs of symmetrically displaced 
minima appear and move away from 0' = O° as <p' is 
increased, the inner pair in the {1120} planes being 
somewhat shallower than the center pair in the {1010} 
planes. 

In the anisotropy curves for the [0001]-axis sample 
Re 421 (Fig. 8) deep minima occur when B lies in a 
{1010} plane. As <pf is increased these minima become 
narrower and less deep, but they are still quite distinct 
when ^ ' = 80° and the sample is only 10° from a 
longitudinal orientation with respect to the field. For 
some values of <p' the anisotropy curves in Fig. 8 also 
exhibit a minimum in the (1210) plane. But this 
minimum is much shallower and the magnetoresistance 
always has a quadratic field-dependence at its center, 
whereas the magnetoresistance approaches saturation 
at the bottom of the minimum in the {1010} plane for 
all values of <p' except <p' = 0° (see Fig. 11). 

The deeper minima in the anisotropy curves of 
Figs. 6, 7, and 8 coincide within the experimental 
accuracy with the direction of B lying in the {10l0} 
planes and the (0001) plane, which are shown by 
continuous lines in the stereogram of Fig. 10. This 
suggests that the former result from open orbits along 

the (1010) axes, which dominate the resistivity tensor 
and produce a magnetoresistance of the form given by 
Eq. (4). For example, the minima at 0' = O° in Fig. 7 
are produced by open orbits along [1100], which is 
perpendicular to the current direction [1120], so that 
a = 90° and the magnetoresistance saturates in agree
ment with Eq. (4). The outer pair of minima which 
appear in Fig. 7 when V is increased from zero are 
produced by open orbits along [0110] and [1010], but 
since a = 3 0 ° the magnetoresistance still has a quadratic 
field-dependence at the bottom of these minima corre
sponding to the dominant term CXX

2B2 cos2o: in Eq. (4). 
One might suspect that the inner pair of shallower 

minima in Fig. 7, which coincide with the {1120} 
planes, likewise indicate the existence of open orbits 
along the (1120) axes. But such open orbits would be 
along [1210] when 0' = O° in Fig. 6, so that a = 9 0 ° , and 
according to Eq. (4) the magnetoresistance would 
saturate, whereas the magnetoresistance is found 
experimentally to have a quadratic field-dependence at 
the bottom of the shallow minimum at 0/ = O° (except 
when 0'=O° and B is along the [0001] axis). We con
clude that the shallower minima in Figs. 6, 7, and 8 
which coincide with the {1120} planes do not result 
from open orbits. 

On the other hand the pair of minima symmetrically 
displaced from 0'=O° which appears in Fig. 7 when <pf 

is. increased from zero provide further confirmation of 
the existence of open orbits along the (1010) axes. In 
this case, a =60°, so that in agreement with Eq. (4) the 
minima are deeper than the corresponding minima in 
Fig. 6 for which a =30° . The magnetoresistance 
saturates at the bottom of the deep minima in Fig. 8 
for all values of cp' except # /=0° (see Fig. 11), since for 
this sample the current is along the [0001] axis so that 
a=90° for open orbits along any of the (1010) axes. 

FIG. 10. Stereogram showing the current directions for the 
three samples of rhenium of higher purity. The broken lines show 
the motion of B as each sample is rotated about its axis for tilt 
angle, ^' = 20°. The continuous lines show the directions of B 
where open orbits occur on a sheet of the Fermi surface. The 
shaded areas show the two-dimensional regions of open orbits. 
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B. (0001) Open Orbits 

The insert in Fig. 11 shows the anisotropy of the 
magnetoresistance as B moves through the [1120] axis 
in the (1100) plane of the [0001] axis sample. This 
corresponds to moving the tilt angle <p' through zero 
for 0'= 20° in Fig. 8. When <p'=0 the magnetoresistance 
is low and saturates, as shown by the lower field-
dependence curve (e) in Fig. 11, corresponding to the 
existence of open orbits along [1100]. But a narrow 
maximum occurs at [1120], at the top of which the 
field-dependence of the magnetoresistance is roughly 
linear, as shown by curve (f) in Fig. 11. 

The anisotropy of the magnetoresistance as the tilt 
angle <p' moves through zero for other values of Br is 
shown in Fig. 12. A narrow maximum occurs at <p'=0° 
for all values of 0', and when 0'>3O° the field 
dependence of the magnetoresistance is quadratic both 
at the maximum and neighboring values of <pf. One 
would expect the existence of this maximum to reduce 
the depth of the minimum in the anisotropy curve for 
<p'=0° in Fig. 8. But the maximum is so narrow that 
we can explain the absence of such an effect by sup
posing that the true value of <pr differs by a degree or so 
from zero for the observed anisotropy curve, since this 
is about the accuracy with which the sample can be 
oriented with respect to the magnetic field. 

We attribute this narrow maximum to the effects of 
a second band of open orbits along the hexagonal axis, 
which occur only when B lies within a degree or so of 
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FIG. 11. Magnetoresistance of rhenium. The insert shows the 
anisotropy of the magnetoresistance of sample Re 421 as the tilt 
angle <p' is moved through zero for 0' = 2O in Fig. 8. The main 
diagram^ shows the field dependence of the magnetoresistance 
when B is in the directions indicated by the curves labeled e and f. 

the basal plane. The nearly cylindrical electron surface 
open along the hexagonal axis which we discussed in 
Sec. 3 is not adequate to account for this narrow maxi
mum for all values of 0', since it merely tends to produce 
a broad maximum which is the counterpart of the broad 
minimum resulting from this surface when the current 
is perpendicular to the open direction (Fig. 4). 

C. Two-Dimensional Region of Aperiodic Open Orbits 

Since two bands of open orbits in nonparallel direc
tions lead to a saturating transverse magnetoresistance,6 

the existence of the narrow maximum at the [1120] 

FIG. 12. Magneto
resistance or rhe
nium. The curves 
show the anisotropy 
of the magnetore
sistance of sample 
Re 421 in a field of 
90 kG as it is tilted 
so that B passes 
through the basal 
plane, where <P' = 0, 
for various values of 
the rotation angle 0'. 
When 0' = 20°, B lies 
in the (llOO) plane 
and the curve is 
identical to that 
shown in the insert 
of Fig. 11. 
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axis (i.e., in the curve 0'= 20° of Fig. 12 at 0'=0°) shows 
that [1100]-directed open orbits must vanish over an 
angular range roughly equal to that over which the 
[0001]-directed open orbits occur. This behavior sug
gests that these two bands of open orbits occur on the 
same sheet of the Fermi surface. The occurrence in the 
stereographic representation (Fig. 10) of two-dimen
sional regions centered on the (1120) axes where the 
magnetoresistance saturates is consistent with this 
conclusion, since aperiodic open orbits near the (1120) 
axes can only result from the intersection of the arms of 
the Fermi surface supporting the periodic open orbits 
along the (1010) axes and the [0001] axis. 
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In Fig. 8 we interpret the steps on the sides of the 
deep minima for <pf = 10° to indicate approximately the 
extent of the two-dimensional region. In Fig. 12 the 
magnetoresistance saturates as far as 12° from the 
[1120] axis at the point labeled g at <p'=9° on the 
curve, 0'=25°. In the stereogram of Fig. 10 the shaded 
areas centered on the (1120) axes show the approximate 
extent of the regions where aperiodic open orbits occur. 

D. Magnetic Breakdown 

In Fig. 13 we show in a logarithmic plot the field 
dependence of the magnetoresistance of sample Re 409 
with the field along the [0001] axis, i.e., in the direction 
labeled (c) in Fig. 7. We show also the field-dependence 
curves for the same field direction in samples Re 215 
and Re 382, which have the same orientation as Re 409 
but considerably lower values of RRR (see Table I). 
Figure 13 is a Kohler diagram in which the magneto
resistance is plotted against the product J3XRRR, so 
that according to Kohler's rule the three field-
dependence curves should superimpose. Evidently 
Kohler's rule is not obeyed since the magnetoresistance 
of each sample approaches a different saturation value 
at the higher fields. 

We attribute the observed behavior to the fact that 
the minimum which occurs for this field direction and 
sample orientation is produced by magnetic breakdown. 
According to Falicov and Sievert's theory,15 when 
magnetic breakdown occurs and the magnetoresistance 
saturates in the high-field region, the saturation value 
is proportional to RRR. This result follows from 
Eq. (20), since when Ca>o is much greater than r, the 
time reff becomes independent of r, the resistivity 
Ap(B) becomes independent of p(0), and the magneto
resistance Ap(2*)/p(0)(~p(J9)/p(0)) becomes propor
tional to RRR by Eq. (3). 

In Fig. 13 the magnetoresistance of sample Re 409 
begins to saturate when £XRRR is about 2X106 kG, 
but the curve rises again at higher fields. This rise 
probably results from the extreme narrowness of the 
minimum in the magnetoresistance (see Fig. 7). The 
minimum is less than 0.5° wide and inhomogeneity of 
the magnetic field or microstructure in the sample of 
this magnitude17 would introduce a nonsaturating 
component into the magnetoresistance. We believe that 
under better experimental conditions a sample of this 
orientation would have a saturating magnetoresistance 
of about 30 000 at the [0001] minimum. The [0001] 
minimum for sample Re 215 in a field of 90 kG is shown 
in curve (1) of Fig. 4. Evidently the field inhomogeneity 
or microstructure of this sample would introduce a 
much less significant error in the field-dependence curve 
than for sample Re 409. The same is true for sample 

17 We suspect that inhomogeneity of the field is more likely to 
cause this effect than microstructure since an x-ray analysis of a 
similar sample showed a spread in crystal orientation of less 
than 0.1°. 
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FIG. 13. Kohler diagram for rhenium. The magnetoresistance of 
the three (1120) samples when B is directed along the Q0001] 
minimum is plotted against 5XRRR. The measurements on all 
three samples are taken up to B = 100 kG. The saturation value 
of the magnetoresistance discussed in the text is shown by the 
dashed line adjacent to each curve. 

Re 382, but the shallowness of the minimum for jthis 
sample and for Re 215 results from the fact that even 
in a field of 100 kG the magnetoresistance of these 
samples of relatively low RRR is still rising towards the 
saturation value. If we assume that the minimum results 
from magnetic breakdown the saturation values of 
samples Re 282 and Re 215 would be about 4700 and 
2750 when we scale the saturation value of 30 000 for 
sample Re 409 by the ratios of RRR from Table I 
according to Eq. (23). We see from Fig. 13 that the 
magnetoresistance at the minimum for samples Re 382 
and Re 215 could plausibly be extrapolated to these 
saturation values. The evidence from Fig. 13 that the 
[0001] minimum results from magnetic breakdown is 
all the more convincing when we recall that, without 
such a mechanism, the magnetoresistance for the three 
samples would saturate at the same value according to 
Kohler's rule. 

We can obtain a very rough estimate of the break
down frequency co0 if we write C = l in Eq. (20) and 
equate CCQT to the saturation value 30 000 for sample 
Re 409. For this sample in a field of 100 kG the value 
of air is about 16 000, if we assume that the carriers 
producing the breakdown open orbits have a mobility 
roughly equal to that of the high-mobility carriers in 
the model of the Fermi surface described in Sec. 3, and 
scale o)c with B and r with RRR. If the effective mass 
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of these carriers is w* and the free electron mass is m, 
we obtain a value, 

£co0= 2.17(m/m*)X 10~3 eV. (26) 

A similar deviation from Kohler's rule is observed 
whenever B coincides with a (1010) plane, and we 
conclude that the (lOlO)-directed open orbits are 
produced by magnetic breakdown. In fact for reasons 
of symmetry, no open orbits can exist when B coincides 
with the hexagonal axis. The saturation of the magneto-
resistance for this field direction shown in Fig. 13 results 
from a change in the nature of the orbits in the break
down region which destroys the compensation of the 
metal. A similar phenomenon is seen in zinc.8 However, 
both our experimental measurements and the theoretical 
work of Falicov and Sievert15 show that when saturation 
of the magnetoresistance results from breakdown, the 
saturation value scales with RRR both in the case of 
discompensation and open orbits. 

In Fig. 12 the curve for #'=25° exhibits oscillations 
of the magnetoresistance periodic in l/<p'. These cannot 
be interpreted as Shubnikov-de Haas oscillations since 
the field dependence of the magnetoresistance is not 
oscillatory. A detailed explanation of these oscillations 
cannot be given without a knowledge of the connectivity 
and dimensions of the parts of the Fermi surface 
associated with the breakdown orbits. One possible 
explanation of this behavior is that in the two-
dimensional region the aperiodic breakdown orbits 
consists of parts essentially parallel to the basal plane 
alternating with parts along the hexagonal axis. When 
<£>; >̂1° each step along the hexagonal axis would 
correspond to a reciprocal lattice vector Kc, but at some 
critical angle, <pf=5/Kc, where 5 is a dimension of the 
Fermi surface in the basal plane, the orbit would make 
a step of 2KC along the hexagonal axis before breakdown 
into a direction parallel to the basal plane; then at 
<p' = 5/2Kc, 8/3Kc, etc. steps of 3KC, \KC • • •. At each 
critical angle, (pf = 8/nKc, the breakdown orbits would 
change; and since they dominate the magnetoresistance, 
the latter might be expected to oscillate. 

CONCLUSIONS 

Our study of the high-field magnetoresistance of 
rhenium provides information about some topological 
features of its Fermi surface. The nearly cylindrical 
electron surface with its axis along the hexagonal axis 
determines the main feature of the anisotropy of the 
magnetoresistance in both the medium-field and high-
field regions, namely, the broad minimum seen in 

Fig. 4. The electrons on this surface have a mobility 
about an order of magnitude smaller than the carriers 
on the rest of the Fermi surface, and this high-mobility 
ratio gives rise to characteristic inflections in the field-
dependence curves. 

There are also open orbits directed along (1010) 
which result from magnetic breakdown and are seen 
only in high magnetic fields. Another set of open orbits, 
also directed along [0001], occurs on one of the sheets 
of the Fermi surface supporting the (1010)-directed 
orbits, since aperiodic open orbits resulting from the 
intersection of the periodic orbits occur in a two-
dimensional region of field directions near each of the 
(1120) axes. The unusual oscillatory variation of the 
magnetoresistance when the field direction is varied 
within the two-dimensional region require further study 
when the connectivity of those parts of the Fermi 
surface associated with magnetic breakdown is better 
known. 

A study of the de Haas-van Alphen effect in rhenium 
by Joseph and Thornsen18 indicates that magnetic 
breakdown occurs between two sheets of the Fermi 
surface. Their data suggest that these two sheets are 
closed, and the breakdown orbits giving de Haas-van 
Alphen oscillations are necessarily closed, so that the 
open breakdown orbits which produce the saturating 
minima in the magnetoresistance may occur between 
other sheets of the Fermi surface. No de Haas-van 
Alphen oscillations corresponding to the nearly-
cylindrical electron sheet have been observed, perhaps 
because the low mobility of these electrons correspond 
to a high effective mass which depresses the amplitude 
of the effect. 

The shape and connectivity of the Fermi surface of 
rhenium are evidently quite complicated. No band 
structure calculation has as yet been done for rhenium; 
and without the guidance afforded by such a calculation, 
it is impracticable to construct the more complex 
features of the Fermi surface from the available 
experimental data. 
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