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ABSTRACT

THE HIGH-FIELD GALVANOMAGNETIC PROPERTIES
OF AuAlz, AuGae, and AuIn2

By

Joseph T. Longo

The Ferml surface topologies of AuX, (X = A1, Ga, In)
are Investigated using high-field galvanomagnetic measure-
ments. The high-field galvanomagnetic properties of the
nearly-free-electron (NFE) model of the Fermi surface of
AuX2 are also determined with the aid of the Harrison con-
struction. The most important result is that the "open"
fourth zone electron sheet has hole orbits for B || <111>
in disagreement with the NFE model. New

in AuAl. and AuGa

2 2
models are proposed for AuAl2 and AuGa2 which are in good
agreement with experiment. Incomplete results for AuIn2
indicate that its Ferml surface may be similar to that of

AuGag.
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1. Introduction

The determination of a metal's high-field galvano-
magnetic properties has played an important and well docu-
mented role in the understanding of 1ts Ferml surface top-
ology(l). Until recently(2’3’u’5’6) measurements have been
performed only on very pure metalllic elements at liquid
helium temperatures so that all carriers perform many cyclo-
tron orbits before being scattered. This high-field con-
dition, @, ¥ >> 1 for all carriers, 1s so rigorous that a
metal crystal in a field of 20 kG must typically have an
impurity content of less than 10 parts per million to sat-
isfy 1t. With the advent of zone refining techniques(7),
single crystals of non-transition elements meeting this re-
quirement became available in the late 50's and were the
objJect of extensive galvanomagnetic measurements. More
recently, electron beam zone refining methods applied to the
high melting point transition metals have been successful in
increasing their relaxation time sufficiently to attain the

high-field region in the laboratory(8’9)

» though the rare
earth and transuranic elements are stlll only available
with 39's purity and escape investigation. ,
From the above discussion it follows 1lmmediately that
the high-field condition cannot be satisfied in disordered

alloys. Consider a .1% concentration of element X in host



element Y; this 1s a 39's element Y and requires the use of
a megagauss magnetlic fleld. More concentrated alloys than
this have been studied by the de Haas-van Alphen (dHvA)
effect and by the use of magnetothermal oscillations.
These methods have the less restrictive requirement that
mbT >> 1 for only a subset of all the carriers. This sub-
set may be, e.g., the electron needles in zinc for which
m, = .01 me(lo), thus increasing mc accordingly over its
value for free electrons. Dilute alloys of up to 1%
impurity concentration are, in fact, now being extensively
investigated(ll) because one expects large relative changes
in small low effective mass pleces of the Ferml surface
upon adding an impurity of valence different from that of
the host.

There is one class of metals, viz., metallic inter-
metallic compounds, which could in principle satisfy the
high field condition. Consider a compound AxBy in which x
and y are integers and the A and B types of atoms each have
a unique set of basis vectors in the unit cell. 1In such a
compound, the potential would be perfectly periodic and the
relaxation time, r, would approach @ as the temperature
approached zero.

Thorsen and Berlincourt were the first to observe the
dHvA effect in a metallic compound, InBi, in 1961(12).

Since then, Pearson and co-workers at the National Research



3

Council (NRC) in Ottawa, Canada, have observed dHvA oscil-
lations in several binary metallic compounds and completed
a study of AuAl,, AuGa,, and Au1n2(13). The significant
part of this research to someone envisioning a high field
galvanomagnetic study of a metallic compound was that the
residual resistance ratios, RRR = p(295°K) / o(%4.2°K), of
some of the samples approached 160. This is roughly equiv-
alent to an impurity content of 60 parts per million (cf.
page 59). In a field of 50 kG, one could expect that
enough carriers would be in the high field region to give
useful topological information. On this basis Sellmyer and
Schroeder undertook a successful study of AuSn(2’3) in 1965.
Later galvanomagnetic studies of metallic compounds
included ZrBz(u), ordered Cu-Zn(S), and Auxe(6)

(x = A1, Ga, In). Work is underway on AuSn(lu) and
Aquz(ls). Table I indicates the experimental progress to
date.

The face centered cubic fluorite compounds, AuX, are

2
of considerable interest, because changes in the electronic
8tructure from one compound to the other should be explain-
able in terms of the differing electronic cores at the X
sites. An energy band calculation has not been carried out
for these compounds, but one can speculate on relative
changes with the aid of the "Phillips cancellation

n(16)

theory If |4, > 1s the state vector of a conduction

band electron, then






Table I. List of Compounds.

Compound RRR(highest) B(highest)
AuSn 160 150 kG
ZrB2 110 12.7 kG
Cu-2Zn 4318 150 kG
AuA12 550 150 kG
AuGa2 904 150 kG
AuIn2 75 150 kG

Aqu2 500 150 kG

publications
2, 3, 14
4

5
6
6
6

15
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P -

(5= +v] V> = E |oo

where V is the periodic potential of the lattice. Orthog-
onalize |0k> to the core states |nk> by letting

o> = 1x> - nz Ink> <nk]x> .

Here ka> 1s some smoothly varying function which is a

solution of

[_g; +V V] Ix> = B X

where VR is a non-local repulsive potential which can be
shown to better cancel V as the core states become a more
complete set of basis functions in which to expand ltk>.
If V + V, ~ 0, then |X> ~ e™'Z unless X 1s near a
Brillouin zone boundary at which the periodic V + VR mixes
plane wave states to produce an energy gap. This 1s the
basis of the nearly free electron (NFE) or one
orthoganalized plane wave (1-OPW) Fermi surface model.

Since the heavy elements have the largest number of
core states, one expects that V + VR and therefore the
energy gap should be a decreasing function of the row
number of the periodic table. Table II, reproduced from
Sellmyer's thesis(B), gives actual examples of this effect;
the energy gaps separating the valence and conduction bands
in semiconductors are listed. 1In a metal energy gaps at
the Brillouin zone boundaries separate the conduction bands.

These gaps should also decrease with increasing Z in a

given column so that large Z elements should be more






Table II. List of semiconductors and metals. (After
Sellmyer, ref. 3)

Position* Ilaterial Energy Gap (eV)** Crystal Structure
(2,4) C(diamond) 6 dilamond
(3,4) Si 1.12 diamond
(4,%) Ge 0.75 diamond
(5,4%) Sn(grey) 0.08 diamond
(5,%) Sn{white) metallic tetragonal
(6,%) Pb metallic f.c.c.
(3,5) InP 1.30 zincblende
(4,5) InAs 0.33 zincblende
(5,5) InSb 0.17 zincblende
(6,5) InBi metallic tetragonal
(3,4) Mg,Si 0.77 fluorite
(4,4) Mg, Ge 0.55 fluorite
(5:4) Mggsn 0.25 fluorite
(6,4) Mg, Pb metallic fluorite

th

* Position, (1,J), means 1 row, Jth column in periodic

" table. For compounds, (1,J) refers only to the position
of the second listed element in the compound.

** Most of the energy gaps are taken from W. D. Lawson and
" 8. Nielson, Preparation of Single Crystals, (Butterworths
Scientific Publications, London, 1958), pp. 241, 242,
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NFE-1ike than the smaller Z elements. In the limit V +

V, = 0, a metal would become free-electron like (i.e.

R
magnetic breakdown would occur with unit probability at
every zone boundary). Several effects distort this simple
plcture. Relativistic corrections are important for
elements with Z>55(17). Tin can be a metal or a semi-
conductor depending on its crystal structure; thus
structure changes in the columns of the periodic table
present complications. Also, energy gaps due to spin-orbit
coupling increase with Z. Finally, if there 1s mixing of
the high-energy core and conduction band states, this
formalism falls by assumption; the noble and transition
metals are in this category. Understandably then, excep-
tions to the rule occur: Na 1s the most free electron like
of the bcc alkalis, but Be 1s less NFE-like than Mg. It is
difficult to compare the elements Ca and Mg because of
differing crystal structures; the same is true of Al, Ga,
and In. A comparison of the fluorite compounds, AuXé,would
avoid this difficulty. Since the troublesome Au atom is
common to all three, it may be that distortlion from NFE
behavior is primarily due to Au and secondly to the core
states at the X sites. We conclude that AuAl_ should be

2

the least and Auln, the most NFE-like.

2
The first experimental evidence bearing on this

(13). The extremal

hypothesis came from dHvA measurements
cross section of necks in the third zone had the behavior

predicted above; however, the '"waist" areas suggested that
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> was the most NFE-1like and AuIn2 the least. Results

on the octahedron in the second zone showed the same

AuAl

deviation from prediction; the AuAl2 extremal areas were
closer to the NFE values than those of AuIne, while the
existence of this surface in AuGa2 had not been decisively
determined. The only comparison possible for the multiply
connected surface in the fourth zone was the extremal area
of the <100> directed necks. AuGa2 and AuAl2 both had
values in close agreement with the NFE model. These
results, published in the early stages of a magnetoresis-
tance study of AuGa2, provided the incentive for this
comparison of the Fermi surface topologies of all three

compounds and the 1-OPW model through a determination of

their galvanomagnetic properties.



.




2. Theory of High-Field Galvanomagnetism in AuX2

Kohler realized in 1949 that high-field magnetoresis-
tance and Hall effect data contain important information
concerning the shape of the Ferml surfaces of metals (18);
but the remarkable anisotropy to be found in magnetoresis-
tance as a function of crystal orientation, discovered in
1938 (19), remained a mystery for 18 years. Lifshitz,
Azbel, and Kaganov demonstrated in 1956 that, if all car-
riers completed many cyclotron orbits before being scat-
tered, the variation of the field dependence was lndepen-
dent of collision processes and determined solely by
geometric features of the Ferml surface. (20) In 1964
Coleman, Funes, Plaskett, and Tapp (CFPT) performed the first
calculation of the absolute value of the magnetoresistance in
several symmetry planes for a simple open Fermi surface
using a single-relaxation-time approximation. (21) Their
work on the noble metals contained the assumption that the
Ferml surface consisted of a sphere plerced by narrow
cylinders along <111> directions. They were successful
because they applied a simplified geometrical theory to this
geometrically simple model.

The 1-OPW or NFE model of a Ferml surface 1s geomet-
rically simple to construct when done in the manner of

(22), and prompted an attempt on our part to extend

Harrison
the single-relaxation-time treatment to cover the more com-

plicated NFE surfaces. In the section, we develop the
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theory and calculate the magnetoresistance from a NFE-1like
model of AuXe.

For readers suspicious of a constant-relaxation time
treatment, we have included a table listing those galvano-
magnetlc properties which do not depend on this assumption

in section four.

Conductivity in High Magnetic Fields
The Boltzmann transport equation describing the motion

of a system of particles in phase space is:

Of + fru f + p-v f = (af\

ot St| coll. (1)
f 1s the statistical distribution function which specifies
the probabllity of finding a particle of the system with
its position and momentum in the interval between r and

I + dr in real space and between p and p + dp in momentum
space. In an isothermal metal vrf may be safely set equal
to zero; we wish to consider dc effects only so that of/ot =
0. Finally we note that the scattering term must vanish in
equllibrium when £ = fo, the Fermi-Dirac distribution, and
return the system to equilibrium when a deviation is intro-

duced. The simplest possible form which satisfies these

requirements 1is

(%T;i:)cou. B o (2)



e

-

.
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and the Boltzmann equation then reduces to

Py f=-f-f
'p () © (3)

The equations of motion of an electron in a magnetic

field are

B=-lelyxB, ¥=vge (4)
In cartesian coordinates
D, = —]eley s py = -]e‘Bvx

b, =0, € = vpegp =0

if B || 2. The electron moves on a curve of constant energy
and constant P, which suggests a change to variables g, pz’
and a third variable py describing the motion tangent to the

trajectory. We define

du = _=dpy - |e|Bat. (5)
vV X Z

Clearly, g divided by a mass is a cyclotron frequency.

In the presence of a small electric field 1n addition

to the large magnetic field, we have

e = vpe..E = _‘el_y_.s
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5, = -lels, (6)
Go=1dp = felB (1t
v, dt Bv

In terms of these variables, the Boltzmann equation

is

¢df + pOf + udf = - £ - £
Se z§5z Su =P (7)

We seek solutions linear in the electric field (Onm's law

region) and thus set

£ =1, + [elni-y of, (
s

)

co

where y is to be independent of 3, 4§ = y(e, P, u). Keeping

only terms linear in §, we have

- g z . df = -lelz-¥ of
lelz;%go + |e|Ble|3 %350 lel 1,

Note that this is equivalent to neglecting 3 in the equa-
tions for p, and u. Since the electric fileld is arbitrary,

+o¥ =qV ; am = m__=_1 (9)
c
The solution of this equation is

W) = e[ ! v(ur)au! (10)

- 0
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Because
t : A !
emal T aut g 1,

¥ is a weighted veloclty average of v along the orbit for a
distance of about 1/¢ in the direction from which the elec-
tron has come.

The electric current density 1is

Jg=-2le] " vfav_ =o.
(27rh)3 lB.Z. p

b

integrated over the Fermi surface inside each partlally

filled Brillouin zone. The approximation Bfo/ae = -5(e - u)

will be excellent for low temperatures. Now de = dedpdpz
allows us to write
- 2 rr 11)
5 = 2e I}“Bzii dudp,, - (
(2m) o

This expression can be readily evaluated for free electrons
and for field directions perpendicular and parallel to the

axis of a cylindrical Fermi surface.

Free Electrons - Closed Orbits

From figure 1,



Figure 1 A spherical Ferml surface

Pz

Figure 2 A cylindrical Fermi surface
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]

x = veeos(u'/m) , vo = v sin (u'/m).

Then
¥, = v,cosg.cos(u/m - g)

from equation 10. Here O < 3 s 7/2 and cot g8 = am. B8 1is

the Hall angle. Integrating,
X v. V. du = mﬂv2-cose-sin8
B.z. Y * o

2 .
Oox = (nee r/0m)cosg-sing

ng is the number of electrons in a primitive cell and QO is

the cell's volume. The final result is

00323 -co0sg sins 0

- 2

0 = (neegT/Qm) cos3 sing cos”3 0 (12)
0 0 1

Note that a metal with equal numbers of free electrons and
free holes has vanishing off diagonal elements since vy =
-v, sin(u'/m) for the holes. We will later prove this result

for any carriers in the high field limit om < 1.

A Cylindrical Surface - Open Orbits

Consider the case of B || Z in flgure 2.



i

.l

~as



WX = O) Wy = Vy: WZ = Vz
from equation 10.
- 2 _ 2 2
o = Mvy » 0% =p," +p " ;

4 18 the momentum length separating Bragg reflection planes.

Then,
~Yuo"‘*’du-u.xv =4 (p? - p2)¥?
o YV oy ~ 2 z )
noeeT
g =
vy =
20m

In a similar manner we obtain the other elements of the

conductivity tensor.

0 0 0
o 2
T = €T o 1 0 (13)

Open and Closed Orbilts
A zero'th order model of an "open" Fermi surface
might consist of allotting nﬁ "free holes" to a first zone
closed surface, n: electrons to a second zone cylinder, and
ng free electrons to a third zone closed sheet. The con-

ductivity tensor for such a model is
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c,.c 2 cC _c
(ne+nh)cos 8 (nh-ne)cosssins 0
0 = egx (n®-n)cosgsing n°/2 + (n°+n°)cos23 0 (14)
e "'h e e 'h
mQ 0 c,.C O
0] ne+nh+ne/ 2

For experimental simplicity we measure the resistivity
tensor in the high-field limit, 8 = m/2. The transverse and

longlitudinal parts are:

2 2

- nZ/Qa m (nﬁ—ng)/am
Per = 2 .o C mc c cy27 \(n®-nf)/am nC+n’
e T[ne/Q(ne+nh)+(ne-nh) ] e 'h e "'h
p = m
22 T2 r ¢ ¢ o
e TLne+nthe/2]
o.. and p__ vanish for this model. At B = 0 (8=0),
Xz vz

l/(ng+n§) 0 Y
. 0 1/(ng/2 +ng+ny) 0
ey o 0 1/(n2/2 +n+n;)

The longitudinal magnetoresistance, (pzz(B)-pzz(O))/pzz(O):

vanishes, but the transverse magnetoresistance does not:

AP =[pxx(B)—pxx(O)_‘ / pxx(o)
P

o) c,.¢c 2
=(ne/2)(ne+nh) (wc'l’) - 1 > O

c c _c\2
(nZ/Z)(n:-i-nh) + (ne-nh)




"
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Three possibilities are listed in Table III. The first

case 1s realized in copper, silver, and gold with nC = 0.

h

CFPT's careful analysis of the noble metal topology showed
that Ap/p = Aé(wcT)E- 1 for B in a symmetry plane. A is a
constant which includes the number of conduction electrons,
approximately ng, and a measure of the cylinder area normal
to B. ¢ measures the effective width of the cylinder area
parallel to B -- the other three <111> cylinders cause some
of the orbits to close back upon themselves. Nevertheless
our simple model should estimate the largest A. From CFPT
one can easlily calculate that the maximum n: = 1/5. Thus the
maximum ng / 2n: = .125 which is in rough agreement with their
largest A =.23.

Cases II and III may be common occurences in metals
with a large number of valence electrons per primitive cell,

but the burden of calculation is now truly monumental since

one cannot assume, in the manner of CFPT, that

o__(open)
p ~ _YY
XX
-0 losed)o closed)
cxx(closed)cyy(open) xy(c ) yx(
A1l Closed Orbits
p n’-ng (16)
Pxy = Pzz = 2 i - W7
and
c,.c\ 2
Pxx = fyy =(n'Te (17)

Pzz Pzz n,-n
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Table III. Dependence of Ap/p on the number of electrons on
open orbits.

Case 1 Case II Case III
o o 2 o} c _cy2
e ¢ < (ng- h) e (ng-ng) Ne » (ng-mp,)
2 2 2 c,. ¢
ne+nh ne'mh ne+nh
o, Cc,._¢C 2 2 2_
Ao ng(ngny ) (@ 1) 1 | (9,1)7_ gwcT) 1
p C C\2 2
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allow us to make estimates of ng+ng and w,T from the experi-

cC ¢
mentally measurable Pxx? Pxy? Pzz? and n -ng.
Real Fermi Surfaces
For a more complicated Fermi surface we can simplify

¥ for closed and open perlodic orbits:

- o 1 K 1

¥(p) =ae ““{ D y(u)an + [ e™ v(wan' } (18)
But
I eau'v(uqdu' + X O gOH v(u')du' o oeeeene =

“Ho -2,

O - 1
X ea“'v(pOdu' + e a“og e*H V(g')du' € ... .o

“Ho Mo
so that

Ho 13 1
¥(u) = ™M1 [ ey (ut)du' + Xo e _Y(u')du'¥~ (19)
o - 1 0

My is the period of the orbit. In the high-field region,

we can expand ¥ in powers of a:

_‘li(u) =_‘£(O) + c:,_\li(l) + a,e_\'_»f(2) A (20)
#9 -1 o yna (1)
hg "0

"
AR 52° wvlu)du' - u I:o y(u)dut + '«[o v(uanr (22)

Ho 0



-
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(2) 2 j“o Mo "
y'el = v(p')du' - w [ O pww(ut)aur +_1 [0 P (u)du’
¥ o P J y = uvlu)du
Mo 0 Mo 0 EuO”O
M M
- ul vn)ap + T owv(uar . (23)
uO ‘)O
Only‘lip) is trivial;
(0) _ 1 ¢m
Y =LMoo 2 x (vx 2) du = (£ x ap)/ug (24)

“oJO

Ap 1s the momentum change from the beginning to the end of

the period.
Consider the case of all closed orbits. We use the

My u M

notation < '> = | © du' and < "M = j du' . 1 =2xory.
0 0

(0) _ \
Wz = <Vz >/uo
Wil) =<u'v, "> ug - wkv, /g <vz'>u

0
W( ) <Vi'>/uo =0

-
~~ | ad
[
~~

] ]

! 154
1 <u'vi >/uo + <vy >

2 1 2
W( ) = uWi ) + <y v1‘>/2uo + <p'Vi'>u

To determine 0 we must evaluate several integrals.

8
o} 2
Eo VZW£O)du = <v, "> /g (25)
[“o (l) 15>
J Viwz dy = -(vz'><uvi>/uo + <V1<Vz (26)
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M u
<v.<v 'OH> = |9 —dp!
X Yy IO dpy EO dpx

e -
T
(o)
<
»
<<
<~
=
~
Q.
j o
]

-Area(electrons) + Area(holes) (27)

Ho 2 2
j viW§ )du -<uvy> /“o -<uvi<vi'>“> + <vi<u'v1‘>“> (28,29)

L

Ho

0
Onsager relations le(B =0, -B) predict that diagonal

v,V )du = 0 1s unnecessary: the

The demonstration that E 1 i

) (
elements can only be even in a and reduce the number of in-
dependent off-diagonal elements to three.

For orbits open 1in Q, the only changes are

0
Wé ) = (vy')/po = —Apx/po
1
W§ ) - <u'vy'>/uo - “Apx/“o + <vy'>“‘l
Then,
Mo 0
i vzw§ )du = AP, <V, >/ u g (30)
M
o, (0)s, =
EO vxvy du = O
Mo 1
I waé )du = -ap,<uv, >/ u, * <Vx<Vy'>”> (31)
1% v v (0ay = (ap )% (32)
o Yy ¥ x’! Mo

In the most general case, We cannot expect integrations

over dpz to cause the vanishing of any of the functions of P,

represented by these integrals. Thus the conductivity tensor

has the form
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2
a a
oc® oc® 4oc
- 2
g = a a + + . =
oc% o T 8% g T ajal s (23)
+
q5c* B T 3, 3,

ao is a coefficient to be evaluated for open orbits only,
ase for both open and closed orbits. Inversion of this
tensor glves us the experimentally measured resistivity
tensor. Normally each Py depends on all nine of the Op1s

but for the case of no open orbits a simplification occurs:

= (-1)¥*d cofactor(oij)/determinant(5) 5

piJ
- 2
Since determinant(d) = 0(a") = “922%%y%x,

~B° 1/0 ~B°

/Oy ]
_ 0 ok
= ~. ~: g

~E° ~B° ~B°

O0f the nine elements, only Pxy and Pyx do not saturate in

the high-field region. These terms have a simple form since

2
G = - 2e [ A (e) - A (h)] dp
Xy (5;;f% ~B.z?[ P P z

-lel(n_ - n.) (35)

Bn

Q 1s the volume of the primitive cell, n, and n, are the

number of occupied electron and hole states, respectively,
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per primitive cell of the crystal. The prediction of n,-n,

for any metal is given by setting the "known" number of
electrons 1n the conduction band equal to the number of

states occupled in the various zones of momentum space,

ny = 2F + n+ (27 - nh) . (36)
T is the number of valence electrons per primitive cell

in the crystal, F is the number of zones completely filled
with electrons, 2J - n, is the number of electrons in par-
tially filled zones with hole surfaces. Notice that, if Ny
is even, ne-nh may vanish. This actually occurs for all
even-valence non-magnetic metals whose Ferml surfaces have
been investigated and leads to a completely different re-
sistivity tensor because the determinant (o) = O(au). These
"compensated" metals are primarily characterized by elements
Pxx,Pyy = O(Bg) in contrast to the odd-valence 'incompensated”
metals.

For'singular" field directions(l) to be discussed in
detail later, we must amend ny:

o, = ~lel(ng-nyFan) (37)
2

An measures the number of carriers which have changed charac-
ter on an open sheet. Thus a compensated metal can undergo

"geometric discompensation" along certain high symmetry axes
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(<0001> in Mg and Zn), or an uncompensated metal could be-
come compensated (this is almost the case for Cu, B ||
<111>).

If there are open orbits on the Fermi surface, the
determinant () does not simplify although it is still of

order ae. The form of p 1is

B B RO
5~ | B B° B° (38)
0 BO BO

Thus Pxx BO€s as B° with a coefficient dependent in a com-

plicated way on the shape of the orbits since

(o} g -0 o
= "yy zz_ _zy y=Z (39)
g

Pxx
l c o - o ]o + 0 0 _ 0
L yy 2z zy yzl XX VyZ Xy zZX
+0 0 O _ -0 _0 0 _-0_0_0
Zy Xz yX VY zZX Xz ZZ Xy yX

For certaln symmetry directions, e.g. <211> and <110>,
1t may be possible for a surface to support two bands of non-
intersecting open orbits with different average directions.

In this case all the elements of p saturate.

Description of the NFE Model of the Fermi Surface of AuX2

AuX, has the fluorite structure with the gold atoms

2
lying on a face-centered cublc lattice and the X atoms

occupying all the tetrahedral sites between the gold atoms
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Figure 3 Crystal structure of the Au’X2 compounds.
X 1s symbolized by the darkened spheres.
(After Jan et al., ref. 13)

<>
P

Figura 4 Holes in the second zone of the NFE model

of AuX,. (After Jan et al., ref. 13)
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(figure 3). This structure belongs to the space group Fm3m,
8o the Fermi surface will have full cubic symmetry. The
NFE Fermi surface was first constructed by the NRC group'l>)

using the method of Harrison(zg).

A free electron sphere
whose volume equals the number of valence electrons times
one-half the volume of each Brillouin zone 1s positioned
about each body-centered cublc lattice point in momentum
space. The occupled electronic states 1n the n'th zone are
made up of all points located within n or more spheres. We
can thus construct the Fermil surface for each zone 1n the
repeated zone scheme without considering the placement of
the zone boundaries. For our model seven nearly free
electrons are assumed and one-half the volume of each
Brillouin zone is (1/2)(4)(2wh/a)3. The factor 1/2 arises
because each zone can accommodate two electrons per primi-
tive cell of the real lattice; we choose 2mh/a as a unit in
momentum space to render the model independent of the
lattice parameters which vary among the three compounds.

To facilitate a study of this surface a computer
program was written which performs the Harrison construc-
tion calculations and plots the results with the aid of a
30" x-y plotter. A description of this program, which also
plots Brillouin zone boundaries, 1s contained in Appendix A
along with a program 1listing. The cross sections shown in
figures 8-17 are from the computer plots.

The first zone 1s full. The surface in the second

zone has the shape of an octahedron holding about .05 holes



Figure 5 Holes in the third zone of the NFE model
of AuX2 in the reduced and repeated zone
schemes. (After Jan et al., ref. 13)
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(figure 4). There is good experimental evidence concerning
this surface in AuAl2 and AuIn2 from the dHvA experiment.
The open surface in the third zone, containing .34 holes,
makes contact with the hexagonal faces of the zone as do
the noble metals (figure 5). dHvA data indicate that this
contact area is reduced to about one-third of the NFE value

in AuGa2 and AuIn2 and 1/15 of that value in AuAl this

53
will considerably reduce the width of the open orbit 1layers,
particularly in AuA12. The open electron sheet in the
fourth zone (figure 6) has "arms" along the directions
<100>. dHvA evidence indicates that some of the AuAl2
extremal areas on this surface have values 1n good agree-
ment with NFE predictions. It holds 1.14 electrons. The
surfaces in the fifth and sixth zones contain .20 and .05
electrons, respectively (figure 7). Recently experimental
evidence from dHvA confirms the existence of a surface in

the fifth zone. (See reference in Table XI)

The galvanomagnetic properties give no direct informa-
tion on closed surfaces, but simply determine the number of
full plus hole zones. A measurement of the Hall effect in
AuX2 for general field directions supporting no open orbits

will give Ng = Ny since closed and open surfaces contribute

to ng and n, one suspects that all the surfaces must be

considered in computing this quantity for any model. For

the NFE model of AuX,, n .05 + .20 + 1.14% - .34 - .05

e ™ =
= 1.0. A close examination of equation 36 reveals, however,



Figure 6 Section of the NFE surface in the fourth
zone. (After Jan et al., ref. 13)

Figure 7 NFE surfaces in the fifth zone (left) and
cixth zone (right). (After Jan et al.,
ref. 13)
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that any model having seven valence electrons and a combina-

tion of three full and hole zones also has ng - = 1.0.

"h
In addition to the general field directions, there are
two singular field directions in the NFE model, <100> and
<111>. They are defined as axes of higher than two-fold
symmetry which are at the center of a region of aperiodic
open orbits. At the singular direction the open orbits
intersect to form closed orbits of character opposite to
that of the open surface. Figures 8 and 9 are cross sec-
tions of the Fermi surface for B 11 <100> and <111> in the
third and fourth zones. Clearly, there are closed hole
orbits on the fourth zone electron sheet for B 11 <100> and
there are closed electron orbits on the third zone hole
surface for B 11 <111>. To calculate n, - n, for B 11

<100>, we must subtract from ng those electrons which have

changed character, né » and add to n, the new holes, n

U
N
This is equivalent to subtracting the total volume occupied

by n) and n! multiplied by 20/(2Th)’; this volume is A-d

where A is the cross-sectional area of a cell with A % A(pz)
and 4 1s the P, wlidth over which the orbits have changed

—_ 1] 1 -
character. An = ng + nh is to be added to ng nh for
electrons on a hole sheet and subtracted from it for holes
on an electron surface. Then

~-BN
= = - 3 L}
°xy " Te[n * P =Pe ~Pp+ A0 (0)

The calculated values give Nyy1 = 1.035 electrons per prim-

itive cell and n,.. = 0.372 holes per primitive cell.

100
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Figure
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Figure

9

10
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12

13

Cross sections of the NFE surfaces in the
third (clear) and fourth (shaded) zones at
the p, values given for B || <100>. Height
of the unit cell = 2.0

Cross sections of the NFE surfaces in the
third (clear) and fourth (shaded) zones at
the p, values given for B || <111>. Height
of the unit cell = (3)Y2/3 = .577

Cross section of fourth zone surface for B

29° from [100] in a (010) plane with orbits
open in [010].

Cross section of fourth zone surface for B
in {110} with orbits open in <110>.

Cross section of third and fourth zone sur-

faces for B in {111} with orbits open in <111>.

Cross section of fourth zone surface for B
in {210; with orbits open in <<10>
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These values differ significantly from the experimental
values we will present later.

We now turn to the investigation of those field
directions supporting open orbits. From figure 6 it can
be seen that as the field is tilted away from [100] in a
(010) plane, orbits which are open in the direction [010]
will occur for some values of p, on the fourth zone
surface. A cross section for B 29° from [100] demonstrates
this effect in figure 10. These periodically repeating
orbits are called '"primary'" open because they make repeated
use of the same [010] arm of the Fermi surface when they
cross the zone boundary. Secondary periodic open orbits
occur for some fileld directions in the (110) plane by
repeated use of [100] and [010] arms to give a [110]-
directed open orbit (figure 11). Fourth zone tertiary
orbits open in the directions <111> and <210> have also
been investigated (figures 12 and 13).

If B is applied in a direction close to the [100] axis
in a non-symmetry plane (point a in figure 18), a plane
perpendicular to B will intersect the Fermi surface to form
alternating bands of closed electron and hole orbits which
are separated by two-dimensional aperiodic open orbits as
8een in figure 14. They are called two-dimensional since
they are generated for a solid angle of field directions
which is represented by an area on a stereogram, and they
are called aperiodic since the direction cosines of B are

incommensurable. As the angle between B and [100]
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Figure 1% Cross section of fourth zone with B at point
a in figure 13. Open orbits separated by closed
electron and hole orbits. net direction is 10o
from <100> in the {lOO} pilane.

Figure 15 Cross section of fourth zone with B at point b
In figure 13. Open orbits separated only by
an occasional closed electron orbit; note how
closed hole orbits have unfolded to form sec-
tlons of open orbits or in one case pinched
off the open orbit altogether; net direction
is 18° from <100> in the {100} plane.

Figure 16 Cross section of fourth zone with B at point c
in figure 18. Extended orbits on the fourth
zone surface several degrees from the edge of
the two-dimensional region.

Flgure 17 Cross Sections of the NFE surfaces in the

third (clear) and fourth (shaded) zones at the
P, values given for B parallel to <110>.
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increases, the number of hole orbits gets progressively
narrower and disappears; observe figure 15 and point b in
figure 18. If the field now angles towards <111>, the
number of open orbits begins to decrease, and finally all
the open orbits coalesce to form closed orbits "extended"
over several zones; refer to figure 16 and point ¢ in
figure 18. If the field moves toward <110> from point b,
the open orbits persist even for B parallel to that axis.
The cross sections for B 11 <110> shown in figure 17 reveal
only closed electron orbits for small values of j S closed
hole orbits for intermediate values, and open orbits for
the largest values of P, - The presence of closed hole
orbits for B 11 <110> requires that <110> be surrounded by
a two-dimensional region of open orbits in order that the
closed hole orbits may be "unfolded" by an open orbit and
then "refolded" into the electron orbits we observe for a
general field direction. But the width, d, of the hole
orbit layer cannot be determined on this model through the
Hall voltage since the open orbits change pxy into a very
different form than it has in equation 40. For the field
parallel to <211>, there are non-intersecting orbits open
in directions <111> and <110>, but there are no hole orbits
on the electron sheet. All of these results are summarized
in figure 18a which is a stereogram of field directions.
Shaded areas represent field directions giving rise to
orbits open in a single directlon and, therefore, to a B2

dependence of the magnetoresistance. 115 field directions
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were sampled for open orbits by the computer.

A simllar analysis has been carried out on the third
zone hole surface. <11l1> 1is singular but the layer of
electron orbits on the hole sheet is so narrow that the
extent of the two-dimensional reglon 1s estimated at less
than one degree. <100> is not singular. There 1is a two-
dimensional region of open orbits surrounding <110> due to the
presence of a layer of electron orbits when B 1is parallel
to that direction. The complete results are summarized in
figure 18c. If the necks are diminished in size, we can
expect a decrease in the size of the two-dimensional
regions and possibly the angular extent of the secondary
periodic open orbits, <100> and <110>. The <111> primary
open orbits will probably only be restricted in width
parallel to B.

Lifshitz and Peschanskil have analyzed several types
of Fermi surfaces which were derived from an analytic
expression for e¢(n). (23) For one surface which consisted
of a three-dimensional grid of undulating cylinders whose
axes are parallel to the directions <100>, <110>, and <111>,
the <111> and <110> two-dimensional regions overlapped.
Inside this overlap, layers of open trajectories with
different average directions are formed; thus the magneto-
resistance must saturate destroying the connectivity of the
two-dimensional regions. These aperiodic open orbits must
be intersecting rather than non-intersecting since all

values of P, will be sampled 1f repetition 1s not possible.



wal
1G.

-ns
N

wle
e

uxs

-

Y

<>

<t



4o

Both our NFE results (figure 18) and our experimental data
(figure 35) show that their analysis is not of general
validity. The reason for this 1s the artificlality of a
model with three sets of open "arms". Such a model cannot
give non-intersecting orbits in two directions for

B 11 <211> or <110>, a known feature of at least four Fermi

(24,8)

surfaces and our NFE model. Thelr model also cannot

produce <100> directed orbits when B 11 <110>, which occurs

(25)

for the copper Ferml surface and for our NFE model of

AuX2 also. Thus we see that their model 1s of 1limited
value. Two interesting variations of thelr model do occur
on the NFE model of Auxa. The most obvious 1s the fact
that the third zone has <111> directed arms while the
fourth zone has <100> directed arms. The region of over-
lapping aperiodic open orbits 1s centered entirely about
<110>. Our computer plots, however, indicate that the
average direction of open orbits from both zones is the
Same. Secondly, the rather abrupt termination of the two-
dimensional region about <110> as B moves away from <110>
within the <110> - <111> - <211> spherical triangle is
caused by the intersection of orbits open in different
average directions. One set of orbits is derived from the
<100> - directed orbits seen for B 11 <110>; the other set
arises from the unfolding of the hole orbits for B 11 <110>.
For B not far from this axis these orbits "constructively

interfere". But with B deviating by more than 10° from
<110> they "close'" each other off.
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Calculation of ap/p for AuX, in the ( 100} Plane

2

We have developed a theory capable of calculating the
absolute value of the magnetoresistance for a complicated
Ferml surface model with a single value of mbT. We now wish
to apply this theory to the NFE model of AuX2 in order to
predict the value of the magnetoresistance. Unfortunately,
this project is, in fact, a major undertaking and we resort
approximating the Fermi surfaces of zones 2,3,5, and 6 by
spheres and assuming the fourth zone necks have square cross-
sections. The drastic nature of these approximations sug-
gests that calculations on this model should be considered
primarily as a gulde to a more exact later calculation.
However, a comparison between oyy determined for the NFE
model and this model was made and 1t indicates that the ap-
proximation may be fairly good for B less than 30° from <100>
(See figure 20).

Consider figure 19. This "log-pile" surface has the
same topology as the NFE Fermi surface of AuX2 in the fourth
Zone. For simplicity of calculation, we have chosen the
necks to have a width of 1/2 in units 2w%/a = 1. We con-
Sider orbits in the {100} plane only and note that there are
8lx types, labelled A,B,C,D,E, and H. We must calculate
weighted velocity averages of these orbits and integrate over
dp, to obtain the various 013'3’

For our model each open orbit is composed of five

]
types of sections which we label in figure 19 as ¢, k-, X,

51
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Figure 19 Open and closed orbits on a "log-pile" surface
with the same topology as that of the fourth
zone of the NFE model.



\(M
K
U= "/ac
\——-—y-—.—J

43

K {
el Z
e
o)
)‘(\ﬂ

F
igure 19




By

v, and v'. The closed electron and hole orbits are each com-
posed of only two types. From the figure, Kk = -dpt/v_L =
-(-3/4)/vgsiny = 3/4vs = m/2s. The Fermi velocity, vp = v,

1s given by akp/m = 1.495/m ~ 3/2m. Similarly k' 1s m/2cosVy =
m/2¢. Also v = m/3c and v' = m/3s. Since \ changes with
angle and p,, we leave it as \ = &/v =(L-2m)/3; X is the
momentum length of A in the usual units 2ma/a = 1. The slow
variation of 4 with P, 1s rather troublesome; a considerable
simplification 1is obtained 1f we average X over the appro-
priate range of P, for each type of orbit. These values are
7(a) = 1/%¢, T(B) = 1/4c, 3(C) = 1/c, §(D) = 5/%c for the
open orbits. The ranges of dpz are all s/2 if tan¥K1l/3. If
1/3 <tan¥< 1/2, the range of dp, for the D orbits is c/2 - s
andﬂr(D) = 1/4s + 1/2c. For 1/2 <tan¥< 1, the D orbits
vanish while the range of dp, for the C orbits changes to
1/(2-(c-s)). The value of f(C) remains the same however.

1(E) and J(H) follow in a similar manner.

The periodic lengths of the orbits can now be eval-

uated:

ok + 2x(A) + v

ko (A)

m/s + m/3¢c + m/ 3¢

]



and so on.

Ko (B)

[

45
m(l/s + 2/3c)

2k' + 20 (B) + V!

(m/3)(4/c + 1/s),

A check of equations 25 through 32 shows that we must

still compute the following quantities for each type of

orbit: <v, >, <uv >, <vx<vy'>“>, <y <v, W, v <y O,

and <vx<p'vx'>“> all integrated over the appropriate range

of dpz.
multiplication.
the A orbits.

By using X, this integration amounts to a simple

We will now compute these quantities for

<vz> =
= 3¢/2s - s/2c .
P
uv,> = : pvdy  + !
C P KAtV
= =v(r+v)A
= -m/(8¢%) .
K M
sy = o d
<vx<vz >F> jo v, du IO
= -V(VZv)vX
= s/8c2
My - o =
<vx<vy'> > v(vyv)vk

vek + O+x + (-vsy) + O°) + vex

rK+X+v+X

w(-v)du

védu'

-1/8c .
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Similarly,
T 2.2 3
UV v D5 = -y (\/3 + v/2) = -1/T2c

= - 1My,
<V <uv, %

The evalution of all the other quantities follows in a
similar manner.

In order to take account of the NFE surfaces in the
second, third, fifth, and sixth zones, we have employed the
following approximations:

Oy ™ 2L°xx(f°urth zone) +(.39 + .25)mJ

0,, = 2[ozz(fourth zone) +(.39 + .25)/mJ

0. 2[oxz(fourth zone)J

Xz
oxy = 2Loxy(fourth zone) + .39 - .25J (41)
9y = QLGyz(fourth zone)]
0oy = E[Oyy(fourth zone)J

The first three equations contaln free electron approxim-
tions for the .39 holes in the second and third zones and
the .25 electrons in the fifth and sixth zones; we assume
that the third zone necks are pinched off. The factor 2
arises because there are two sets of each type of orbit in
the fourth zone and because the momentum volume occupied by
-39 holes, for example, is .78(2vh/a)3. (In the high-field

region, the Hall angle = 7/2 in equation 12). We drop the
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factor 2e2«r/(27rh)3 for simplicity. The last three equations
are exact in the high-field region.

The results of a computer program written to carry out
such calculations (Appendix B) are presented in the graphs
of figures 20 and 21. In figure 20 we have plotted the var-
lation of § with angle in the {100} plane. We are using the
convention 2mx/a = 1, 2e27/(21rh)3 =1, and g = 1. As a

result terms of order ao, o] , appear in units

yy’
and Oxz’ are dimensionless, while

o o]
yz? and -

1/m; terms of order a, ny

. 2 .
Ty which is of order o, is measured in units of m. To

determine Pxx?

g (o] -0 o
= vy 2z _zy yZ , (39)
+ (0]

Pxx

- o}
[(oyyozz Gzycyz)oxx 0yx Zy XZ

- - 0 _0_GC

+ 0zxoyzoxy zeoyyozx Z2Z Xy yx]
we first note that both factors in the numerator are given
in units of (1/m)2 while all six factors in the denominator

are given in units of 1/m. It is obvious, then, from figure

20 that all terms containing 0, or O, will be small so

Xz
that
- c
Py = Oy%2z = %2y%yz (42)
- . - 0 _0_0C
(nyqzz czyoyz) qxx "zzZ Xy yX

The magnetoresistance can be calculated from Pxx by noting

that
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2e%r - (2m)’ ma®| ™t = ma’ . (0 1)?
(2mn) 2 3.3 2e21 ¢

We estimate ¢ from the resistivity at B = O using a free
electron approximation, p = maB/neQT . n equals the number
3

of conduction electrons per cell of volume a”. This number

is 28, so that

sp/p = mep _(w,1)% - 1. (43)

For some of the samples measured in this work, ®.1 ~ 5,

which glves

ap/p = 350mep - 1 . (44)

The results of these calculations are glven in figure 21.
There are five distinct regions of Pxx depending on the

number of open orbits. They are:

00-5o Case I behavior: a small layer of

open orblts.

5°-8° Case II behavior: a moderate number
of open orbits whose importance 1s
enhanced by the rapid decrease
of cxy due to the thinning layer of
hole orbits, H, and the thinning
layer of electron orbits, E; all
terms in (42) are important.

8°-13° Case III behavior: a thick layer



Figure 21
Ap/p 1in
{100} plane
for log-pile
model.
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of open orbits aided by the van-
Lshing of 0,  at 12° results in
Pxx = Y %xx"

13°-20°  Case II and III behavior: a thicker
layer of open orbits 1s moderated
by a decreasing O rx so that the
first term in the denominator of
(44) is ~ constant. The second term
is increasing, however, causing Pxx
to decrease.

o) o . ~ .

207 -45 Case III behavior: p,, = 1/0,, 5
Uxx i{s in turn dependent on fourth
zone open orbits for its variation.

In addition to the complete calculation of ¢ for this
model, we have determined ny from the third and fourth zone
open orbits of the NFE model. The results of that calcula-
tion, also shown in figure 20, suggest that the log-plle
model is a good approximation to the NFE fourth zone and
that the open orbits from these surfaces do dominate those
of the third zone even without the known reduction in the
size of its copper-like necks. The dip in the NFE fourth
zone curve occuring over the range 300-450 warns us to look
at Pxx in this region with some suspicion since 0 may also

look somewhat differently in this interval.
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3. Growth and Preparation of Samples

In this section we discuss the techniques used to grow
single crystals of AuAlz, AuGae, and AuIn2. We also con-
sider the X-raying, sparkcutting, and mounting of the
crystals. The general procedure for making the alloys was
as follows. A small high-purity graphite crucible, usually
with an alumina insert, was outgassed in a Lepel induction
furnace, the temperature of which was increased in several
steps up to 1200°C in such a manner that the pressure
remained at 10'” mm Hg. The pure metals were etched if
necessary, washed with distilled water, and rinsed with
ethyl alcohol. The desired amount of Al, Ga, or In
(typically 2.5, 6, and 8 grams) was then placed in the
crucible. Its weight was determined to .1 milligram on a
Mettler balance and the amount of gold necessary was
computed and deposited in the crucible. The crucible was
then placed in the induction furnace and heated to 100°C
above the melting point of the compound (cf. Table IV)
elther at a pressure of less than 10'4 mm Hg or in an argon
atmosphere. Mixing was accomplished by agitating the melt
mechanically and by the action of the rf fileld.

Several methods of growth were attempted before high
purity single crystals were produced. The first success
was obtained by vertical zone refining of AuGa2 wlth an rf

coil. The samples, prepared with the exact stoichiometry,
had residual resistance ratios up to 250 at the bottom of



X
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Table IV. Properties of the AuX, compounds. (After Jan et
al., ref. 13)

AuA12 AuGa2 AuIn2
Resistivity at 295°K 8 13 8
(na-cm)
Lattice parameter at 5.988 6.055 6.487

4.2°% (angstroms)

Melting Point (°C) 1060 492 54k
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the crystal. The graphite boat used was grooved so that
the dimensions of the crystals were 1/16" x 1/16" x 4",
Three experimental runs on these crystals were disappoint-
ing. At 55 kilogauss, the largest magnetoresistance
observed was 5 and no decision could be made on the state
of compensation of AuGa2 since the fleld dependences were
Bl'0 s N for all measured directions. The third crystal
investigated, which had J approximately parallel to <111>,
did have a deep minimum with B ~ ll <112> 1n its transverse

magnetoresistance. Hall effect measurements were inconclu-

<1.5 for several different general field

slve: 1.2<ne-nh

directions.

For three reasons we declded to switch our concentra-
tion to AuAla. Straumanis and Chopra had determined that
the extent of the AuAl, phase 1is 78.18 - 78.94% % weight
Au(26). At the stoichiometriec ratlo there are .152 empty
lattice sites per unit cell in the Al sublattice and .076
empty lattice sites in the Au sublattice. But at the
Al-rich border there was strong evidence that all of the
Al vacancies were filled. A crystal grown at the Al-rich
border of the phase should be appreclably better than one
prepared at stoichiometry. The standard Brlidgeman tech-
nilque was apparently not very successful when AuGa2 was
prepared up to two atomic percent off stoichiometry(27).

Finally, AuGa2 has a rather high room temperature resis-

tivity of 13 ufl-cm. compared to AuA12‘s 8 wl-ecm; this means
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that wa (free electron) for AuAl2 will be about 50% larger
than that for a AuGa2 crystal with the same residual resis-
tance ratio.

Our first attempt to grow Al-rich AuAl2 in a graphite
crucible was a fallure. The crystal, which wet the
crucible, had a residual resistance ratio of 33. We dis-
covered that near 1000°C Al forms a carbide with the
graphite; so we decided to place an alumina insert inside
the graphite. The dimensions of this insert were 1.5" long
and .42" inside diameter. The bottom of this alumina
crucible was bowl-shaped so there was some premature
concern that it would be difficult to grow single erystals.
The crucible and its contents were, as usual, sealed in a
vycor tube filled with argon and lowered thru a three turn
rf coil at a speed of 1/2" per hour. The temperature of
the graphite was measured with an optical pyrometer and the
rf current adjusted so that the hottest portion of the

crucible was 60% above the melting point of AuAl.. Upon

2
breaking the vycor, we discovered that AuAl_ had wet the

2
alumina; however, the alumina insert had cracked due to
differential contraction upon cooling, and 1t was possible
to pry off the pieces of alumina clinging to the AuA12
8lug. Back reflection X-ray photographs indicated that the
crystal was single. The first two samples spark-cut from
this slug had residual resistance ratios of 400 and 550
with J's parallel to <111> and <100> respectively. We

designate these samples as Al <111> and Al <100>; here A
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refers to the compound, 1 to the slug, and the numbers in
brackets to the current direction.
Since studies similar to that of Straumanis and Chopra

had not been published for AuGa, and AuInz, it was neces-

2
sary to determine experimentally the dependence of theilr
residual resistance ratios on the excess concentration of
one of their constituents. Slugs of 0.0, 0.1, 0.2, 0.3,
0.4, and 0.5% weight excess Ga were prepared in the same
manner as Al. The average residual resistance ratios of
erystals cut from these slugs were 190, 540, 680, 710, 660,
and 200 respectively. The points in figure 22 representing
individual samples show a considerable spread about the
average. It should be noted here that traces of Ga were
found on the surface of the slugs with 0.2 - 0.5% excess
Ga. This may indicate that the phase exists to about .2%
welght excess Ga; as a larger amount of Ga 1s added it is
energetically more favorable for the charge to reject this
Ga, but at 0.5% the Ga phase begins to coexist with the
AuGa2 rhase inside the slug. See figure 23.

A Auln, slug of exact stoichiometry had a residual

2
resistance ratio of 60. By varying the composition to both
sides, the highest value achieved was 75 in a .1% In excess
AuIn2 slug. Several growth methods were tried in an
attempt to improve on this value; these included vertical
zone refining and horizontal zone refining and leveling.
Crystals prepared in such a manner had residual resistance

ratios less than 60.
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Table V is puzzling for at least two reasons: AuIn2
cannot be prepared to within even a factor of ten as highly
ordered as AuGaa, and AuA12 of exact stoichiometry can be
grown with residual resistance ratios greater than 100
despite the fact that 1.9% of all the sites are empty
according to Straumanis and Chopra. This latter effect is
extremely peculiar because Sellmyer(B) has shown that AuSn

qualitatively obeys the same empirical law as many of the

elements,

RRR~10u/I, 121.&10" (45)

Here I is impurity or vacancy content in parts per million
(p.p.m.). Thus 49's, 59's, and 69's metals typically have

4
3, and 10 . This is

resldual resistance ratios of 102, 10
reasonable because metals have room temperature resistivi-
ties of 1 - 10 uf-cm, while the resistivity due to impuri-
ties or vacancies in dilute alloys is from 1 - 10 ufN-cm.

per atomic %. Assuming that AuAl_, obeys this law, a resid-

2
ual resistance ratio of 140 is equivalent to I = 71 p.p.m.
or .0071%. This compares very unfavorably with the 1.9%
from the Straumanis and Chopra study. The difference
cannot be explained by the fact that compounds prepared
with stoichiometric proportions may grow off stoichiometry;
consider the limiting case of the Al-rich border: we
expect I = .634% but, experimentally, I ~ .0018%. A possi-

ble explanation 1s that vacancies are segregated and not

dispersed throughout the material; adding extra Al or Ga
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Table V. RRR of AuX2 crystals

AuAl2 AuGa2 AuIn2
prepared prepared prepared

exact Al-rich exact Ga-rich exact In-rich

largest 10(13) 550 250 904 60 75
RRR
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simply cuts down on the size and number of aggregates. The
variation of residual resistance ratio over the slugs tends
to support this belief.

In this discussion we have neglected the residual
resistivity due to the impurities in the Au, Al, Ga, and
In. The ASARCO gold and indium had I ~ 9 p.p.m. For the
MRC aluminum, I ~ 2 p.p.m., and for the ALCOA gallium,
I~1p.p.m. Table VI shows that the residual resistance
ratios of both AuAl2 and AuGa2 are appreciably affected by
the impurity content of the starting material if the law
RRR ~ 10" / I holds. For some combinations of impurity and
host, a law in which 104 is replaced by 105 better fits the
resistivity data; this 1s the case for Mg in Cd and Sn in
In. The numbers in parentheses are the appropriate changes
which, in this case, clearly indicate order limiting of the
residual resistance ratio. The use of 69's gold in these
compounds could determine a suitable form of the law and
possibly provide a most desirable increase in the average
relaxation time.

Samples were obtained by placing each slug in a small
brass cup and securing with one metal and five nylon
retaining screws. This cup was screwed into the face of a
goniometer and the slug oriented to within 1° of the
desired current axis with the standard Laue back reflection
technique. The entire goniometer assembly was now mounted
on a platform which was the high voltage side of a Servo
Met spark cutter. A stainless steel tube attached to the



-
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Table VI. Impurities in AuX2 crystals.

AuA12
prepared RRR 550
I from eqn. 45 18
(p.p.m.) (180)
I from startine 4.3
material (p.p.m.)
I from ordering 13.7
(p.p.m.) (175.7)
RRR (if limited 2300
only by impurities) (23000)
RRR (if limited 770

only by ordering) (570)

AuGa2
90k
11

(110)
2.7

7.3

(106.3)
3720

(37200)

1360
(9%0)

AuIn2
75

133
(1330)

124
(1321)

1110
(11100)
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working arm at ground potential then cut out a cylindrical
sample. Non-metallic debris was removed through a side arm
of the tube connected to a water pump. Since it is impossi-
ble to obtaln X-ray pictures from a spark-cut surface of
these compounds and etching is also of no benefit, the
crystals were spark-planed on four sides to give a
rectangular cross sectlion. This 1s an extremely tedious
process but well worth the effort when attempting to mount
four orthogonal Hall probes. The final shape was roughly
10mm x 1.5mm x 1.5mm. Usually, major symmetry axes were
perpendicular to each face.

Mounting six potentlal and two current leads to a
sample this size requires that it be firmly mounted to a
large heat sink. The sites selected for probe placement
were lightly abraded with a pointed object or a pencil sand
blaster. This area was then tinned with solder until a
very small bead was formed (less than .5 mm in diameter).
The leads could then be quickly soldered to such sites.
Wood's metal solder and Sta-Clean flux were used for
AuGaé and Auln,. Rose's alloy was found superior for

2

AuAle. Table VII 1ists those samples selected for

experiments.
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Table VII. Samples selected for experiments.

Date Crystal RRR B(kG) Type of Data
8-65 G(randoml) 230 55 MR and Hall
3-66 G(randome) 205 55 IR and Hall
6-66 G<111> 160 55 MR
9-66 G1<110> 190 85 MR
G1£100> 200 140 MR
G<111> 160 140 MR
G(randoml) 230 140 MR
* T1<100> 60 140 MR
* A1<100> 550 140 MR
* A1<111> 400 140 MR
8-67 ci{110 620 50 MR and Hall
cu{ 111 775 50 MR and Hall
11-67  * G}{loo} 475 150 MR and Hall
* G3<100> 725 150 MR and Hall
* G3<110> 904 150 MR and Hall
* A1<100> 500 150 MR and Hall
* A2 (random) 550 150 MR and Hall
* I12<110> 75 150 MR and Hall

* Interpretation of data in section 5 is based on evidence

from these samples.
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4. Apparatus and Experimental Technlques

The experiment consists of measurements of the magne-
toresistance and Hall coefficient as a function of the mag-
nitude and directlion of the magnetic field. The apparatus
used at Michigan State has already been described.(E) Since
we Wwill Just present data taken at the 150 kG fields avail-
able at the Francis Bitter National Magnet Laboratory, we
will only consider the apparatus kindly provided for our
use there by Dr. D. J. Sellmyer.(28)

Figure 24 is a schematic diagram of the apparatus and
circuitry. The apparatus, shown in figure 25, permits the
field to be oriented along any crystallographic directlon
for an arbitrary sample axlis. This 1s accomplished by use
of the worm gear which changes the tip angle o, and the
spiral gear which changes V. The sample 1s mounted on an
insert, I, which is removeable so that the crystal can be
positioned by Laue back reflection techniques until a certain
axls 1s parallel to BB'. The advantage of this positioning
1s that all rotations of V¥ for any ¢4w111 be straight lines
on a stereogram centered at <lmn> if J is in the plane {1mn}.
This 1s seen in figures 26 a and b. The drive rod D is con-
nected at the top of the cryostat to a motor whose speed was
normally adjusted to achleve a 180° rotation of ¥ in 10
minutes. Rotation plots were recorded continuously on an
X-Y recorder with the X axis signal coming from a linear

ten-turn potentiometer coupled to drive rod D. We estimate
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Figure 25 Experimental apparatus (after Sellmyer, ref. 28)
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that the maximum total error in our knowledge of B with

respect to the crystallographic axes 1is 120,

This estimate
is based on accumulating the errors due to x-raying, spark-
cutting and gear backlash. If there are sharp extrema in

a rotation plot, the position is usually known to f.SO.

Analysis of Tipping Arrangement

Consider figure 27. In the xyz coordinate system, the

current density 1s

o

1 0] 0 cosp O -sing

o
- r~ 1 = _ 1 0 0
Jd = nyhJ = 0O cosy sinvy 0
0 sinv cosy \sinp O cosg/\O
COSwp o) -sing JO
= |-sinvsinp cos¥  -sinVcosy 0
cos¥sing  sin¥ cosvycosy 0
coSep
= |-sinvVsing | Jo
cosvysineg
We

The double primed coordinate system is the sample's.

wish to measure voltages in the sample system. Thus,
E=7 -3
-1 !
" -
-E-nyl nyl -—

Let us begin by considering the case of all closed orbits.
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4

Flgure 27 Rotation and tipping geometry in the laboratory
coordinate systeu.






aB® o
Pxy aB

- _ 0 o)

p = Pyx aB aB
aB® aB® aB°

By straightforward matrix multiplication,

aB® cos@coswpXy sin\lfpyx
5" = | cosgcosVp,, aB® -singpcos¥py
sianxy —sin@cos¢pxy aB®
Therefore,
EY) aB®
E; = |cospcosvp,, | - J -
E; sianxy

By measuring E; and E; we can determine p,..

2 2 1/2
o= 1 [B |V (16)
yx o7 2 2,
o | cos pcOS w + sinV¥
Careful analysis of figure 27 shows that
2

cosgwcosgw + singw = coS B -
8 1s the angle of departure of the crystal from the X-y
plane. Thus

oo = (B42 + EYA)M (47)

yx 7 % S8

Now consider J to be || to x and allow orbits to be
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open in a direction which makes an angle y with x and, of

course, /2 with B. One can easily show that

2

B c0327 -BECOS7Sin7 B°

P« -B20057Sin7 B281n27 B° |. (48)
B° B° B°

If the crystal is now rotated by arbitrary angles o and V,

we find that

EY « 8p/p = BZ(cosycosp + sinysinmsinW)z. (49)
Inspection of figure 27 gives us

Ap/p = B20082a . (50)

a 1s the angle between the current and open orbit directions.
The 32 dependence due to open orbits is washed out 1if the
open direction is about 90° from J. Note that this must

always occur when B is near J.

Experimental Difficulties

The ideal magnetoresistance behavior of BO or B2 is
not usually achieved in practice because <wc¢> is not much
greater than 1. Estimates of w,T give values of 3-10 at
150 kG for three of the samples (Table IX). The w1 of
G3€110> is possibly greater than 10, while that of both
AuIn2 crystals 1s less than 3. Copper samples with W7 ~ 10
1.8-2.0, (29)  The reason

have a "quadratic" behavior of B

for the exponent not achieving 2.0 is simply explained.
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Assume orbits open in the x-direction; for simplicity, take

_ O9y%2z 92y%yz

Pxx '(o -0
y

G (42)

yozz zy%yz) %xx ~ %2z xy yx

If a = 1/eBt 1s not much less than 1,

_ 2 y
Gxx =a" a, +a bxx’
2
o = a + a<b
yy yy yy’?
_ 2
O2z = 8,7 T © b,z
o =0 a + a2b
xy xy xy’
dyz = ayz + a byz'
Then,
2
= +
by = 8 (0 )7 +ay (07) +az + ...

The deviation from quadratic behavior depends on the value
of ®,T and factors containedin the aij and bij’

Chambers(jo) has formulated an explanation of poor
saturation if there are extended orbits for a certain
direction of the field. For an electron which only
traverses a section along one side of a closed orbit before

colliding, the orbit appears to be open. Thus in the field

20
region for which mclosed'T > 1 5> ® T Pxx = B7; at

fields such that wext'T >» 1, Pyx will saturate. Since
we are only in the reglion wext'f > 1, poor saturation is to
be expected. (ext = extended)

Values of the exponent, m, are calculated by sweepling
the field to 150 kG at fixed angle or by performing two

rotations at different fields, usually 130 and 145 kG.
Unless otherwise noted m is the high-field exponent .



—
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Because of experimental limitations, the procedure of
reversing both current and field directions should be used
in making measurements. We define VMR as that component of
the voltage measured on contacts 1-2 in figure 26 which
reverses sign with current but not with field. VH is
defined as that part of the voltage on probes 3-5 or 4-6
which is odd in both current and field. It can be shown(j)

that

v

—_ % [v(+1, +B) + V(+I, -B) -V(-I, +B) -V(-I, -B)]
1

Vg =7 [v(+1, +B) - V(+I, -B) -V(-I, +B) +V(-I, -B)]

These current and field reversals eliminate thermal volt-
ages from both VMR and VH' They also eliminate magneto-
resistive voltages from VH and Hall voltages from VMR

caused by probe misalignment. Since the unwanted voltages
appearing on the transverse probes can be as large as VH’

it is imperative that Vp be measured in this manner. The
unwanted voltages appearing on contacts 1-2 are usually
small for field directions supporting open orbits so that
Vs = V12(+I, +H) to a very close approximation. For
general field directions, however, V12(+I, +H) can be quite
small (~ 5 uv) and errors can be appreciable. Unfortunately,
the amount of magnetoresistance data required for a complete
study of a metal far outweighs the necessary amount of Hall
data. A compromise solution 1is in order: selected measure-

ments on 1-2 are made in the rigorously correct manner to
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estimate the magnitude of the discrepancies to be expected
when only V12(+I, +H) 1s measured.

From Eq. (48) one can see that the dominant voltage on
the transverse probes will be proportional to Becos o sin a
when there are open orbits. We have not studied these
transverse - even voltages 1n any systematic way because
the time-consuming field and current reversals must be
employed 1n thils case also.

Voltage measurements were not appreciably affected by
the noise level of .05 - .5 microvolts at the highest
fields. With a two ampere sample current, Hall voltages
were typlcally 10 4 volts and resistive voltages from 5 to
500 u volts at 150 kG.

Summary of High-Field Galvanomagnetic Properties
The constant relaxation time treatment given in

section 2 enabled us to calculate the magnitude of all the
01J as well as their field dependences. A summary of those
high-field galvanomagnetic properties which do not depend
on any assumptions about the relaxation time is given in
Table VIII. These results of the Lifshitz theory are
dependent only on the requirements that a semiclassical
treatment is valid and that a certain field, Bo’ is
exceeded. Bo is that fileld at whicﬁ all carriers complete

many cyclotron orbits before being scattered.
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Table VIII Summary of High-Field Galvanomagnetic Properties

Type of orbit and Magnetoresistance Hall Field *
state of compensation

. All closed and uncom- ~B° -0B
pensated (ne¥ nh) (ne-nh)le\coss
. All closed and com- ~B2 ~B
pensated (ne= nh)
2 2
¥* % ~. ~.
. Open 1n one direction B cos™o B
0 -1
. Open 1in two directions ~B ~B
. Singular field direction ~BO -0B

(ne-nh¢An)|e|coss

* 1.e. electric field per unit current density; g is the
complement of the angle between J and B.

** J makes an angle g with the open orbit direction.



5. Experimental Results and Discussion

Since measurements of the effective number of carriers
per primitive cell most clearly indicate deviations from
NFE behavior in Auxe, we begin with a presentation of Hall
data and a discussion of possible changes in the model. We
follow this section with evidence from the magnetoresis-
tance behavior of these compounds which corroborates our
interpretation of the Hall data.

High-field magnetoresistance is, potentially, a more
useful phenomenon for investigating a Fermi surface than
the Hall effect, but it is also more difficult for two
reasons. The first is experimental: a large amount of
data 18 required to make a quantitative comparison with a
model and, more importantly, data determining the angular
extent of the two-dimensional regions must be taken at
field directions which have carriers of unusually large
cyclotron masses. Schoenberg has said that "the poor man's
dHvA effect involves looking only at low mass pleces of the
Fermi surface". In a similar vein it might be said that
the poor man's magnetoresistance experiment is concerned
with measurements in high symmetry planes only. Secondly,
1f a good model of the surface 1is not avallable in an
analytic form so that a computer can look for field direc-
tions supporting open orbits, one must be both clever and
diligent to make quantitative comparisons between theory

and experiment.

7



Hall Effect in Aux2

General Field Directions
From Table VIII and the discussion on page 71, we have

E, = - 0B
T lelcos 8
n, - nh) elcos

in the high field region at a general field direction
supporting no open orbits. For the NFE model, AuX2 have
seven conduction elections per primitive cell, one full
zone, and two hole zones giving ng - N, = 1. Measurements
of VH vs. B enable us to determine ng - Ny and hence to
check the above assumptions about the NFE model.

The results for a AuAl2 crystal with a residual resis-
tance ratio of 550, (A2(random)), are shown in figure 28.
Each curve represents a general field direction for which
the magnetoresistance approaches B° dependence. For
typical sample cross section (1.5 mm x 1.5 mm), current

(2 amps), and at 150 kG, V; = - 8 u volts/(n - nJ. We

H
have shifted these curves vertically so that a line tangent
to them at 150 kG passes through the origin; we can then
simply use the value of VH(ISO kG) to determine ng - np.
Table IX lists the values of ng = ny for AuA12 and
AuGa2. The last three AuGa2
a residual resistance ratio of 475, G3 (100). The first

values are for a crystal with

value is for a crystal with a residual resistance ratio of
725, G3 <100>. The exponent, m, of B in the magnetoresis-
tance is also given. This exponent is a better measure of

the attainment of the high-field region than the linearity

78
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of the Hall curves. Generally, the higher m's correspond

to larger deviations from ng - n, = 1. Note that AuAl2

tends to have ne - nh < 1, while in AuGa2 ne - nh is

usually greater than 1. Any deviation of n, - ny from
integral values indicates that some carriers are still not
in the high-field region because of their low mobility
(high cyclotron mass). The sign of the deviation indicates
whether such carriers are electrons or holes(l). Thus in
AuAl2 electrons appear to be the lower mobllity carriers
while in AuGa2 the situation 1s reversed. The AuA12
behavior is fairly easy to understand on the model. The

Hall

vast majority of the fourth zone closed electron orbits

are extended over several zones. From plots similar to
figure 16, one can easily show that the cyclotron masses

of these orbits are several times the free electron mass.
From the same plots, the cyclotron masses of the third zone
hole orbits are calculated to be usually less than the free
electron mass. Thus we predict that the number of electrons
not in the high field region will be greater than the cor-
responding number of holes, n, - n < 1. On the NFE model,

h

the AuGa. Hall values are hard to understand. Since VH/IB

2
is known within 1%, the only other source of important
experimental error is in the measurement of the sample
dimensions. These were made with two micrometers; values
were averaged for several attempts. We estimate the

possible overall experimental error at less than 5%. There

is only one group of field directions on the NFE model for
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which the third zone extended orbits have cyclotron masses
larger than those of the fourth zone. It is Just outside
the two-dimensional region of figure 19 and within the
<110>, <111>, <211> spherical triangle. The AuGa2 values
were not determined here.

Hall measurements can be combined with magnetoresis-
tance measurements to give an estimate of ne + n

h and <wcT>

(equns. 16 and 17). For G3 <100>,

2 2
Pyx _ k5 uv (nh + ne) ) n, +ng
22 3.0 uv n, - Ny .08
ny + ne = 1.22
P n
_XZ=7,8=h;n .a)c-r
Pxx h
w,T = 9.5
From the NFE model, ng +ng = .39 +1.39 = 1.78. The

experimental approximation is probably too small; from dHvA
data(13), we estimate that n, + n, ~ 1.6. A free-electron
(F.E.) calculation of wc<r>, using the resistivity at 4.2OK,
predicts a value of 4.5. The experimental w,'s are cer-
tainly as large as wc(F.E.), and thus the <> obtained from
p (4.2°K, 0 kG) seems to be an underestimate. Similar
analyses of two other crystals have been carried out with
the results also listed in Table IX. We conclude that for
general field directions our data for AuAl2 and AuGa2 and

calculations based on it are in substantial agreement with

the NFE model which predicts an effective carrier
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Table IX. Hall data, general field directions.

m n N, ntng wcq(calc.) wcw(exp.)

F. E. 0.00 7.00 7.00

N.F.E. 0.00 1.00 1.78

G3<100> .20 .98 l.22 4.5 9.5

I

GBLIOO} .51 1.13 1.26 2.8 5.2
42 1.25 1.49 2.8 4.y
e 1.01 1.88 2.8 3.5

A2(random) 3 .81 1.322 4.6 6.5
.89 1.15 2.90 4.6 3.0
.50 .99 1.70 4.6 5.1
.25 .95 1.38 4. 6 6.0
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concentration of 1 electron/primitive cell. Due to time
limitations, we did not attempt measurements on the rather

impure Auln, for general field directions.

2
Symmetry Directions

Four symmetry directions are of interest to us; they
are <2115, <1105, <111>, and <1005>.(2%) With the field
parallel to <211>, Hall voltages in all three compounds
were buried within .5 uv of peak-to-peak noise at 150 kG.
A slight monotonic decrease with increasing field was noted.
When this behavior is coupled with a saturating magnetore-
sistance, as it is here, we can state with some certainty
that there are non-intersecting orbits open in the two
directions <110> and <111> (Case 4., Table VIII). This is
in agreement with the NFE model: on the fourth zone
surface there are orbits open in <111> and <110>; in the
third zone, there are orbits open in <111> only.

The behavior for B 11 <110> is somewhat clearer now
than it was in an earlier report(6), but by no means trans-
parent. The Hall voltage is linear in B with a slope which
depends critically on alignment with minima associated with
<110> in Ap/p vs. ¥ curves. The magnetoresistance itself
18 a rapidly varying function near <110> with exponents
ranging from .25 to 1.5 at the minima. We will later argue
for open orbits when B 11 <110> in agreement with the NFE
model. The Hall behavior in all three compounds is con-
sistent with the model also (Case 3, Table VIII).
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Ma jor discrepancies with the model occur when B 1s
parallel to <111> and <100>. Figure 29 displays the Hall
voltages in AuIn2 for the NFE model. The experimental
curves have been shifted vertically as in figure 28. The
value of n,,, = 368 means that there are .68 holes/per
primitive cell compared to .372 on the NFE model.

Electrons on the fourth zone sheet being replaced by holes
must entirely account for this value i1f dHvA measurements
of the third zone necks are correct in predicting a smaller
area 80 that no An arises from this hole surface. For

B 11 <111> we see that V,, first swings positive and then

H
crosses back at 60 kXG. Further, the curve has been dis-
placed more than its total voltage drop. The Ap/p vs. B
sweep here gives m = 1.08 at 150 kG. Thus the value
njqq = +1.34 cannot be relied upon. The difficulty is
caused by the low residual resistance ratio (75) of this
sample. Table X contains all of the results including
reliable values of niq17 for AuAl, and AuGag.

The n values for AuGa2 and AuAl2 are less than 1.0

111
even with a 5% experimental error. We must conclude, then,
that there are hole orbits on an electron sheet for this
field direction in these compounds. Inspection of figure 9
reveals the sensible way for this to occur. If the NRC
group(23) 1s correct in postulating that the £ifth and
8lxth zone electron pockets have been emptied by the

lattice potential, the remalining three zones must contain

them. From figure 9 it 18 clear that the cut at p,= 0.0
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Table X. Hall data, <100> and <111>; n = ne-nh;An.

m n100 n 111
F.E. 0.0 7.00 0.0 7.00
N.F.E. 0.0 -.372 0.0 1.035
I2<110> .57 -.68 1.08 (1.34)
63{ 100} .32 -.63
G3<110> 0.0 - .62 .48 .89
G3<100> .38 - .68 .50 .92

A1<100> .43 -.79 .36 Y4



39

produces electron orbits which are closer to contact than
the orbits of any other section. Thus an excess of
electrons in this zone could produce the required hole
orbits. There is a catch, however; the NRC group has
tentatively assigned a dHvA frequency to these very
electron orbits in AuAla, called C, in figure 6. They
point out that this frequency should continuously Jjoin on
to the frequency they have postulated for B4 as the field
1s swept towards <110> in the {110} plane. In fact, both
frequencies are restricted to 5° intervals from these
major symmetry axes. The reason for the restricted angular
range near <111> appears obvious from our Hall data; their
frequency corresponds to the area of the hole orbit, which
will clearly vanish for some angle of deviation from <111>.
Unfortunately, the sign of the effective mass of m*(Cu) is
not known. Note that there are two types of hole orbits;
the one centered at \' 1s extremal while the other, centered
at the corners of the hexagonal unit cell, 1is not.

The easiest way to make quantitative checks of this
postulate 1s to increase the radius of the Fermi sphere
untll the desired nyqq i1s reached and then calculate the
area and angular extent of the orbit by running the
Harrison construction program in the usual manner. We can
only hope for an estimate with this method since the NFE
fifth and sixth zone electrons are almost certainly prefer-
entially located in the ravines near the sharp tips of 04.

This "corner rounding" occurs because in general the
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periodic potential of the crystal lattice acts to reduce
the exposed area of the Fermi surface.(16) Thus the <100>
arms probably are more cylinder-like than appears to be
the case in figure 6. The results of the calculation are
given in Table XI. The models which were fit to give the
experimental n,,q are in better agreement with dHvA and
N100 results than the NFE model. The Ah results are
noticeably bad but we expect this as a result of '"corner-
rounding".

There is one possibility of salvaging the NFE model
and that is to postulate magnetic breakdown of electron
orbits like 04 to form the hole orbits observed. Several
experimental facts discredit this postulate. We would

expect AuGa, to be most easily broken down from the argu-

2

ments in section 1, but our N 00 and n111 values indicate

the opposite occurrence. A much simpler explanation is

that AuGa, is more nearly free-electron-like than AuAl

2 2
and that both breakdown fields are greater than 150 kG.
If breakdown is occurring, we can set an upper 1limit
on the field at which breakdown will be complete. In AuA12
our Hall curves give values of Nyq1 = .57 and N0 = -.79
within 5% for B > 50 kG. For our best AuGa, crystal, a 5%
tolerance is maintained down to 25 kG, while for the
poorest crystal, VH vs. B 18 linear to one part in 20 above
40 kG. We can demonstrate that breakdown is not complete
at 25 - 50 kG if we assume that a simple breakdown model

has validity here.
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The probability of transition between two orbits
coupled by magnetic breakdown is given by(Bl)

-B /B
P=c¢e °

where
B = Ka° me/e_eh Ka 1l
o F ?

A 18 the gap separating two energy bands. Our data indi-
cates that Bo << 50 kG or Bo >> 150 kG when the field is
parallel to <111> or <100>. Assume B = 10 kG (250 kG)
then with e = 9.4h ev, A~ .1 ev (.5 ev). Now we make a
rough estimate of A and Bo from the dHvVA results by noting
from figure 9 that C4 must breakdown via C3 to give the
experimentally observed area for the hole orbit. We con-
struct a simplified two-dimensional model (figure 30) in
which Ch is represented by an electron overlap into the

second zone, and C, by first zone holes. Then we have

>
1 5A
m* = --P A ~26E
r sy ]
In AuAl, m*(Cu) = 1.5 m_, the area of the NFE C, =
1.7(2vh/a)2, and the measured area = 1.4(2wh/a)2. Therefore
(2Fh)2
poo 2oy S o
2 27 (I.5m.) ’
B, ~ 360 kG

Similarly, with m*(CB) = .58 my, a measured C3 area of
6 (2wh/a)2 and a NFE area of .65 (2#h/a)2, we obtaln

A, = 26 ev |, B, ~ 68 kG

1
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Evidence that this estimated breakdown field of 68kG
is too low 1is given by the normal behavior of the magneto-
resistance vs. B curve which does not have the predicted
anomaly at a fileld = BO/2 .(32)

We conclude that our Hall measurements along <100>
and <111> give strong support to a fourth zone electron
sheet which has hole orbits for B || <111> caused by the

contact of orbits CM'

The High-Field Magnetoresistance of AuX2

The {100} Plane

Figure 31 displays the magnetoresistance of all three
compounds in the {100} plane. Calculations of w,r for
A1<100> and GB{lOO} give values near 5 (Table IX) so that
thé curves for these compounds can be compared directly to
the calculated curve of figure 21. The agreement 1s good
considering the assumptions about the relaxation time and
the shapes of the surfaces that went into the calculatlon.
Actually, the AuGa curve should be multiplied by the factor
1/cos2q = 1.16 because J is 22° from <100> in ¢3{100}. Tnis

improves the fit slightly. The fact that there is no dip in

o)
the experimental curves at ¥ =~ 18° suggests that hole orbits

persist on the real fourth zone surface for several degrees

beyond the 18° range on the log-pile model. Figure 20 shows

why: (closed), O x (closed), and © (total) will then be

larger at 18°, while |G (total)| will be smaller. Mence
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Pyx ~ 1/0xx, unlike the model, resulting in a monotonic in-
crease in the magnetoresistance. This suggestion seems rea-
sonable because the arms of the log-pile model do have a
smaller cross sectional area than the measured value Ay
through the symmetry point W. (13) No pertinent dHvA data
1s available to aid in affirming this suggestion.

We estimate that B does not deviate from {100} by more
than .5° in the AuAl, and AuGa, curves of figure 31. We
arrive at this estimate from the fact that a change of o
in figure 25 by + .6° produced curves similar to those of
figure 32. (Values of m are given). Unfortunately, meas-
urements of m were not made for the rotations of figure 3l.
Nevertheless, we know from the field dependence of the mag-
netoresistance at peaks observed in aAp/p vs. ¥ curves for
other crystals that the entire {100} plane supports open
orbits except for B || <100> and <110>. The <100> axis is
singular. The magnetoresistance at <110> was determined to
be "quadratic", m = 1.5 at 115 kG, by rotational measure-
ments on A1<111> at three different fields. See figure 33.
The very large magnetoresistance observed in figure 31 in-
dicates that aAp/p 1s probably quadratic at <110> in AuGa2
also. We attribute the sharp drop in magnetoresistance near
<110> in figure 32 to the cosea term of Table VIII, o = 900.

Figure 35 provides an illustration of this effect.

Two-Dimensional Regions in AuAl, and AuGa,
The region between 15° and 30° in figure 32 18 begin-
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Figure 33 ap/p vs. v 1n {111}- for AuAl, at 3.1, 99.8,
and 129.9 xG. The exponents computed from
these graphs for B |] €<110> are m = 1.7 at
91.5 kG and m = 1.5 at 115 kgG.
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ning to saturate because the orbits here are most likely not
open but extended. By tipping ¢ to several angles and per-
forming rotations at two different flelds, a systematic ex-
ploration of field directions supporting open orbits can be
carried out. We begin with a presentation of the results of
such an analysis on Al<100> and G3<100>. We will also fol-
low this with a discussion of our results on several other
crystals.

Figure 34 displays the magnetoresistance of A1<100>
and G3<100> along the paths indicated in the stereograms of
figures 35 and 36. In the latter figures we use the symbol
of an open circle to represent "saturation", i.e., Ap/p =B",
m <.7; and we use a solid line or dot to represent the
extent of "quadratic" field dependence, m >1.5. Intermed-
late or unknown values of m are not marked. Shaded areas of
all stereograms represent probable regions of open orbits
primarily as determined by data on one crystal. If infor-
mation on a certain section of a stereogram is not available
from this data, we have supplied this information from re-
sults on other crystals. The similarity of the two curves
of figure 34 1s as remarkable as their disagreement with the
NFE model which predicts a B2 dependence along the entire
rotation path. A summary of the results of several similar
rotations is given in figures 35 and 36. The behavior pre-
dicted by the NFE model in the fourth zone (figure 37) is
not seen experimentally. Open orbits from the third zone

of the NFE model could give a qualitative explanation of the
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Figure 34 Ap/p vs. ¥ for AI<100> and G3<100> along

paths indicated in the stereograms of figures
35 and 36. B = 145 xg.
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<110> two-dimensional region in AuGaz. However the re-
striction of the neck size observed in dHvA almost certalnly
eliminates thls possibility: calculations of the extent

of this region with a Ferml radius increased L5 per cent

to give the dHvA area of the third zone neck show that open
orbits exist only within 10° of <110> in AuGa, and 5° in
AuAle.

We have a consliderable amount of supplementary data
on AuGa,. Figure 38 is the result of a rotation of GB{lOO}
along an arc of the great circle indicated in figure 39.
Séven other rotations ylelded the remalning data on this cry-
stal with the results symbolized in figure 39. Note that m
assumes more intermediate values here than it did for G3<100>,
a better crystal. The saturation observed inside the sug-
gested <110> two-dimensional reglion results from the cosga =
0 arc being shifted from the {110} plane since J is 22°
from <100>.

Our best data relevant to the directions of B suppor-
ting open orbits in AuGa2 comes from G3<110>. We observed
extremely sharp structure in rotations, e.g., figure 40 and
only a minority of the measurements of m gave equilvocal
results. (See figure 41) The analysis of nine pairs of
Ap/p vS. ¥ curves at fields of 125.0 and 144.7 kG resulted
in figure 42. Most of the dots represent higher-order open
orbits which are "excited" as the field crosses low symmetry
Planes. A complete analysis of the extent of these "whiskers"

from the major symmetry directions has been carried out
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Figure 38 ap/p vs. ¥ for G}[lOOJ along path indicated
in figure 39 at fields of 130 and 140 kG.
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based on information from another set of runs on this same
crystal with ¢ at the more favorable values near 90°. We
will conclude this section with those results.

In 1966 several rotations at one field were performed
on Al<100> and Al1<111> with the <110> axis parallel to BB'
of figure 25. We cannot make any definitive statements
about 32 regions of the stereogram from this data but
experience has shown that, usually, saturation 1s associated
with low, slowly varying parts of the curves and quadratic
behavior with sharp peaks and the highest parts of the curves.
Thus we can Interpret these curves in a qualitative fashion.
Consider figure 43. In the upper trace, we speculate that
Ap/p 1s quadratic from 35° to 65° except at the minima where
m takes on an intermediate value. From the lower curve, we
guess that the two-dimensional reglon about <111> extends
out approximately 10°, while the reglon about <110> measures
15° when the field is in the plane {211;. Figure 44 shous
that these predictions, which were made before the 1967 runs,
generally conform with the established results taken from
figure 35.

Figure 45 is a rotation of Al<11ll> along the same path
as the upper curve of figure 43 to within 2°.  The difference
in the shape of the two curves 1s explained by the term
cosea. The peak at 18° in figure 45 is missing in figure 43
because the angle between the open orbit direction [010]
and the current direction [100] 1is 900. A similar analysis

explains the difference in the relative height of other B2
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Flgure 43 ap/p vs. ¥ for A1<100> along paths indicated
in figure 44. B = 130 kG.
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Figure 45 pp/p vs. Vv for Al<111>.
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reglons.

In all of the experimental stereograms, we have shown
unexplained B2 regions near the axis <211>. Some of these
are close to, or in, the planes {210} and{211} and could be
attributed to one-dimensional regions of open orbits. Others
are not i1n high symmetry planes and evade explanation unless
there is a two-dimensional region of open orbits surrounding -
<211>. <211> is not surrounded by aperiodic open orbits on
the NFE model.

Our data indicates that the <100> and <110> two-

dimensional regions are not connected along {100} unless

this region is very narrow, l.e., less than .6° (see figure
32 and the discussion concerning it on page 9%). Our data
indicates that the <110> and <111> open orbit regions are
probably connected 1in AuAl2 but not 1in AuGa2. However,

there are some minor discrepancies. Figure 46 is a rotation
of A2 (random) in which B is known to be 2 2 degrees out-
side of 11101 at the heads of the arrows deplcting the

region of quadratic behavior. The upper limit of 4° on

the connecting area is in disagreement with figures 43 and
45, Here we must appeal to the questionability of our inter-
pretation of those figures and to the fact that there could
be a 2° error in the knowledge of the fleld in flgures 43

and 45 also. Figure 47 1s a rotation of G3<110> very close
to the {110} plane. At 12° and 63° we know that B 1s 2° 1°
from {110}. The rather large magnetoresistance seen here

(values of m are unknown) suggests that the orblits are open
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Fi
gure 46 pAp/p vs. ¥ for Az(random). B = 130, 145 KG
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in disagreement with our other results. The fact that these
points are minima, however, leaves open the possibility

that these orbits are merely extended.

"Whiskers" in AuGa.,
The sharpness of the {100} peak in figure 47 indicates
that carriers on <100> directed open orbits in G3<110> are

. Eyrra

rather far into the high-field region. (33) UsingAthis cry-
stal, which has the highest residual resistance ratio of

any intermetalllic compound on which data has been published,
we easlly resolved sixth and higher order open orbits in the
magnetoresistance. The peaks on the left side of figure 48
are due to orbits open in directions <110>, <210>, <310>,
<511>, <100>, 611>, <511>, <311>, 211>, <533>, <322>, <111>,
<553>, <7T4>, <221>, <331>. The two-dimensional regions of
6pen orbits which produce the broad peaks are centered on
<111> and <110>. Note again the sharpness of the peak ob-
served when B crosses {100} at about ¥ = 130°. Several
similar rotations with ¢ varying between 60° and 90° pro-
duced figures 49 and 50. The lengths of the whiskers in
these figures are determined by noting the disappearance of
a peak as ¢ 1s changed. We demonstrate this in figure 51.
At ¢ = 72.1° we are inside the <100> two-dimensional reglon
until ¥ = 43°; the magnetoresistance is slowly varying be-
cause only the coefflcient of B2 is changing. When o is
changed to 75.30, we skirt the edge of the two-dimensional

region. For B in certain symmetry planes only, open orbits
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Figure 50 "Whiskers" and two-dimensional regions in
AuGa,.
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still exist; the magnetoresistance acquires structure be-
cause of the transition between saturating and quadratic
behavior. At ¢ = 81.7° the "fuzz" due to very high order
open orbits has disappeared. Finally, at o = 90°, the
210 whisker has ended and the peak due to the crossing of the
{110} plane has merged into a B2 background near <211> on
the stereogram.

The assignment of the 774 and 553 whiskers in figure
50 must be considered tentative since the planes {332} and
{443} are within 1° of the position of B on the stereogram
where the magnetoresistance peaks occur. However, the data
is sharp enough that we estimate a maximum error of I .5°
in ¥, which gives considerable welght to our assignment.

Table XII gives the order of the open orbits arising
from <111> and <100> - directed necks according to the
simple scheme used in section 2. (34) In copper the
"whiskers" have a strength and extent that decreases with
increasing order of the orbit. (25) From Table XII and
figure 50, we see that if this property held for a complica-
ted surface like that of the fourth zone of AuXe, the
Whiskers extending out of the <110> axis must be partially
derived from the third zone surface with 1ts <111>-directed
necks. We have already shown, however, that in the NFE
model of the fourth zone the <111> open orbits exist for
B anywhere in {111} while the lower order <110> open orbits
vanish for B near <111> in {110}. Thus the lengths of the
whiskers in AuGa2 may be explicable without appealing to
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Table XII Higher order open orbits for Fermi surfaces with
<100> or <11ll>-directed primary open orbits.

Order Possible open orbit directions

1 <100> <111>

2 <110> <100>, <110>

3 <111>, <210> <311>, <3231>

4 <211>, <310> <210>, <£211>, <221>

5 <311>, <221>, <511>, <531>, <551>,
<hi1o>, <320> <533>, <553>

6 <411>, <321>, <310>, <320>, £321>,
<510> 322>, <332>
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third zone open orbits.

Models

A comparison of any of the experimental stereograms
in this section with the NFE stereograms of figures 18 and
37 shows that the NFE model does not explain our experi-
mental results on the extent of two-dimensional regilons
about <100> and <110>. With a smaller third zone neck, it
does not even predict the existence of one about <111>.
Another point of disagreement concerns the extent of open
orbits in the {110} plane. In all three compounds the
magnetoresistance in {110} is quadratic unless the field is
close to <211>. On the NFE model {110} is not a one-
dimensional region of open orbits near <111>.

As we pointed out at the beginning of this section, we
must have an analytic model to obtain results we can compare
in a quantitative way with experiment. The obvious choice
is NFE models with radii swollen to gilve the niiq values
since these models were successful in interpreting the Hall
data at <100> and various dHvA areas. If the Hall effect
and magnetoresistance data are consistent, these models should
also yield two-dimensional regions of approximately correct
dimensions. Because of the cost involved (~ twenty-five dol-
lars per angle), we limited ourselves to four symmetry and
ten non-symmetry directlions of B for each model. On the NFE
model only one of the non-symmetry directlions of B gives the

experimental result.
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In figures 52a,b we summarize the analysis of general
field directions and compare it with experimental results.
Agreement 1is excellent for the AuAl2 model: all ten field
directions produce the type of orbit experiment found. In
the AuGa2 model four of the field directions glve erroneous
results and indicate that the <100> two-dimensional region
is too large while that about <111> is too small. The AuAl2
model actually gives a better fit to the AuGa2 experimental
results than the AuGa2 model for the ten non-symmetry direc-
tions. The fact that the experimental two-dimensional re-
gion near <100> in AuGa2 does not extend a few degrees be-
yond the range observed in AuAl2 1s somewhat surprising
S8ince the experimental Hall coefficient at <100>, as well
as that obtained from the models, indicates that there are
fewer holes on the electron sheet in AuGa2 than there are in
AuA12( Table XI). This is a minor but interesting point for
which we have no explanation. The behavior of the AuGa2
model near <111> and <110> i1s 1in better agreement with ex-
perimental data. Although the two dimensional reglon about
<111> 1is too small, we must remember that the hole orbit
layer 1s very thin on the model (1ess than five per cent of
the height of the unit cell) and the tendency for electrons
in excess of the NFE number is to deviate from rigid-band
placement, resulting in corner-rounding. Thus, it would
seem that a small change in the model near the hole orbit

layer could produce the experimental angular extent of the

aperiodic open orbits near <111>. Of great importance is the
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fact that the two-dimensional region about <111> on the AuAl2

model 1s clearly larger than the region about this axis on the

AuGa2 model and furthermore that there is evidence that the

<111> and <110> two-dimensional regions on the AuAl2 model are

connected, while on the AuGa, model they are not. These fea-

2
tures are in agreement with experiment. Thus, with the field

near <111>, our magnetoresistance data corroborates our inter-
pretation of the Hall data, i.e., that the open surfaces of

AuGa, may be more NFE-like than those of AuAle.

2
We find that there are extended closed hole orbits for

general field directions on these models. This is in disa-

greement with our Hall data since ng-n, = O then. We take

h
this as evidence that excess electrons do deviate from rigid-
band placement.

The behavior of the models at <100> and <111> has al-
ready been described. Both models were fit to give the ex-

perimental n and then gave better values than the NFE model

111

for the experimental n,... With B 11 to <110>, the fourth zone

100
open orbit layer has diminished in width, while the hole orbit
layer has increased in width. This should result in an in-
crease in the size of the two-dimenslional region about <110>
over the NFE value in agreement with experiment. At <211>
there are still orbits open in two directions. Furthermore,

on the AuAl, model, there 1s a small band of hole orbits on

2
the electron sheet, which offers a possible explanation<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>