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ABSTRACT

‘The Fermi surface, resistivity and superconducting
properties of the mercury linear chain compounds wefg studied.

A detailed model of the Fermi surface of the mercury
linear chain compoﬁnds has .been constructed. Measurements

of the dHvA frequencies in Hg SbF_, are presented and show
- . 3-¢

6
that the Fermi surface of this compound consists of cylinders.
The cross-sectional areas of these cylinders are accounted

for by the .Fermi surface model. Measurements of the dHVA
frequencies in Hg,_gASF, under préssures~between 0 and 4 kbar
are also presented. The changes inffrequencies with pressure
imp}y that the anions' lattice contracts while the mercury-
mercury disﬁance remains unchanged when the pressure is ab—
plied.

A model of the lattice resistivity in these compounds
is introduced and compared to our measurements of the resisti-
-vity between 4.2 and 90 K, and to measﬁrements of the resisti-
vity anisotropy between 4.2 and 250 g.' A sudden resistance
increase at 217 K, when the samples are cooled, is reported anq

¥

is'associated with mercury extrusion at the same temperature.

Measurements of the ac susceptibility in Hg3_6AsF6 for
fields between 0 and 400 Gauss at temperatures of 4.2 to 1.2 K~
are reported.’ Transitions associated with elemental mércury

and with the linear chain mercury compound are observed. The

iii
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presence of eiemenﬁal mercgry with the compound is’discussed.
Measured values for the critical field,‘the critical teﬁpera—
ture and the zero-field susceptibility of the mercury compound
are presented and two explanations for these and previous re-

o,
sults are suggested. [
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CHAPTER I

INTRODUCTION

Hg3_5AsF6 and Hg3_58bF are compounds that contain one-

6
dimensionai chains of mercury atoms running in two mutually
perpendicular directions. Over the past ten yearé, there has
been considerable interest in oné—dimensional conductors. These
compounds have been shown to exhibit many unusual properties: h
large anisotropy, -metal-insulator transition, commensurate and
 incommensurate charge-density waveé, nonstoichiometry.

A; member of this vast family of coupounds, the mercury
linear chain compounds also display some of these properties.

“ .

These compdunds were discovered in the Chemistry Depart-
ment of McMaster University by Gillespie and Ummat (1871) and
the first single crystals were grown in the same iabOratory
(Cutforth, 1975). X-ray measurements by Browh et al (1974)
showed that, at room-temperature, the mercury chains form a dis-.
ordered system incommensurate with the tetragonai host lattice.
At room-temperature, the chains, as a whole, are able to slide
along their length with respect to one another and with respect
to the hexafluoride anion lattice. Later neutron diffraction
. | .

measurements (Pouget et al, 1978) confirmed these results and

showed that as the temperature is lowered fr&m room~temperature,



"\

A

parallel chains start to exhibit shortJrénge order .at 180 K
and eventually, interaction between perpendicular chains pro-
duces long-range order at 120 K with no futheE crys}allogra-
phic changes down to 10 K. Because, at low téﬁperatures,
there are three interpenetrating lattices with no common unit
cell in the mercury linear chain compounds, they constitute a
stepping stone between the ideal monoatomic crystal with in-
finite translational symmetry apd thé amorphous materials such
as metallic glasses with no translational symmetry.

Hg3_6AsF and Hg3_éSbF are metallic down to 4.2 K.

6 6

At room—temperatdre, the resistivity, in the plane containing

chains, is of the order of 107° g-cm (Cutforth et al, 1977)
placing these compounds among the best one~dimensional conduc-
tors. The resistivity alo the ¢ axis is one hundred times

larger than in the plane of. the chains for Hg3_6AsF6 and twen-

ty times - for Hg3 éng

N
The optical j?flectlb ty (Koteles et al, 1976; Peebles

i

et al, 1977) agd/;he ermopower (Scholz et al, 1977) have

.also shown anlsotropj in bgth compounds.‘

From differentia thermal analysis, Datars et al (1978)
. f -

have concluded thatjxup n cooling, mercury is extruded from

these compounds bétﬁfg, 195 and 215 K. This mercury returns to

the éhains when the/sample is warmed back to 235 K. This phe-

.nomenon is a direck consequence of the incommensurability of the.

chains and is upique to these compouhds.

\



Razavi et al (1979) have measured the de Haas-van Al-
phen effect in Hg,_ (AsF_  and determined from it that the Fermi
surface of this compound consists of a group of cylinders
aligned along the ¢ axis. This was confirmed by the observa-
tion of an open orbit along the ¢ direction using an induced
torque method (Dinser et al, 1979). This constituted the first
time that the Fermi surface of a one-dimensional conductor had
been completely. determined experimentally.

Chiang et al (1977) have suggested that Hg3_6AsF6 be-
comes an anisotropic superconductor at 4.1 K. This anisotropy
vanishes at 0.43 K and'the compound becomes an ordinary super-
conductor according to magnetization measurements by Spal et
al (1979). This is of particular interest ifwview of a propo-
sal by Little (1964) that one~-dimensional conductors could
become superconducting at temperatures higher than the highest
Tc for tﬁree~dimensional superconductors.

-Other properties have also been measured in Hg3_6AsF6:
nuclear magnetic resonance (Ehrenfreund et gl, 1977), specific
heat (Wei et al, 1977), X-ray fluorescence (Spal ég al, 1979).

In this work, a detailed model of'the Fermi surface
is investigated and expressione'for the deA frequencies ané
cyclotron masses are derived. These are used to analyze our
measurements of thé de Haas-van Alphen effect in Hg3 GSbF at

6

room—pressure and in Hg3 6AsF under hydrostatlc pressures of

6
up to 5 kbar.



Also, we have measured th; resistivity of H.g‘3__6Ast6 from
4.2 to 300 K. A model of the lattice resistivity is construc-
ted with the cylindrical Fermi surface and scattering by one-
dimeﬁsional and three-dimensional phonons and is compared to

the experimental results.

Finally, results of differential susceptibility mea-
surements in/Hg3_6AsF6 between 4.2 and 1.2 K are presented and

hypotheses éxplaining the superconducting properties of this

compound are discussed.



CHAPTER IIX

CRYSTAL STRUCTURE

The crystal structure of the mercury linear chain-com-

pounds, Hg3_6AsF6 and Hg3_6SbF was determined at room tempera-
\

6
ture by Brown et al (1974) using X-ray diffraction. They found
that both compounds contain chains of mercury atoms in channels
of a tetragonal lattice of octahedral anions. For Hg3_6AsF6,
Pouget et al (1978) confirmedqghese results at room-temperature
and extended these measurements down to 10 K using neutron scat-
tering. They foun® that the two mutually perpendicular sets
of mercury chains order below 120K .

At room temperaturé; the hexafluor%de anions in Hg3~6ASF6
and Hg3_6$bF6 form a body-centered tetragonal lattice with a

basis of two anions. One possible set'of primitive translation

vectors for this lattice is given by

31 = (a,0,0)
32 = (0,a,0)
> = (&a2c
a3 - (2!2’2)

. ’
relative to a set of cartesian coordinates with the z axis along

the four-fold symmetry axis of the tetragoﬁal lattice (Fig. II.1l).
An anion at the origin of the axes together‘with.oné at (0,%,%)

form the basis pf the structure.

5






There are channels along the x and y axis of this anion
structure intersecting the boundaries of the tetragonal unit
1l 7 1 1 5 .
,5,§) and at (7,0,5), (0,0,5) respectively.

These channels do not intersect because the channels along the

cell at (o,o,g), (0

x and y directions are a distance % apart along the z-direction.
The mercury atoms are located in these channels. Table II.1l

contains crystal structure parameters for Hg3_6AsF and Hg3_6SbF6.

6

The mercury-mercury distance along a channel direction,
d, is not commensurate with the tetragonal lattice ﬁarameter, a.
This means that we cannot find two small integer numbers, m and

n, such that
md = na .

We then define &, the ratio of the difference between
three mercury-mercury separations and the lattice parameter of

the tetragonal lattice, to d, the mercury-mercury distance

§=3-9

The formula for these compounds is then given by Hg3_6AsF6
and Hg3_6SbF6. |

Also, because they observed sheets of diffuse scattering
in X~-ray photogréphs of these compouﬁds with a precession camera,
Brown et al (1974) concluded that there is no ordering'of the
position of Hg atoms in adjacent paraliel chains. However, along
ohe chain, it was shown later (Pouget et al, 13978) that the mer-

cury atoms exhibit long raﬁge order of their positions over more

than 150 Hg~Hg spacings.
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In Hg3_6AsF when the temperature is lowered from room-

6/
temperature to 10K , the tetragonal crystal lattice parameters
decrease by 1% while the Hg-Hg distance remains the same. There-
fore, § goes from 0.18 at room-temperature to Q.21 at 10K . If

-
we could write

md = na e
e

using large integers m and n assuming that the compound is com-
mensurate with a large unit cell, then a and d would change by
the same relative amount when the temperature is lowered. This
does not océur and the invariance of the mercury-mercury distance
with temperature is further evidence of the incommensurability
of the Hg chains.

)

At 120K, the mercury atoms in parallel chains are ob-

served to order in Hg3_6AsF If a mercury atom is at the ori-

6"
gin of the x axis for a chain going in the x direction, then, on
the parallel chain a distance a along the y axis, there is a mer-
cury atom with a coordinate along the x-axis of * 8d. In the

chains that are one lattice parameter ¢ from the two above, mer-

cury atoms are at the same positions along the x axis while the

atoms in the chains at & are in body-center positions (Fig. II.2)

2
If the sign of the displacement of the mercury atoms in going

]

from a chain to the next parallel one is the same for both the
chains along the x and y axes), ‘the two structqreshévecommon o

reciprocal points of the form

aq

Led
el

-
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Figure II.2
Arrangement of mercury atoms ‘for one set of chains below
120 K. Circles represent mercury atoms .in -the ab plane.

and concentric c1rcles represent mercury atoms c¢/2 above
that plane. *
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11

(h,k,2) = n(3-6,3-6,0)

This means that there is some interaction between'per—
pendicular chains. This is not unexpected since the distance
of closest approach between perpendicular chains (3.085 g at
room temperature) is not very differént from the mercury-
mercury distance in metallic mercury (3.005 i)_ Also, Pouget
et al (1978) report that the (6-26,6-26,0) peak is detected
while the (3-6,3-6,0) is not. _ They conclude from this that
the two sets of chains have arranged their phése in Ehe manner
shown in Fig. II.3. The [110] planes containing the mercury.
atoms on the chains going in the x dirgction are exactly half-

way between the planes containing the mercury atoms from the

chains along the y axis. This insures that mercury atoms on
2 2

perpendicular chains never get closer than %E +'%r . By
keeping the positive ions apart, the electrostatic energy is
minimized.

Finally, because there is a choice of sign in fhe rela-
tive displacement of the parallel chains, there will be do-
mains of both types in a crystal. Also, Pouget et al (1978) :
noted that rapid cooling through the transition at 120K down to
10K could prevent the ordering of the parallel mercury chains.

Both of these effects could cause crystals to have non-uniform

structure at low temperatures.

N

5
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Figure II.3

Mercury chains below 120 K. Dashed and solid lines repre-

sent alternating (110) planes of mercury atoms belonging
to the two sets of chains.



CHAPTER III

FERMI SURFACE

a. Introduction

Razavi et al (1979) suggested a model of the Fermi sur-
face of Hg3_6AsF6. This model is analyzed and used to fit our
measurements of the Fermi surface of the other mercury linear
chaig compound, Hg3_6SbF6, the cyclotron masses for both com-

pounds and the Fermi surface of Hg3_6AsF under hydrostatic

6
pressure.

b. Fermi surface model

The electrical and optical properties of Hg3_6AsF6 and
Hg3_5SbF6 are anisotropic and metallic which suggests that the
conduction electrons are localized in the channels containing
the mercury chains. In this model, there is ionic bonding be-
tween the positively charged mercury chains and the hexafluo-
ride anions, and metallic bonding between mercury atoms along a
chain. The 6s valence electrons of the Hg atoms not required
for the ionic bond participate in the metallic bond.

Since the Hg~Hg distance is incommensurate with the te-
tragonal latticé parameter of the hexafluoride anions, the

whole cryéial is the smallest unit cell that can be constructed.

This makes it impossible to use any of the techniques used to

13 ’
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calculate the energy band structure of the electrons in other
metals. This problem is eliminated in a suggestion by'A.J.
Berlinsky (1978) that the Hg ions can be ignored aloég the
chains so that the electrons mo*e in a cylindrically symmetric
uniform potential along the direction of the chains. Then this
potential obeys the same symmetry operations as the lattice of
hexafluoride anions.

Considering one set of chains along one direction and
ignoring the position of the Hg atoms in them, these chains
can be regarded as forming a two-dimensional structure. The
unit cell and the reciprocal lattice of this structure are shown
in Fig. III.1.

It is assumed that these chai;s do not interact. This

implies that, in the dispérsion relation

->
€ = e (k)
the energy depends only on the component of K along the chain.

The Fermi wavevector along the chain, k is determined

) F’
by filling the loyér energy states with all the available va-
lence electrons. ~'Each mercury atom contributes two valence
electrons but one electron for every (3-68) mercury atoms is
used in bonding the mercury chain to.thé hexafluoxride antons.
'If the chain's length is L, then the number of mercury atoms

along a chain is L/d where 4 is the mercury—mercury distance. The

total number of electrons is

e
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N =

1
e (2 - m)Nc (I11.1)

o)t

where Nc is the number of chains. The Brillouin zone (BZ) will
be full in the plane perpendicular to the chain because in that
plane, the energy is independent of kK. There will not be any
occupied states outside this Brillouin zone because our model
consists of a tight binding band in the interchain directions
limited to one orbital on each chain with negligible overlap.
This will account for 2 Nc filled states for each value of the
wavevector along the chain. Equating the number of states occu-

pied to the total number of electrons available, we get

L ' L _ 1 ‘
(2kp * 5=) » 2N = 2 (2 SN, (111.2)

where %% is the density of states for wavevectors along the

chain. Therefore,

- 7(2.5-6)

kF a

(II1.3)

The Fermi surface for one set of chains consists of
two planes perpendicular to the direction of the chains at +kF
and —kF. ' >
There are two sets of mutually perpendicular chains in-

serted in the lattice of the hexafluoride anions. If the chains

are considered to be structureless, then they belong-to the
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4

amd’
Bravais lattice is body-centered tetragonal and the Brillouin

same crystal group as the anions, I The corresponding
zone and a few planes of the reciprocal lattice for this struc-
ture are shown in Fig. III.2

The Fermi surface for the two perpendicular sets of
chains is then drawn at every reciprocal lattice point. The
resulting Fermi surface consists of four planes parallel to kz

at + L (0.5-6) along k, and k in the third Bz (Fig. III.3).

a
Since there is no variation of the Fermi surface along kz in
our model, it is sufficient to look at the kz= 0 cross-section.
In that plane, there are four crossings of the Fermi
surfaces of the two sets of chains at (% g {(0.5-8), =+ % (0.5-8)).
The minimum separation of mercury atoms on perpendicular chains
is comparable to the Hg-Hg distance in metallic mercury and
the interaction bétween these chains will remove the degenera-
cies at the crossings of the Fermi surfaces of the two sets of
chains to produce the cross-section shown in Fig. III.3.
This Fermi surface consists of two square cyliﬂde?s:
one electron cylin@er centered at I' and a hole cylinder centered

at X. Written in terms of 'a' and 8§, their cross-sectional areas

are given by

Area(electron) = [L (1-26)1° | (III.4)
Ll 2
Area(hole) = L3 (1+26)] (I1I.5)
For Hg,_ sAsF ., Pouget C} al (1978) obtained
. 6, = 0.21
. . o -
a = 7.443 A
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from neutron diffraction experiments at 10 K. With these values,
Razavi et al (1979) obtained a good agreement between egs. III;4
and I1I.5, and the cross-sectional areas corresponding to the §
and t€ branches of their de Haas-van Alphen (dHvA) frequencies-
measurements (Table III.l).

Therefore, it is reasonable to consider the mercury
chains as structureless in a fi;st approximation. This is physi-
cally sound at room-temperature where there is no ordering be-
tween chains. However, below 120 K, the two sets of chains
order and form*two reciprocal lattices with common reciprocal

\} .

points at

& = n(3-6,3-6,0)

As in the case of spin density waves in chromium (Lomer, 1965),
the crystal potential of the mercury chains opens energy gaps in
the vicinity of any pair of states on the Fermi surface which

are separated by a

3 = &(XF_ lattice) - &(chains) (II£.6)

6

-
The smallest non zero ¢ is given by

3= 2% (6,26,0)

where the choice of signs corresponds to two possible domains
in the crystal. The location of the energy gaps is found by

displacing the Fermi surface by a and superposing this trans-
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Experimental and theoretical dHvVA frequencies
and corresponding Fermi surface cross-sectional

areas for H93—6A5F6

Experiment Thewe™y
Orbit Freq. Area Freq. ' Area
(T) - (R72) (T) (A-2)
a* 48 0.0046 48 0.0046
o 340 0.0325 298 0.0285
Y 626 0.0598 627 0.0599
8 1860 0.1777 1865 0.1781
u 3413 0.3260 3432 0.3278
€ 3680 0.3515 3761 0.3592

|

§
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ﬁited surface on the original, as shown in Fig. III.4. If the
efiergy gap at all the crossing points is very large, the set
of orbits shown in Fig. III.5 1is obtained.

The orbits y and ¢ have been destroyed by the extra gaps
and there are four new orbits: two electron orbits, u* and *P,
one hole orbit &, and one open orbit. In Hg3_6AsF6 orbits §
and a* have been observed but the orbits y and ¢ have also been
observed in dHvVA experiments (Razavi et 35, 1979) while no open
orbits in the ab plane were detected using én induced torque
magnetometer (Dinser et al, 1979). Froﬁ this, it is inferred
that the energy gaps caused by the extra.periodicity associated
with the mercury chains are small enough to permit magnetic
breakdown across them. Assuming that all first order gaps are
the same, we call the corresponding breakdown probability, g,
and determine all the possible orbits if this prob;bility is of
the order of 0.5. .

Figures III.3 to III.5 have been obtained with a ¢ -of
0.21, the value for Hg, (AsF. at 10 K. There is no low tempera-
ture crystallegraphic measurement of the inéommensurability

Y

parameter, ¢, for HgB_GSbF6Q

lue of 0.09 at room-temperature and assuming that the SbF6 lat=

However, knowing that § has a va-

tice contracts by 1% when the crystal is cooled to 1.25 X, we

estimate

T L ww§(l.25 K) = 0.09+0.01%3 = 0.12 .

| f | e e . -
The difference in § for the arsenlc,andN&ﬁtlanX“SETl“*‘“Jﬁ"““‘“
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pounds.produces large differences in the areas of the possible
orbits but it does not change the geometry of the %ermi sur-—
face except for some of the more complicated orbits. Common
orbits are shown in Fig. III.6 and III.7 for Hg,_,AsF, and
Hg3_6SbF6, respectively. The cross-sectional areas correspon-
ding t¢ these orbits and some others are listed in Table III.2
together with their probabilities of occurrence in both com-
pounds.

In Hg3_6AsF6, the electron orbits o, a* and Yy and the
hole orbits 6, ¢ and u are observed in the dHvA data of Razavi
et al (1979) (Table III.1l). Our assigpment‘of the orbit cor- -
vresponding to frequency a is different from the assignment of
Razavi et al. The orbit they had chosen (Fig. III1.6) is an in-
terferometric orbit (Stark and Friedbergh 1971) which can not
be observed directly in dHvVA experiments. The probabilities
assbéiated with the orbits that are observed are of low order
in (l-q) confirming our earliér suggestion that g is large.

Also, the probability .0f orbit u, which waé shown to disappear
below 4.6 Teslas in Hg3—6ASF6’ contains the largest power of q.

The area of the & orbit dependé only on the lattice pa-
rameter a; the ratios of the area of the other orbits to the
area of the ¢ orbit are then simple functions of §, the incommen-
surability parameter. These are listed in Table III.2 and are
plotted against § in Fig. III.8 for values of § between 0.10

and 0.22.
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Figure III.7

Orbits ao*, o, v, 6, v and ¢ for Hg3_GSbF6.
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Areas and probabilities of occurrence of possible
orbits associated with our Fermi surface model of
Ratios of the cross-
sectional areas to the area correspondlng to the §
orbit are also shown.

the mercury chain compounds.

Orbit Area Probability Area
Hg3~5ASF6 Hg3-CSSbF6 Area (§)
)
8
Y I (1-26)° q° q (1-26)°
a
n2 2 8 8 2
€ - (1428) q q (1+26)
a
e 28 2 6
U —5 (1+46) (1-9) "q (1-g) "q (1+49)
a
2 2 4 ° 2 6
a 5 (1-46) (1-q) “q (1-9q) “q (1-48)
a
- 2 4 2 4
$ — (l-q) g (1-q) "q 1
a
x 72 2 2 2 4 2
a — (1-46) (1-q) (1-9) “gq (1-46)
a
72 2 2 12 2 8 2
2y-a* — (1-887) (1-q) "q (1-9)“q . (1-867)
a
“n2 2 2 10 2 8 2
2e=§ ) (L+88+88°) (1-q)“q (l-9) "q (1+86+8686°)
a
. 2 48 4 6 2
Y+o—~a* — (1-1268°) (1-q) g ! (1-9) q (1-126°)
a
. nz 2 4 10 4 6 2
2e=-8-q - (1+885+48°) (1-q) g (1-q) q (1+86+467)
a
72 2 4 4 4 2 2
S-a' — (1-46%) (1-q) g (1-9) ‘q (1-46°)
la
|




Figure III.8

Theoretical ratios of the a*, a, Yy, v and ¢ frequencies to
the & frequency as a function of the incommensurability
parameter, § (solid lines). Dots and squares are placed on
these lines at the experimental values of these ratios for
Hg,_SbF and Hg3_6AsF6 respectively.
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—
Since all the orbits obtained above are cylindrical,

their cross-sectional areas measured in the dHvA experiments .
vary as sect where 6 is the angle between the c axis and the
magnetic field. The ratio of the cross-sectional areas should
be independent of 6 and provide a very accurate value of § at
low temperatures.

The cyclotron mass for an orbit of area A is given by

2
« _ A% aa
m - = - (III.8)

o

N

In our model, the energy, E, is only a functiqn of the
component of the wavevector along the chain, k||' and the area

of the most probable orbits is given by

A = [2k,, - 51]2 (III.9a)
Y Il a )
‘6n 2
AE = [Er 2k|’] (III.9b)
61 _ _2m 2
AG = [ 3 Zkll 3 §] (ITI.9c)
- 2
o _ 4T 2
A o AY —5 8 . (II11.94)
a
2
e,
A .= A - 3T 2 (III.9e)
1l € 2
a
so that, for orbits Yy, ¢ and 8, we have
*> * *
mY 0 ' mé,mE <0 (I1I.10)
and -
— 212
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where
. dk
k|l B -

L

Assuming a strictly free electron dispersion relation

along the chain

2m A
m| = 5 /3o

]

where m is the free-electron mass.

There are two pairs of orbits with the same mass:

and
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c. de Haas van Alphen Effect

The de Haas van Alphen (dHVA) effect is an oscillating
behaviour of the magnetic susceptibility which is periodic in
the inversé of the magnetic field. The frequencies contained
in these oscillations are proportional to extremal cross-
sectional areas of the Fermi surface perpendicular to the field.

Analysis of the dHvA effect in Hg3_6AsF6 shows that
the;e are five frequency branches which have a minimum when
thejmagnetic field is along the ¢ axis as éhown in Fig. III.9
{razavi et al, 1979). Measurements of the dHvVA effect in
Hg3_68bF6, the other mercury linear chain compound, will be
discussed and the one-dimensional band model with incommensu-
rate translation will be used to fit these results; Accurate
measurements of the cyclotron masses in both compounds will al-

SO be presented.

1. Apparatus

-

The samples used in the de Haas van Alphen (dHvVA) ex-
periments are approximately 5x2x1 mm3. They are mounted inside
Kel-F cylinders 2.5 cm long having a diameter of 3 mm. These
cylinders are bored out for half their length and tﬁe sample
is placed inside that cavity with the ¢ axis,.determined by
v;sual observation df the sample, perpendicular to the cylin-
der axis. The sample is firmly held in place by ‘filling the
rest of the cavity with teflon tape. These Kel—f holders aré

installed in a hole extending across the Kel-F former of a de-
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Figure III.9

dHvA frequencies and corresponding cross-sectional areas
as a function of magnetic field direction away from the

¢ axis in Hg3.gAsFg. Solid lines represent cylindrical
fits.
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tection coil system. A toothed wheel is glued at the end of
these cylinders making it possible to rotate the sample using
a worm‘gear at the end of a rod extending to the top of the
low temperature dewar in which the whole assembiy sits. If
the c axis is initially aligned with the axis of the detec-
tion coils, it is possible to measure dlivA frequencies for
magnetic field directions in a (hk0) crystallographic plane
by rotating the sample holder.

The detection coil system, composed of a pick-up
coil and a modulation coil, and the electronics have been des-
cribéd previously by Poulsen et al (1971).

The modulation coil is used to add a small oscillating
magnetic field of amplitude h and frequency w to the large dc‘

magnetic field H

H' = H + h cos wt
The oscillatory part of the magnetization in the sample be-

comes

2mF ) (III.12)

M =M H+h coswt e

Os:Ln(

where F is the dHvA frequency. The pick-up coil detects chan-

ges in this magnetization which can be expanded into harmonics

of w
d@f= > . nm ., 21F nm
3E MO nil 2ann(a)?1n(nwt + 5 ) 51n(—ﬁ— + 5 ) (IXI.13)
where ;
= 21Fh
2
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and J (a) is the Bessel function of order n. - A frequency of

modulatlon o§ 517 Hz is used .and the 51gnal from the pick- up

coil at the second harmonic¢ of this frequency (1034 Hz) 1is
- & " *

detected. o

3

&

The field from a 5.5 Tesla Westinghouse magnet is

chanéed finearly in l/H so that the dHVA oscillations are equel—

a . ’

ly spaced in-time.. The signal -amplitude and. the, magnetic field
are alternatively recorded on magnetic tape and the Fourier
transform is calculatéd on a CDC 6400 computer. Peaks in the

histogram of this Fourier transform give the values of the dHvA

- * )

frequencies. Data are collected ‘at various modulation fields,

-

h, that maximize the Bessel function for different ranges of -

«

dHvA frequencies.

2. Results . . o L .

We measured the dHvA effect din four Hg3_6SbF 'samples.

6
The graphs of frequency versus rotation angle-obtaihed for all,

of them show characterlstlcs of polycrystalllne samples. In-

stead of a set of frequency branches with frequencies_ increa-

.

sing or decreasing, we observe approximately the same frequen-

-

cies at all angles as the sample is rotated. Ohe of these, .
Sh 4, contains only one major crystal and a few separate smal-

ler crystals. ‘ ] :

» 3
»

The six fundahental frequency.branches for the larger

crystal..in this sample are shown in Fig. III.lo. The 'solid

—~ : . A
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‘ Seml-log plot of the dHvA frequencies as a functlon
- of magnetic field angle from thé c axis in Hg3.sSbFg.
50lid llnes represent cyllndrlcal fltS.
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lines are fits to these frequencies assuming that the Fermi

surface is cylindrical so that

F = F _sect
o}

The agreement is very good up to 40° away from the
minimum posig}on, the largest angle at which frequencies are
still detected; This implies that deviations from an exactly
cylindrical Fermi surface are small. The value of the six
frequencies at the minimum position, which is taken to be the
¢ axis, are listed in Table III.3.

Also, with another polycrystalline sample of Hg3_6SbF6,
Sb 1, the temperature dependence of the amplitude of the stron-
gest frequencies for Ane orientation was measured. The cyclotron
masses corresponding to these frequencies were calculated from
the Lifschitz-Kosevitch formula (Gold, 1968).

The frequencies for which the effective masses were mea-
sured could belong to different individual crystals inside the
polycrystalline s;mple.,‘Tobcompare the different effective
masses, it.;s necessary to scale them back to a common crystal
orientation. This is done by comparing the frequeﬁcies for
which-the cyclotron masses were measured to the minimum frequen-
cieé of the six branches that are fundameptal frequepciesAin
sample‘SB 4. For a perfectly cyiindrical Fermi surface, the
‘ frequencies and the‘gffective masses both behave like sec ©

as the angle between the cylinder axis and the magnetic field



Table III.3
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dHvA frequencies and cyclotron masses at the
minimum position and curvature factors of
orbits detected in Hg,_SbF

Orbit Freq. m*/m g? 2—%
(Teslas) 8kz

a* 345 - -

o 710 0.15£.02 .03%£.03
Y 975 - -.06%.01
) 1680 0.18%.03 .06%.02
M 2580 - -

€ 2700 0.32z.01 .01+.03
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is changed. Therefore, for a given branch,

m*(e.. ) = F(emin)

* N
min = —1-:-,—('—6—)'—— m (6) N (III.14)

The cyclotron masses at the minimum frequency for three funda-
mental frequency branches of HgB—GSbFG are shown in Table III.3.
The dHvA frequencies in Hg3_6AsF6 samples were also
measured. Of the nine samples studied, three Showed the pattern
of frequencies against rotation angle characteristic of poly-
crystalline samples while no usable signal was detécted in the
others. The cyclotron masses associated with seveﬁ frequen- ]
cies for one orientation of a polycrystalline crystal, As 9,
were measured. Using the graph of frequencies against rotation
angle obtained by Razavi et al (1979), three of these frequen-
cies are assigned to the y, 6 and . branches. As fér Hg3_(SSbF6
the cyciotron masses for the minimum frequencies of thege bran-
ches can be calculated assuming a perfectly cylindrical Fermi

surface. The results are presented in Table III.4

3. Discussion

The measurements of the dHvVA frequencies as a function
of magnetic field direction from the ¢ axis in Hg3-6SbF6
that the Fermi surface of this compound consists of cylinders

show
aligned with the c axis. This is what was expected from the
Fermi surface model constructed from one-dimensional free

electrons. The energy of these electrons only depends on the
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Table III.4 dHvA frequencies and cyclotron masses of three
orbits in Hg, sAsF

Orbit Frequency m*/m
(T)
Y 626 0.23%.02
8 1860 0.27%£.08
£ 3680 | 0.33%.01
RN
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component of the wavevector along the chain associated with
these electrons. Since there are‘no chains along the P direc-
tion, the Fermi surface has to be independent of kz (i.e.,
cylindrical).

From the ratio of the measured frequencies to the fre-
quencies obtained from a cylindrical fit, the curvature fac-
1 a°a

> 5 corresponding to frequencies a, y, ¢ and € have
ok

been calculdted. These dimensionless values, shown in Table

tors,

III.3, are much smaller than one, the value for a spherical
piece of FS, but, within experimental error, the values for
tﬁe y and § frequencies are not equal to zero, the value for

a perfectly cylindrical FS. Therefore, there is a possibility,
of a small undulation of the FS cylinders. This is compatible
with our model. When an interaction between perpendicular
‘chains was introduced, creating a gap at the intersection of
the two flat Fermi surfaces corresponding to the two sets of
mercury linear chains, it was assumed that the gap between the
Y orbit and the € orbit is small. Any variation of this gap
along the kz direction would not change the crass~sectional
areas of these two orbits by a significant amount but would
lead tolsome undulation of the two cylinders. Also the smal;
gaps produced by translating the Fermi surface on‘to itself by
a wavevector g, because of the incommen;urability of the lattice
of the mercury chains and the hexafluoride anions' lattice,
cogld vary along the.kz direction. ‘A calculat}on pf the size

of these gaps and how they.vary with kz could be carried out in

- - - e e -
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a more4complete band structure calculation (for example, using
the pseudo-potential method). At the moment, there is no need
to undertake this program because the values of the curvature
factors are not very precise and the present model accounts
very well for the minimum frequencies of all the branches ob-
served as will be shown below for Hg3_6SbF6.

In our model, the § orbit area depends only on the crys-
tai lattice parameter, a. At room-temperature, Cutforth (1975)
obtained a value of 7.699 g for this parameter in Hg3-65bF6'
Assuming a contraction of 1% of the SbF6 lattice from room-
temperature to 1.25 K

J
[+]

a(l.25 K) = 7.62 A .

Using
2

Area($ orbit) = (g)

the dHvA frequency corresponding to the § orbit should be
1780 T. This is within 6% of the minimum value of 1680 T ob-
served for one of the frequency-branches.

The ratios of the five othér major frequencies to the
6 frequency are shown in Table III.5. Comparing these ratios
to the theoretical ones plotted ih Fig, IIi.S, the obéerved
frequencies are assigned to orbits in our Fermi surface model
using a value -of 6 of 0.135. The theoretical values of the
frequency ratios, presented in Table III.5 for ﬁhat value of

§, are in excellent agreement with the measured values for all
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Table III.5 dHvVA frequencies and their ratios to the § fre-
quency for Hgj_gSbFg together with theoretical
predictions obtained with a = 7.843 A and §=0.135

Orbit Experimental Calculated
F ; F/F6 F F/FG
(Tesla) 4 (Tesla)
a* 345 10.205 345 .205 -
a 770 0.458 773 .460
Y 975 ‘ 0.580 986 .593
$ 1680 1 ’ 1680 1
u 2580 - 1.538 2587 1.540
e, 2700 1.607 2710 1.613

.. LS S VR
.- .- . — ® ,
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but the y frequency for which there is a 2% deviation.

This wvalue of §, 0.135, is in good agreement with the
value of 0.12 derived earlier from a 1% contraction of the
SbF6~lattice. Also, it is 35% smaller than the value measured

in Hg,_ (AsF. at 10 K (6=0.21) so that values of the dHvVA

6
frequencies associated with the same orbits in both compounds
(Table IXI.6) differ by as much as a factor of seven for the
o* orbit and as little as 10% for the § orbit. Yet the two
sets of frequencies are correctly accounted for by the same
model using the two different values of the incommensura-
bility parameter, 6.

The cyclotron masses determined for the minimum fre-

quencies of the o, § and € branches for Hg3_6AsF are shown

6
in Table III.7. The cyclotron masses calculated from equatién
(III.11) assuming a free electron dispersion relation are also
shown in this table.

Although t%sre is not good agreement between the theo-
retical and experimental values, the theory gives the orders
of magnitude and general trends of the cyclotron masses: the
cyclotron masses increase with increasing frequencies ané the
masses for the ¢ and § frequencies are larger in the arsenic
than in the antimony compound. However, for the low frequen;
cies, & and vy, the experimental cyclotron mass is larger in
the arsenic compound contrary to theory.

The differences between the experimental effective mas-

ses and the theoretical predictioné.could be due to deviations
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Table III.6 dHvA frequencies in Hg3_6AsF and Hg3_GSbF

6 )

for the same orbits

Orbit (Tegla)
Hg3_6AsF6 Hg3_6SbF6
a* 48 345
a 340 770
Y 626 975
¢ 1860 1680
H ‘ 3413 2580
€ 3680 2700




Table IIIX.7
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Comparison between experimental and calculated

cyclotron masses in HgB_éAsF

6

and Hg3_6SbF

6

Hg3_6AsF6 “ Hg3_58bF6
] * * * *

OrblF m /mo m /mo m /mO m /mo

theory exp. theory exp.
Q .161 - 197 .15+,02

Y .161 .23%,02 +197 -
8 .278 j%gi.OB .269 .18%,03

u .395 - - .342 -
€ .395 .33+.01 .342 .32%.01

>
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v

from a free electron dispersion relation or to ele;tron phonon
interactions. Because of the large resistivity ratio between
room-temperature and liquid helium temperature in these
compounds, electron-phonon interaction is believed to be im-

portant.

d. de Haas-van Alphen effect under pressure

1. Introduction

The dHVA effect in samples of Hg3_6AsF6 was measured as
a function of pressure up to 5 kbars. It was expected that
hydrostatic pressure of 5 kbar would produce a contraction of
the hexafluoride lattice of the same érder as the 1% contrac;
tion observed upon cooling this compound frém room-temperature
to 10 K. This is the case for most other metals (Bridgman,
1931). It was also expected that the Hg-Hg distance in the
chains would not be changed significantly by pressure since
this distance is independent of temperature. At 1.25 K, & would

then change from 0.21 at zero pressure to 0.24 at 5 kbar, cau-

sing changes in the dHvA frequencies.

2. Experimental technigues and results

Hydrostatic pressures of up to 5 kbar were generated
by a system described by Slavin and‘Dafars (1974). The samples

were placed at the bottom of Kel-F cylindrical sample holders .

such that the c¢ axis was aligned with the magnetic field and f
z

were held in place by teflon tape.

1

N v e o, e m——
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A pressure Sf 5 kbar was applied to the sample at room-
temperature. Then, the pressure bomb was cooled‘down to the
liquié nitrogen boiling poin€’(77 K) and the pressure was
increased back to 5 kbar. Then, liquid helium was transfer-
red into: the sample dewar so that the pressure transmitting
helium would freeze from the bottom of the pressure bomb up-
wards. All lower pressures Qere obtained by heating the pres-
sure bomb beyond the melting point of the solid helium (39 K
at 5 kbar), relieving some of the preésure and cooling the
pressure bomb as described above. Usually, the dHvA frequen-
cies were measured at two or three different pressures during
a day. Between experiments, the éressure bomb was sealed and
maintained at 77 K.

When all the measured freguencies were plotted against

’
préséure allvthe changes in frequencies took place from one
.day to the next while the frequencies were practically con-
stant for all pressures applied during one day as shown in
Fig. III.1ll for one sample over five days. Since the same effect
could be observed if the helium transmitting the pressure had
remained frozen when tbe pressure was released, the same pro-
cédure Qas used in measuring thg pressure dependence of the
superconducting temperature ofqtin. The results of this ex-
periment showed that the pressure changed as expected when more

than one pressure was studied during one day. This also pro-

vided a check of the calibration of the pressure gauge.' The

o
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Figure III.1l

dHvA frequencies for Hgy_gAsFg as a function of pressure
when it is lowered from 4 to 1 kbar over five days. Hori-
zontal segments of the solid line for the ¢ frequency re-
present the average of the ¢ frequency for each day. Solid
lines for the other frequencies are theoretical predictions
from eq. (III.l6a) and (III.1l6b).

—
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lack of change in the frequencies over a period of twelve

hours that was observed in Hg3_6AsF is an intrinsic property

6
of this compound. Therefore, the frequency dependence is
obtained by keeping the gata from the first pressure of each
day. ‘

Using this criteria, the frequencies §, y, € and the
second harmonic of the ¢ frequency are élotted in Fig. III.1l2
for two sets of pressures on the first sample of Hg3_6AsF6.
One set of data was takeh going from high pressures to low
pressures and then, the second set was obtained in a similar
mann;r. Frequencies 6 and e increase and the y frequency de-
creases with increasing pressure. Tﬂe scatter between the
two sets of experiments is much larger than the error on the
individual frequencies. The solid lines in Fig. III.1l2 are
least square fits to the data and the slopes, a, and the in-
tercepts, b, are shown in Table III.S.

The § frequency is‘only a function of the lattice
parameter, a, in our model of the Fermi surface of the mercury
chain compounds. Assuming that the mercury-mercury distanée):
. d, is independent of pressure, the pressure dependence of all
other frequencies can be derived from the, pressure dependence
_of the § frequency. Assuming that the § frequency varies at

14

a rate a with pressure, such that,

+ aP | . (III1.15)
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Figure III.12

dHvA frequencies for Hg;_gAsFg as a function of pressure.
Both the first set (points) and the second set (crosses)
of data are obtained as the pressure is lowered.  Solid
lines are least square fits to the data,
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oP is much smaller than Fé in the range of pressures that are

. applied, then

: F_
Yo
F =PF - 50 —_— P
Y Yo F6
o) (ITI.l6a)
» 2 '
F = (XK - 5YF_, )% .
Y )
o ‘o)
and ——— ' -— o
- FEO .
F =PF + 70 —_— P
£ € F
o) 60 (ITI.1l6b)
F, o= (1/F, - K) 2
o) o)
where
K2 - 2ng .
ed

These equations state that if the.§ frequency increases with
pressure then the y frequency will decreasé and the ¢ frequen-
cy will increase. This is what is observed experimen£ally.
Also, the rates of change with pressure of the y and ¢ frequen-
cies are related to the rate of change of the § frequency SO
that the ratios of these rates‘bnly depend on thé values of

the corresponding frequencies at zero pressure. In Table III.S8,
these theoretical predictions are compared with the ratios of
the‘siopes of the least-square fits to the experimental frequen-

cies.,. AlsG, the frequencies at zero pressure calculated with

-
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o
d=2.686 A

using eq. (III.l6a) and (III.1l6b) are listed in Table III.S8.

In Fig. III.1ll, we have taken the average value of the
§ frequency over each day as a fit to that frequency and cal-
culated the correspondiné y and € frequencies from eq. (III.lé6a)
and (III.l6b) using the same value of 4 as in the above. These
are the solid lines in Fig. III.1ll.

The theoretical predictions and experimental values in
Table III.8 agree within experimental error. Also, in Fig.
}II.ll, ;he theoretical values for the frequencies §, € and 2¢

&
are within 1% of the 'experimental values and reproduce the

jumps in frequency from day to day.

3. Discussion

Wﬁen hydrostatic pressure is applied to Hg3_6AsF6,
we éxpect the tetragonal lattice of negative ions to contract
while the mercury-mercury distance remains the same. This im-
plies that some mercury atoms will be leaving the chains. These
mercury atoms cdul&‘diffusg to special locations in the sample,
i.e. grain boundaries,dislocation planes, vacancies, etc.... .
This‘is similar to the mercury extrusion observed when the‘
temperature ;s lowered through tﬁe temperature range 195-210 K
at zero bressure (Dataré et al, 1979). When the pressure is
released, the -arsenic hexafluoride lattice woﬁld remain locked
to the chains as long as the extruded mercury atoms do not re-

turn to .the chains. This is what we believe is happening wheh
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the measured dHvA frequencies remain the same as the pressure
is released during one day of experiments. If the diffusion
of the extruded mercury atoms back to the chains only -becomes
significant at a temperature between 40 and 70 K or if this
diffusion is simply slow at all temperatures, it would’explain
why changes are only observed from day to day. Also, not all
the atoms may return to the chains and this may account for
the differences observed in the two sets of pressure measure-
ment on the same sample.

Over the pressure range we have investigated, the §
ﬁrequency increases by 1.4% according to the fit in Fig. III.1l2.
This implies that the lattice parameter, a, decreases by 0.7%.
over the same range. The theoretical prediétions:of the chan-
ges in all other frequencies are based on the change in the
incommensurability parameter, 0.21 at 0 kbér to 0.23 at 5 kbar,
caused by this change in lattice parameter if the mercury-
mercury distance remains constant. The agreement between
theory and experiment allows us to conclude that all changes
in the dHvVA frequencies are a result of a contraction of the
arsenic hexafluoride lattice when pressure is applied to the
sample. Also, it demonstrates that our Fermi surface model
Qorks for discrete values of § in Hg3—6ASF6 and HgB—GSbFG at
room-pressure as well as for a range of values of § in ’

Hg;, ¢AsF. under pressure.



CHAPTER IV

RESISTIVITY

a) Introduction

Electrical resistivity measurements by Cutforth et al

(1977) on unoriented samples of Hg3_68bF and Hg3_6AsF6 showed

6
that the resistivity of these compounds is approximately 125
ufl-cm at room—femperature and that it decreases by a factor

of 150 for HgB—GSbFs and 103 for Hg,_ sASF, between room tem-
perature and 4.2 K. In further measurements witp orientea crys-
tals, they found that the ratio of the resistivity along the

c axis to that along the a or b axis at room temperature is 40
and that the resistivity

for Hg3_GSbF and 100 fog Hg,_sASF

6 6
is isotropic in the ab plane. They noted éhat the resistivity
does not exhibit any sign of residual resistivity down to li-
quid helium temperature in all the samples they investigated.
Finally, they observed significant variations in the resistivity
between 200 and 235 K which they interpreted as evidence for a
phase transition in that region.

Resistivity measurements on Hg3*6AsFé by Chiang et al
(1977) confirmed the previous results and indicated that the re-
sistivity for directions in the ab plane follows a Tl'5 law down

to 1.4 K. Chiang et al also reported that the resistivity along

the c axié decreases by three orders of magnitude within 0.2 K

56
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of 4 K making HgB—GASF an anisotropic superconductor. This

6
will be further discussed in Chapter V.

Chakraborty et al (1978), using a contactless ac mutual
inductance technique, concluded that below 30 K the temperature
dependence of the resistiyity in the ab plane is more accurate-

2 law but in a later paper (Chakraborty et al,

ly described by a T
1979), stated that in the same temperature range, a four-probe
dc measurement gave a T3 law.

Therefore, there is experimental uncertainty about the
temperature dependence of the resistivity in the ab plane at
low températures. Using a model in which resistivity is caused
by a diffusion of the electrons along flat planes of a square
Fermi surface, Kaveh énd Ehrenfreund (1979) predicted that the
resistivity at low temperature should vary as T3. However, the
Fermi surface dimensions used in the calculation were about three
times larder than the ones‘obtained from dHVA experiments by
Razavi et al (1979) and their argument that large angle scatte-
ring freezes out exponentially below 30 K is not justified.

We will present a model for the resistivity of the }inear
chain compounds that utilizes the measured phonon dispersion and-

Fermi surface parameters. Our measurements of the resistivity by

the Montgomery method will be compared to this theory.
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b) Theory

1. Resistivity in the ab plane

By equating the entropy production associated with the
Joule heating caused by the macroscopic currents to the en-
tropy production due to scattering of the electrons, the fol-

lowing formula for the lattice resistivity is obtained (Ziman,

1960)
_)-
2 K" o o, >
. JJJ{¢E-¢K.} Pﬁladk dk' dq
L= K1 0 (1v=-1)
B - BfK N 2
erc* q)K -a—g—}i dk

where fK(;) is a distribution function which measures the number

of carri%xs in the kth state in the neighbourhood of ;. fg is

that distribution without any field applied. ¢E is defined by

of
€

o

|

m
Hh
O

- ¢}-€ (IV"'2)

~¥
¥
~Y

and is a measure of the deviation from equilibrium in the elec-
tron distribution, weighted with a factor which depends on the
form of that distribution.

Vi is the vélocity of the electron in the kth state
given by

> 1 -
Vi =¥ 3K8E (IV~-3)

L

where.ei is the enérgy of an electron in the kth state.

->
* '

P% a is the equilibrium transition rate between state Kk
’ . .

3
¥
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and state k' when the scattering between these two states is
caused by a phonon of wavevector a. Perturbation theory for
the electron-phonon interaction tells us that the transition

probability is given by

2 = ‘aﬁa’ég Rr-f-d a p(k,k )

K' >
-
k
0 0 0
0(€++hw €+,)na k(l fﬁv) (Iv-4)

where m, N and w are respectively the mass of the ions, the
number of unit cells per unit volume and the frequency of the
phonon. The § and 0 functions insure the conservation of crys-

tal momentum (§ is a reciprocal lattice vector) and energy res-

pectively. ng is the Bose-Einstein distribution of phonon given by

0 1l
n*=-—?r—————— (IV-5)
2 (e u)/kT~~l)
J» (E,K') is the matrix element between state k and k'

a.p
of the change in crystal potential caused by Egg displacement of

the ions from their equilibrium positions. For longitudinal
phonons, it can be written in the form

J k',k) = C(K)K-a v-6) °
a,p( ) (X) ea,p ( )

: -
where ga p iédzhe polarization vector of the phonon and K, the

14

scattering vector, is given by

K = k-k' : (IV-7)
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Substituting eqgs. (iV*S) and (IV-6) in the expression
for the transition probability (eq. (IV-4)) and using the Fermi-
Dirac distribution for the electrons, the expression for the
lattice resistivity (eq. (IV-1)) becomes, after some integration,

' 2,2 > 2.2
(dp=0p.) “(K-e) “C(K) -
> k Tk do do'

p, = ~ — - (IV-8)
L 32”5thkBT|le (1-e ﬁw/kT)(ehw/kT_l) Y
and the current is given by
* 1 do
J = evrr —— (IV-9)
4"3ﬁ k'k v

" where do, do' are elements of the Fermi surfaces on which k and
k' are located, respectively. To calculate the resistivity,
we £hen look for a trial function, ¢+,‘ for the Fermi surface
(F8) of the mercury linear chain compounds shown in Fig. IV.1.
When an electric field is applied in the x direction, the whole
FS is displaced by a small amount in the kx directio n. This
displacement does not alter the current associated with the FS
planes perpendicular to ky since the velocity on these planes

is perpendicular to the directien of the field. ¢§ can‘then be of
the form

'¢E = Q ?‘,E.ﬁ . (IV'—lO)

where ﬁ is a unit vectdr in the direction of the field. In this
trial function, the 'scattering time has been assuned to be a constant
over the whole FS and any explicit energy dependence has been ne-

glected (Jumper and Lawrence, 1977). The constént o can be ignored

since ¢K appears in both the numerator and the denominator of

(Iv-8). Thus for flat Fermi surface sheets



Figure 1IV.1

-
-~

Electron-phonon scattering processgg on the one-dimensional
Fermi surface of the mercury chain compounds. ~ An electron

in the kth state is scattered to kI' kII and kIII by the

phonons qI, qII and qIII respectively. The electron velo-
city 3 is indicated by an arrow on each Fermi surface
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v FS planes at * k_ x
=4 F ' o
0 FS planes at % kFy

We choose to do our calculation using the simple tetra-
gonal Brillouin zone rather than the body-centred tetragonal
because of the extra symmetry of the one-~dimensional bands.

Then, the totél‘current is given by

N evFS R
J = 3~ X . (IV-11)
27174

where S is the area of the plane of the FS perpendicular to k,

within the Brillouin zone.
To calculate the double integral in (IV-8) we have to
examine effective scattering pfocesses. Scattering from k' to

k' on the same plane surface (process I in Fig. IV.1l) will not

change ¢k so that

(0,-0, )% =0 .

Scattering from one plang surface to a surface perpen-
dicular to it (process II in Fig. IV.l) will give rise to a re- .

~ sistivity labeled pl and has

(=8, )% = v .

-

Finally, scattering between:plane surfaces at +ky and

-kF along the x direction (process-III in Fig. IV.1l) will give
rise to p{l with
: (g =b, )2 = av 2

k k' F

In the extended zone schems, thesé scattering processes
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would be Umklapp processes but in the reduced zone scheme that
we are using, they become normal scattering processes in the

third Brillouin zone.

In the linear mercury chain compounds,phonons from the three-

dimensional host lattice of octahedral anions and the one-
dimensional mercury chains take part in this scattering of the
electrons. The longitudinal accoustic dispersion relation of

the former is given by

(IV-12a)

. [ .
for small.- values of g, where SBD’ the speed of sound, is approxi-
mately isotropic in these compounds. The dispersion relation of

the latter is
(IV-12b)
where a5 is the phonon wavevector along the ith chain.. From

eq. (IV-8),it follows that pl and pll caused by one—dimensiohal

or three-dimensional phonons are given by

1D .
2 1D )
1D 210 Y T 8
py = 81°p (—=) T, (—==) (IV-13a)
L - el Sc 1D "2° T
T 3D, 3 1 -
(gaq7) 3 3D 3D
3D 3 3D ' T ) y6
Py = lémTp ( ) I (=) - | T, ydyl (IV-13Db)
1 e_L 52c g3D 3tT 3* T o
: K . 0
. 1D, 1D
‘i = 4ﬂpe ( 1D ( T ) 'ln iD (IV”13C)
I ap™ o 2k 07" /ay T LI
: e - .
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2
3D 3D
3 3D 2k.67"-
3p _ ., 235 (Gp) o 620 F ;
pY] = 2m pell ——9_—'(535) 1T 5 (55 =T 5 o )] (IV-13d)

‘1D ,1D 3D L3D

where qp 8", dp 8 are the Debye wavevectors and tempera-

tures for the one-dimensional and three-dimensional phonons res-

pectively. Py is a constant given by
ﬁcz(o)qﬁ

= —5 5 o (IV-14)
nNe Vi kBG

‘where Cz(k) was approximated as c2(0) folloﬁihgvthe deformation

Py

potential approximation which is a long wavelength approximation
that neglects Umklapp processes (Ziman, 1960).

Jn(x) are Debye -integrals defined by

From the measurement of the phonon dispersion for 1D and

3D'phonohs in Hg3_5AsF6 by Heilman et al (1979), we calculate that .

\J

| q%D = g =1.19 2t
010 =400 & _ .QZ?‘
) qu - Q.ss a™t
632 = 80 K .

&

If we assume.that C2(0) is .the same for 1D and 3D pho-

nons as well as for'péépendicuLar scattering and back-scatte-
’ . g L X
ring, péD is approk}mately~e§ual to bngand they can be replacq{.

\
\

PN

P

- -

' \
L . . \
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Iby a single quantity, Pg- The témperature dependence of the
four resistivities.normalized by Py are shown between 0 and
300 K on Fig. IV.2. The four resistivities are of the same

_order of magnitude above 15 K and are linear between 50 and
300 K with extrapolated intercepts on the temperature axis at
30 K foy'piD and between 10 and 15 K for the other three. Be-
low 10 K, piD follows a T2 temperature dependence while the
other resistivities are decreasing more rapidly. Therefore,
the total resistivity becomes proportional to T2 below 2 K as
shown in Fig. IV.3. )

In general, CZKO) will be different for different types

of scattering and of phonons. The resistivity can then be writ-

ten

* 1p 3D iD 3D
o b0 - o (T)]+Y[QH(T) he[pH(T)] (1v-15)
e T U S C S I T R SRR G

. @

where Py the residual resistivity, o, B, Y and ¢ are tempera-

”

ture independent parameters. Since the four resistivities are

. linear above 50 K, the total resistivity will be linear in that

‘range for all values of these parameters. Also, at very low

témperatu?es, the rapi@ly'decreasiﬁg factors in all léttice re-
' - 1D

" sistivities, except Ry v will nullify their contributions and

2

. the total resistivity will be proportional to T° if the lattice

resistivity does not become smaller than the residual resistivity.

. .
o .

. .
\ e
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2. Resistivity along the ¢ axis

The electron velocity along the ¢ direction is zero for
plaﬁe Fermi surfaces at * kF along kx and ky. The resistivity
along the c axis is undefined because Ebth the numerator and
the denominator of equation (IV-8) are zero. However, there
can be some small undulation of the FS alod@ kZ caused by inte-
c.

raction of the mercury chains separated by 2 The first term

in the energy producing such an undulation is of the form

- kzc ’
Q(ﬁ) = e(kx,ky) + 6; cog(uz~) . (IV=-16)

The component of the electron velbcity along the kz
axis is then given by (Fig. 1IV.4)
R

T

So, the trial function-¢i is chosen to be

¢p = sin(——) . = - (TIv-1T)

-

-Scattering which wili changé the vaiue of the z-component
of the wavevector will produce a non-zero chaﬁge{in ?E. ' The
scattering from k to k' on the sam;}plane surface By 1D phonons
is the most iﬁpp&;ant process. The undulation of the FS has been
 assigned én'upper liﬁit'of 0.5 percent of k? frém mgasuiément of
the dHVA effeck. Thi%\gfrreSPOnds to.a‘one;dimensional phonon
of energ§.0.014 meV or a témpef;ture of 0.2 K, so'the exponential

factors qqntaining'the phonon frequency in egq. (IV-8) can be
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Figure iv.4

Fermi ‘surface. undulating along the k, direction. Arrows
represent the velocity of the electrons at various ooints
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expanded for all temperatures greater than 1 K. This gives

_ o, 1.2 fr°T

) . (IV-18)

Then using the numerical values of kF’qD and c, the ratio of

pc to piD, one of the four resistivities for current along the
L

a direction, is

T

C £, 2 -1
L _ F,20 ey 8 3
5 = 0'16(68) (T){Jz(T)] . (IV-197

gl

This ratio is a monotonically increasing function of de-~

creasing temperature with the following limiting behaviours,

2 fp. % ¢

o 1.9x107%(z5) g for T << ¢
plD ) e, 2

1 8.OXI0~2(§§) for T >> 0

At low temperatures, the resistivity in the a (or b)
direction will be dominated by a residual resistivity

pa = p0

whilé P being much !larger than Py will not yet be comparable
4 ' B

to P, giving

-

1D . ) !
5 1 2 g 2 N

F T,
(3;) (g)..

1 . .

p. r128m p

< (=)
pa ’ p0' .krp N
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The anisotropy will then be linearly decxeasing with
decreasing temperature. Fig. IV.5 shows a plot of the tempera-
ture dependence of the ratio of the resistivity along the c
axis to the sum of the residual resistivity~and the total lat-

tice resistivity in the ab plane, shown in Fig. IV.3, using

and assuming that the residual resistivity equals the lattice
resistivity at 20 K.

With these parameters, the theoretical anisotrepy is
constant and equal to 105 between 300 ﬁ ana 60 K, rises below
60 K reaching a maximeg of 125 at 15 K after w?ich it decreases
linearly and should become unity when both P and p, are domi-

nated by the residual resistivity.

c. Montgomery Method

l

Montgomery (1971) proposed a method of measuring the

.

resistivity of anisotropic conductors based on the theoretical
calculation of Logan et al (1971).

Samples are cut in.the shape of para&lelepiped of sides

] ' '
L L with edges along the principal directions of the.

1 %2 43
crystal. On one of the sample's face, the voltage, Vl' is

measured across two adjacent corners while ‘current, I., is passed

ll
_between the two remaining corners. Then, the voltage and cur-
rent probe are rotated by 96) as shown in Flg. IV.6 and the
measurement descrlbed above is repeated From these two measure-

*
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Schematic view of measurements of Ry and Ry.on a paralleleplped
sample in the Montgomery configuration.
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ments, we define

R, = V./I
1 (IV-20)

)
]

2 = Vy/1,

For an 1sotropic sample Logan et al transformed the
problem of one current source and one current sink ;n the ar-
rangement above to an infinite array of sources and sinks 1in
an infinite medium using the” method of images. They replaced
these sources and sinks by positive and negative éharges be-

cause of the analogy between current flow lines and electric

(%

4 FREN
force lines, and they calculated the potential differende crea-

ted by this infinite array at the opposite corners of the paral-
lelepiped's face.

| ;hey obtained the following relation for the resistivi-
ty, o, of the isotropic sample

p = HERl (Iv=-21)

ot

where E is an effective sample thickness which is equal to the

sample thickness 23 when it is ﬁuch smaller than the geometrical
, - ' 1/2
average of the two othg? dimensions of the sample, (ilﬁz) .

H is a function of the ratio QZ/QI shown in Fig. IV.7.
Montgomery started with the,results of Logan et al and

used a transformation of cdordipates given by Wasscher (1961)

|3 1 1]
1t f2r *3
in the direction corresponding to Pyr Pyr P3r the diagonal

that connects an anisotropic sample with d@menéion £
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elements of the resistivity tensor, to an isotropié sample of

dimensions 21, 22, Q3 and resistivity p, where

]

- 1/2 - ' _
zi = 4y (pi/o) (IV-22)

- 1/3 _
o~ p = (010293) . (IV-23)

¢

This transformation is such that 1f a given current is
put through two points on the anisotropic sample and the cor-
reséonding points on the‘isotropic sample, then the same poten-
tial difference exists across pairs of points connected by the
transformation. Therefore, the ratio Rz/Rl is the same for the
anisotropic sample and its isotropic equivalent. It is a very
sensitive function of 22/21 (Fig. IV.8)‘so that megsufing this

ratio allows us to calculate

L %
(o, /p 3= 2t (IV-24)
2771 1 a 3
- - . * 2
For the isotropic equivalent
p. = H(22/21)13Vl/11 Y (IV~-25)

if the isotropic sample is sufficientlylihin. Using equations
(Iv-22) and (IV-23), this becomes
2 v T

- H(l—z') 2; 2 (IV-26)
.1 1 5

1/2
(oloz)

-

3
of the anisotropic sample. We calculate\pl and Py from egs.

the value of H is taken from Fig: IV.3 and £, is the .thickness



S

10° 1

-

i 2 4, /J: . 3
' Fiéure Iv.8

|
4

-

Semi-log plot of the resistance ratio, Rz/Rl, against the
ratio of sample dimensions, £3/4;. . -



. 78

(IV-24) and (IV-26).

The Montgomery method is best suited to méasuring the
resistivity of anisotropic compounds because the ratio of the
measufed resistances, RZ/Rl’ increases very rapidly with increa-

sing values of 22/2 This makes it possible to get a very

1

‘accurate value for that ratio of lengths of the isotropic equi-

valent and in turn, to obtain an accurate value of the anisotropy,

pz/pl, if the dimensions of the sample are known precasely. Also,

this method reduces the problem of the exact position of the con-
tacts on the sample because deviations from an exact_recténgular
arrangement are less critical than deviationsifrom linearity.

when the contacts are in line (Schafer et al, 1974).

It is difficult to prepare i parallelepiped with the
voltage and current probeé exactly on the  corners. If they are
not on the corners, it is possible to solve the problem for a
specif%c sample geometry and position of the probes. Let us lo;k
at a simple variation from the Montgomery geometry obtained by
moving the probes away from tﬁe corners of the éarallglépiped.
Then, the infinite.array of charges has four charges centered a£
the positions\where only one charge;was present previodsly aﬂa'
each of the four charges is one quarter of the charge uséd in the

o

ideal case. The equations presented above are still valid if

.the distance of the.probe from the corner is much smaller than

-

the probe separation For larger probe's distance from the cor-
ners, one would have to solve the problem of the isotropic sample,
with currest probes at equivalent positions to those on the ani-

R
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.

’

sétropic sample. New'g;aphs of H énd Rz/Rl‘against'lz/zl would

have to be constructed and used as in the ideal case. )
.We have calculated the variation in potential across

the two voltage probes for small displacements of the four con-

tacts from the corners to determine thg significance of probe

displaceﬁent. (This was daone by calculating the second and fourth

order derivative of the potential of Logan et al with respect

to displacement along x and y on the parellelepiped's'face.

For the case a=b=c, wé have determined contours of
constant percentage deviation from theivalue of voltage with.
the érobes on the corners. The 1, 10 and 40 g;rcent contours
are shown ;n Fig. IV.9. Iﬁ our experiments, éhe point contacts
were within the rggion for which the deviation is smaller than
40%.

It is worthwhile to consider what happens if, at a given

temperature, T, is reduced by-a factor of a thousand while

Py

dl and Py stay constant. The isotropic equivalent resistivity
and dimensions become
p(T) = 0(T1)/10 , (1v-27a)
- + A -, +' — '
gl(Tc)/Ql(Tc) = 23(Tc)/z3(Tc) = /10 (IV-27b)
/’—__ + . ‘ ‘.‘_
QZ(TC) = 22(Tc)/%0 ' (IVv-27c)
Defining ‘
o= 8./0. |+ K
2 ; T,
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Figure 1IV:9

Contours of constant deviation from the value of the resistance
measured when the current.and voltage probes are exactly on the
corner of an' isotropic cube.

-
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we get
R, (T ) _ . o
L C - (3.45x10 %) exp (22 + 3.140) (1v-28)
1l 7c
and
R, (T) - :
2 = (2.90%20 Hyexpl- (222 4 0.430)] (1V-29)
Cl
R_(T.)
2 °cC
for

l.4 < a < 20

We conclude that if there is a transition causing 02
to decrease by a factor of one thousand while Py and P3 remain

constant, then R, increases by a factor -greater than 1600 and

1

R, decreases by a factor greater than one million in the range

of ratio of sample dimensions presented above.

d. Apparatus

Resistancé was measured by the qutgomery=method in two
ways. In one way, four platinum wire spring contacts wexe on
the surface of a sample which rested on a moving platform which
was displaced towéfd thefcontacts so as to’'increase the pressufre
exerted by_the platinum wires on the surface of .the samplg. Al~-
térnating current ‘at 9.8 Hz was passed through two probes and
the voltage at the same frequeﬁﬁy*aétécted~atfthe,other two
probes was amplified and recorded: ‘

In the second experimental arrangeﬁent, thé sample was

held between two sets of fouryspfiﬁg loaded pins (Fig: IV.10),

-
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-

Vi

Figure IV.10

'Experimental arrangement to. measure the resis-
tivity. The flat rectangular sample is held in
place by eight pins. Two pins catry the applied
current, Ij, and thp others probe the voltage, V.

N,
=



83

The contact pins ran through holes that were 2 or 4 mm apart

in teflon discs above and below the sample. The directiog of
the current between two pins was reversed every five second and
the voltage detected between any two of the six remaining con-
tacts was rectified and averaged with a time constant of 20
sec. The current was usually 30 mA but could be increased to
100 mA for the measurement of small resistances.

In the firsf experimental arrangement, meaéurements of
the anisotropy were obtained with the platinum wire contacts
on one face which was approximately 30° away from a (100) face.
The résisiivity aleng a direction making an angle o with the
c axis is v ) |

i

3

pla) = pccosza + pasinza . (IV~-30)

If the anisotropy is larger than 50 and the angle «
is smaller than 30°; the resistivity along the c axis is simply

Pe = p(on)/cosza .  (Iv-31)

With the second arrangement, combinations of contac£§
directly opposite on the top and bottom faces were used to mea-
sure o and P, as shown in Fig. IV.10.

For both arrangements, R2 and Rl~were measured at aif- |

ferent times. .The analysis of Montgomery was then used assuming

the ideal case of contacts on the corners.
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€. ' Results and Discussion

N "

1. Anisotrogz

The resistivity anisotropy is obtained from the pro- “

duct of the ratio of dimensions of the isotropic equivalent
with the corresponding ratio in our sample as shown in eq.
(IV-24). The sample dimensions are not measured accurately
because all 'the sample handling is done inside a dry box. How-

\ . . . * .
ever, these dimensions are fixed for a given crystal and we

cah write
b o L 2
£ = (x .2_2) . (IV-32)
< Ya 1 ’

Célculations of the uncertainty in the anigot{opy do

not take account of the error in K since it is a systematic
-error. The anisotfop§ obtained by Van Schyndel (1976) using
the first experimental arrangement is shown in Fig. IV.1ll be;
tween 4.2 and 250 K. The error bars on this plot reflect the
vériation in R, and R, in'diffgrent experiménts on diffegént
days. Within one expe&iment, the error in Rl or R2 is small as
shown by the continuityxof the line jﬁining the pointsfon éhis
graph.

From the grabh, we can see that the anisptropy is in
the range 95+10 between 40 énd.lBQ‘K, increases by 10% between
180 and 240 K and increases by 15% between 40 and 15 K.

. Measurements of the anisotrop& with the second arrange-

ment confirmed this ahisoprépy aﬁd showed that in some, cases

i
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the increase in anisotropy below 40 K could be as much as 80%.
- The température depenaenée of the anisotropy can be

compared with our theoretical calculation of pc/Qa' in section

IV.b (Fig. IV.S&. The theoretical anisotropy remains within 2%
of its average value between‘SO K and 300 K while the varia-
tion in the erperimental anisotropy is only 10% over the same
range with the targest increases occurlng at 110 K and 185 K.
These increases could be due to.-short-range and long-range or-
dering of the chains occuring at 180 K and 120 K respectively
which are not considered in the theory. Below'502K, the theore-
tical and experimental anisotropies increase by the same per-'

centage when the temperature is lowered to 15 K. This increase

is due to the exponential decrease with temperature of three of

tﬂé\qur resistivities contributing to the resistivity in the

lD 3D

ab plane, pTl ' pl while the fourth re51st1v1ty, pi } ‘be-

comes proportlonal to TZ. Below 15 K, the theoretical anispotropy

decreases linearly because the resistivity. in the ab plane is

AR}

dominated by the residual resistivity. Experimentally, we ob- .-
served that the anisotropy ‘does’ start to decrease a; these low ,»»
_temperatures but the exact temperature dependence in that region

.could not be asserted because of the lack of experimeatal data

-

in that region: ’ "

The poS;tlon and helght of the peak in anlsotropy be~

tween 0 and 50 K depends on the value of the re51dual re51st1v1ty
< . S

-and go a lesser extent, on the value of the Debye temperatures

5
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involved in the resistivity in the ab plane. In some séméles,
we did observe a larger increase in anisotropy extending. to
lower temperatures which suggests that the residual resistivi-
ties were lower for these samples than for the sample whose

anisotropy is shown in Fig. IV.1ll. wd///f\
. b

2. Temperature dependence of the resistivity

From eqgs.(IV-24) and (IV-26), the resistivities £

and Py are given by

02 2’2 )l -
0y = /5 H(EI)Q3R1 (IV-33a)
A . e
//EI\ 22 ! ;
Py = oy H(q)%Rl . / (Iv-33p)
i _ 7 ‘

rag

If the anisotropy is independent of temperature, then

Rl is the only temperature dependent term in these eéuations
. )

and we have

Al

~
L4 po
-

pi(T)épi(TO) = Rl(T)/Rl(TO) . (IV-34) \

In this case, the~E§mperature dependence of the resis-
; tiviﬁy is independent of the sample dimensioﬁs.

B§ symmetry, the ab.face of the mercury chain compound
has to bé isotropic and we& have sﬁown above that_the ratio of
the‘fesistiQity alopg the ¢ and a axes is constant bétween 40
and.150 K. However, betweén.QO and 250‘K, we will show that t?e

resistance presents: large anomalies. Therefore, we limit our
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analysis of the temperature dependence of the resistivity to
the region below 90 K.

The average of the resistance Rl normalized to 1ts va-
lue at 90 K measured on the 1isotropic faces of three samples 1s
plotted between 4.2 and 90 K in Fig. IV.12. The average devia-
tion between the three samples 1s about 15%: The resistivity
1s linear between 90 XK and 40 K with a slope of 16x10 > X % and
an extrapolated intercept on the temperature axis at 20 K. The
resistance me;sured between 40 K and 90 K on anisotropic faces
for another set of three samples shows the same teﬁperature de-

© pendence,

Also, the same quantity, Rl/Rl(90 K), averaged for
the isqtropic faces of two samples is plotted on a log-log graph
(Fig.IV.13) from 90 K to 4.2 K. From 90 K down to 40 K the log-
log graph is linear with a slope of 1.34 and between 10 and 25 K,
it is linear with a slope of 2.58. Below 10 K, the resistivity
changes more  slowly and becomes constant below 6 K.

The linear temperature dependence of the resistivity for
the isotrbpic faces between 20 and 90 K (Fig. IV.12) &6 similar
to the one obtained theoretical%y for the four types of scatte-
ring acting on our cylindrical FS (Fig. IV.2). .The extrapola-
tion of the linear section of the graph crosées'the température
axis at 20 K. fhis is in good agreement with an intercept at

30 K for the theoretical resistivity, oiD and between' 10 and

¢“15 K for the other three types of scattering.
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Average resistivity on the isotropic faces of three samples
of Hgj.gAsFg normalized to the€ resistivity at 90 K. The
s0lid line represents a fit of this average with the regis-
tivity model. -
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Figure IV.13

‘Log-log plot of the average of the resistivity on the iso-
tropi¢ faces of two samples again@t temperature for Hg3-gAsF
The solid line is the experimental curve and the dashed line
is a fit of the data with the resistivity model.

6"
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Also, the temperature dependence of the resistivity
obtained from anisotropic faces beteen 40 and 90.K is in very
good agrgemeht’éﬁth the one discussed above. This confarms our
previous finding that the anisotropy is consthnt in that tem-
perature range.

The solid line in Fig. IV.12 and the dashed line in Fig.
IV.13 are fits of the resistivity to eq. (IV-15) with the coef-
ficients for ij, Q%T, p?? being equal. We impose this constraint
because the teﬁperature dependence of these three resistivities
is very similar over the temperature range in which we’ are try-
ing to obtain a fit. The fit obtained with the parameters

s

o= .55,R=y=¢= 0.14,po/p(T ,0065, T. = 90 K is very good

0) 0

between 20 and 90 K but shows some significant deviation belo@ 20 K.
ihis could beﬁdue to tﬁe values'of the one-dimensional -and three-
dimensional phonon Debyé temperatures used in calculating the four
tyées of resistivities. These values were estimated from the slope of
the phonon dispersion curves measured by Heilmann et al (1979). N

-

At temperatures below 10 K, our theoretical resistivity
becomes p;opo;tional to T2. However, i£ is not possible to veri-
fy this because, at these temperatures, the experimental resis-
tivity is dominated by a residual resistivity for all the samples
we studied. This is unusual because previous workers have repor-
ted no evidence of residﬁél resisti&ity down to liquid helium

témperatures and it suggests that our samples contain more crys-

talimperfections than the samples ﬁsed previously but it also

<
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demonstrates that there is no mechanism to short out the resi-
dual resistiviﬁy.in these coépounds aé had been suggested ear-
liér (Chakraborty et al, 197§).

In analyzing our graphs of resistivity‘against tempera-
ture, we stated that the resistivity was linear between 40 and
92;K when it was plotted on a linear scale but we also stated
that it has a slope of 1.34 when plotted on a log-log:scale over

the same temperature range. The apparent contradiction stems

from- the fact that the linear section of the resistivity on the

] " -
_linear scale does not extrapolate to the origin so that, -over

that range, the reéistivity cannot be expressed by p =-aT, which
/ . ..

v nd - . L
would result in aslope.of unity on a logTlog graph, but by

p==a(T~T0). ?hiﬁﬁemphasizés the danger in attributing a special
significance to the slope of the resiati§ity over a certain
temperature range on any scale without a modé; that accounts
for thg temperaﬁure dependenée of the—resistivity over as wide

a temperature range as possible. This is particularly true of

the ‘resistivity which shows a variety of temperature behaviours

-

- depending on the many possible conduction and scattering mecha-
o

nisms. N

In that resp&ct, our model of the resistivity constructed
from the measgred.Fermi surface and phonon dispersion curves is
the first attempt at fitting the resistivity ovér a large tem-
perature rangg (4-;90 K). It remains to be shown that in a sample
with lower residual resistivity, the lattice resistivity would

follow a T% dependence at temperatures below 4 K as predicted by

this model.
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3. Hysteresis in the resistivity

-

In their resistivity measurements, Cutforth et al
(1977) noted evidence for a phase transition at 220 K in

Hg3_68bF6 and Hg,_ 4 ASF,.
anomalies in Hg AsF_ at 220 K.
] 3-6 6 %

After investigating the low teémperature resistivity

Chang et al (1977) observed similar

of each sample, the resistance on isotropic and anisotropic
faces Qas measured while alternatively raising and lowering
the temperature in the range 150 to 250 K.

"Fig. IV.1l4 shows the resistance measured on an isotro-
pic face as it is cooled from 290 to 170 k and then warmed
from 150 to 260 K. Fig. IV.15 showspthe resistance measured
on ‘an anisotropic face of a’different sample as it is warmed
from 100" to 240 K and then cooled down to 120 K.

When the two_ samples are cooled, the resistances, which
are practicallg constant between 250 and 220 K, increase sud-
‘ deniy at 217:3 K} The resistaﬁces do not retrace this resis- \
tance step when the samples are warmed up but increase with
increasing temperature and level off above 235 K. The resis-
tances at the end of the temperature cycles, at 250 K on the
isotropic fgce and at 120 K on the anisotrdpic,face, are then
larger than at the beginning of the cycles. Variation in the
differences betweén,the resistances measured during warﬁing
and cooling could not be observed on subsequent cycles because

' more than one cycling resulted in large discontinuities in the

- | ~
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Resistance on an aniéotropic face of a sample of Hg3_5AsFé és the
sample is warmed from 100 to 240 K and then ¢ooled to.120 K.
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current through the sample.

The step in resistance at 217 XK in the cooling curves
for both the isotropic and anisotropic faces indicates a ‘tran-
sition in the crystal at 217 K as the temperature is lowered.
This change is not observed at 217 K during the warming cycle
indicating hysteresis, i.e. Jraifference between warming and
cooling. The exact nature of the crystal change is not gnder—
stood at the present. However, it is related to the extrusion
of mercury which is observed during cooling at 210%10 K by
differential thermal analysis Jbatars et al, 1979).

" The increase in resistance with increasing temperature
levels off at 235 K during warming. This is the temperature
at which the melting of the extruded mercury is observed during
warming in differential thermal analysis.

However, this does not imply that the res%stance in-
crease at 217'K upon cooling is caused by the freezing of
elemental mercury trapped in the sample because this would re-
sult in a decrease in resistange as the resistivity of mercury
decreases by a féctor of four when it goes from the liquid to
the solid phase.

The resistances at the end of a temperature cycle through

217 K_weré larger than at the beginning of the cycle indicating

that some irreversible changég take place in the samples during
the cycling. N -

Other anomalies in the spin-lattice relaxation time
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(Ehrenfreund et al, 1977), the magnetic'susceptibility (Wei
et al, 1977) and the thermopower (Scholz et al, 1977) have
also been observed near 217 K. Neutron scattering measurements
by Pouget et al (1978) in that temperature range did not show
any evideﬁce of a crystallographic transition but resulted in
two of their three samples bregking up after several cycles
in temperature.

The resistance data presented in Figs. IV.14 and IV.15
confirm that an unusual transition takes place at 217 K. It
is not a simple crystallographic transition because, iﬁ that
case, it would be observed upon warming and cooling of the
sample. Instead, it is propPsed tha% the jump in resistance
at 217 K is due to macroscopic defects distributed uniformly
through the sample so that the resistivity aY%ng all directions
increases. These Qefects are caused by the differential con-
traction of. the hexafluoride anmion lattice with respect to the
mercury chains. Thié contraction leads to the extrusion of
mércury observed in the DTA experiments of Datars et al. The
macroscopic defects are not annealed when the sample is warmed
up, -explaining the irreversible nature of the transition. More
than one cycling will cause large discontinﬁfties in the current
through the sample because a large number of defects will even—ﬁ

tually destroy the sample's integrity.
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CHAPTER V

SUPERCONDUCTIVITY

a. Introduction

Hg3_6AsF6 was first reported to be superconducting
by Chiang et al (1977). They noted that the resistivity along
the c-axis dropped bf ét least three orders of magnitude in
an interval of 0.2 K of 4 K while the resistivity in the ab
plane did not ;how any discontinuity. Theyxmeasured a criti-
cal field of 380G at 1.4 K for this transition. Magnetiza-
tion measurements at five fields between 0 and 100 Gauss were
presénted afterwards by Spal et al (1977), showing an aniso-
tropic Meissner effect in this ¢ompound. At fields of 9.015
Gauss, the'magnetization appeared at 4.10 K and was larger
for H parallel to'a than for H parallel to ¢. The magnetiza-
tation‘increased between 4.1 and 1.9 K but, even when the field
was pérallel to the a axis, reached only 20% of total flux
exclusion. Finally, in an extension of the previous measure-
ments dan to 0.3 K, Spal et al (1979) found that the. compound
shows complete flux exclusign below 0.43 K with a cri£ical field
of 20 Gauss. 1In that state, the compound does not show magne-—f
tization anisotropy. They also confirmed.that the magngtiéation
is anisotropic above 0.43 X and showed that this anisotropy

reaches a maximum of 15 at 3.5 K in a field of 0.015 G. The

98
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'

similarity in the critical'field and temperature of metallic
mercury and the critical field and temperatures qf this com—.
pound led Datars et al (1978) to suggest that the observed
effects were caused by films of mercury extruded oﬂtd~the ani-
sotropic surfaces of the éompound. Differential thermal
analysis showed that this extTrusion occured at<i95 K. Spal
et al (1979) studied an ac face of a crystal of this compound.
by X-ray fluorescence at six temperatures petween 120 and 300K.
They assigned an upper limit of 500 g to the thickness of any ,
mercury film on it. This corresponds to approximately one
hundred layers of mercury atoms and does n?t,preclude’the
existence of elémenta;§ mercury deposited in internal regions
of the sample. ' \

»In order to éstablish more'preciser the nature of the
magnetization transition, we have‘ﬁeasured the differentié
susceptibility of powders and.single crystals of Hg3_6AsF6'
" between 4.2 and 1.2 K in fields of 0 to 400'6. Alsov iesu¥;s
=)

of our measurements of the resistivity of single crystals in

the same temperature range will be discussed. -

b. Experimental techniques

Powders of Hg3;6AsF are -obtained by crushing polycrys-

6
talline samples. The powders are quite coarse and not very .
uniform because we want to limit the contact between our samples
and any water containing surface. The single crystals used

in this study are picked up for their well faceted faces and,

¢
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for dimensions that fithhe sample holder. Typical crystal
sample dimensions are 2-1x0.5 mm3. The samples a¥e inSerted
inside Kel-F cylindrical sample holders of 3 mm diameter.

The ac magnetic susceptibility is measured with the

' coil arrangement used to measure the dHvA effect. The a;sem—
bly is inserted between the poles of an electromagnet for the
powders and inside a superconducting magnet for single crystal
saﬁples. The electromagnet proyides a field transverse to the
axis of the detection«c®il while the field of the supgrconduc—
ting magnet is parallel to the coils' axis.

The single crystal samples are placed in the sample _
holder such that the c axis is along the axi$ of the coils and
these sample holders can be rotated with respect to an axis
perpendicular to the c axis. -

L v—__\\‘ The moduiaiion coiltis driven at 517 Hz and the induc-
tzbe pick-up voltage at the same frequency is recorded as the
magnetic field is increased from negative to positive fields

at a rate of 1 G/sec. The temperaduré is maintained constant

'by regulating the vapor pressure of the helium bath in which

the coils are immersed.

c. Results

Three different powder samples were investigated in the
course bf this sﬁudy. fig. V.1l shows curves of pick-up voltage
as-a function of magngtic field for one of these powders at

several temperatures. At 4.2XK, the trace does not show any
-
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feature apart from a slow variation of the total pick-up. At
3.8 K, there is a transitlion at 50 Gauss. Below this tempera-
ture, this transition moves to higher fields. There also épi
pears at 3.4 K a feature at a lower field. This featﬁre grows
rapidly in size with lowering temperature but exists over the

same magnetlic field range as the temperature is lowered. In

4

contrast, the high field transition does not change size and
occurs at higher fields as the temperature is lowered. It ap-
pears that there aré two independent features in thig data
since the low field feature is not present at 3.8 K where the
high field transition is present.

The difference between the signal atlzero field and the

signal at the shoulder occurring before the high field transi-

tion is a measure of the zero-field susceptibility, x(Q). When.

x(0) is plotted as a function of temperature (Fig. V-2), a
critical temperature of 3.58 K is extrapolated. Similar plots
for the other two ppwders gave critical temperatures of 3.2
and 3.38 K. |

If the field corresponding to the.completion of the
high field transitibn is plotted as a,fungtion of the square of
the temperature (Fig. V.3), a straight line is obtained as

predicted by the empirical relation
B /H_(0) = 1-(T/T_)*°
c e c *

The critical magnetic field and temperature extrapolated from

this graph are 404 Gauss and 4.123 K. These are very close to
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Figure V.2 )
Zero field susceptibility, x(0), as a function of tem-
perature for a powder of Hg -5ASF6' Splid line is a
linear fit to the data poings. The abéolute value cf

the voltage was recorded so that x(0) appears to be posi-
tive even though the superconducting state is diamagnetic

implying a negative x(0).



104

400

300

——— N"
e
IU
200
100
of-_ 1 , | l
o) 5 10 15
: T24%)
- Figure V.3

Critical field for the high field‘:transition in a powder of
Hg3-gAsFg as a function of the square of the temperature.
Solid line is a linear fit to the data points.
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the correspopding quantities for metallic mercury (Hc = 412
Gauss, Tc = 4.15} K). '

When the powder sample was warmed to room temperature
and cooled down again, the two features of the data were still
present but the high-field transztion became six times larger
while the low-field feature stayed approximately the same. The
critical temperature of the low-field effect increased with
thermal cycling. , For one powder sample, it changéd from 3.2 K
to 3.4 K to 3.7 K after successive temp;katyre cycles to roém
temperature: o

Seven "single crystals" were investigated in this work.
Of these seven crystals, only one showed sufficient anisotropy
in its susceptibility to be consistent with the magnetization
reported by Spal et al (1977). With the magnetic field paral-

/

lel to the c axis, a change in the susceptibility at low fielés
appeared at 4.08 K in this éample. This’change extended to
higher fields and became larger as the temperature was lowered.
Also,'there was no evidence of a transition that could be at-
tributed to mercury at higher fields. At 3.5 K, the sample was
rotated until the magnetic field was perpendicular to,the c
axis. In this configuration, the transition occured at a four
times lower field (Fig. V.4) and a small dip appeared at the
magnetic field whererthe slope of the voltage was éteeéest with

the field parallel to the c+-axis. Further cooling with the

field peréEndicular to the c-axis showed that the transition
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Figure V.4

Chart-recorder traces of pick-up voltage as a function of
field at 3.46 K in a single crystal of Hg3.gAsFg when the.
magnetic. field -is parallel to the ¢ axis and when it is
perpendicular to the c axis.
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moved to higher fields. The critical field reached 200 G at
1.25 K. When the sample was rotated at 1.25 K, the transi-
tion occured agaih at a minimum when the field was perpendicu-
lar to ¢ but the anisotropy in critical field decreased. Fig.
V.5 shows a plot of the critical field against the angle away
from the ¢ axis at 1.25 K.

Plots of the voltage at zero field and the field as
which the transition occured versus temperature with the mag-
netic field perpendicular. to the ¢ axis extrapolated to a cri-
tical temperature of 3.75 K (Fig, V.6).

‘After temperature cycling to liquid nitrogen tempera-
ture, this critical temperature increased to 3.97 K and a se-
parate feature, a dip in the signal, appeared between 4.15 K
and 4.10 K as shown in Fig. V.7. This feature occurs at high-
er fields as the temperature is lowered and appears to be due

to elemental mercury. A thi:dkexperiment with the same sample

*
e,

showed.ap increase of the critical temperature to 3.986 K.
The'anisotropy.of the critical field for the low field transi-
tion was found to be 5. at 3.85 K. |

For the other six single crystal éamples, the transi-
tion at low field appeared at ibwer temperatures or was not
detected éven at the lowest temperature. When it was present,
it did not show significant anisotropy when the sample was

rotated. RN
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Critical field as a functlon of angle away from
the ¢ axis at 1.25 K in Hgs3. 5A5F6. Solid line is
drawn-to guide the eye. '
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Figure V.6

Zero~field susceptibility and critical field of a single
crystal of Hgj;_gAsFg as a' function of temperature. Hand-
fitted solid lines are used to extrapolate the critical
temperature. ‘
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Chart-recorder traces of pick-up voltage as a -
function of field at six temperatures for a
single crystal of Hg3 GAsF
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Also the resistance of single crystals:of H§3—6ASF6
between 1.25 and 4.2 K was measured. It was shown in section'
IV,c, that the resistance measured by applying a éurrent on
.an ab face $f a sample and measuring the voltage écross two
point contacts directly opposite on the other ab face of thii
sample will increasé/by more than 1600 if the resistivity
along the ¢ axis goes down by three orders of magnitude while
the resisti&ity in the/éb face remains constanf as was reported
by Chiang et al (1977). Any such increase in this resistance
was not observed for the two samples we investigated down to
1.25 K.

The resistivity‘&f other samples ﬁas been measured

with other arrangements of the current and voltage probes

and a drop in the resistivity at 4,1 K has never been observed.

d) Discussion

The résults obtained with the powder samples show that
there are two inéependent processes that will cause the magne-
tization to change. The high field transition, yhich'was not
reported in magnetization experiments by previous workers,
is due to elemental mercury being present. Thié is shéwn by
the value of the critical temperature and the variation of the’
critical field with temperature for this transition. This

mercury is either extruded from the sample during the cool down

from room-temperature Because of the differential contraction

¥
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of the mercury chains and the anions or is a result of deeompo—
sition by reducing agents in the ®tmosphere surroinding the
sample. Visual wbservation Bf the samplé\after the experi-
ments had been completed confirmed the presence of some mer-
cury on the surface of the sampie.

Since the critical temperature  and magnetic field ob-
served in the resistivity by Chiang et al (1977) are also
close to ;he corresponding values for mercury, we ﬁttribute
the transitions that they observed/to the superconducting
transition of mercury. This transition’is different from
that observed at lower fields in the magnetizatidh and ac
sqsceptibil&ty. Thus, it is not correct to associate the
properties observed in resistivity and magnetizétion as was
done by Spal et al (1959)..

The ;ow field tran;ition has been identified previous-
ly as the onset of shpercopductiyity in this compound. The
plofs of the zero field susceptibility against temperature for
our samples are in gualitative agreement with the data of
Spal et al. x(0) increases monotonically with lowering tem-

‘ pgr;ture below the critical temperature} Tc. In a bulk super-~
conductor, the zero field susceptibility would be constant

and equal to 1/47 below Tc. The critical temperatures ob-
served range from 3.2]to.%;6 K on the first cool down of the
sample while Spal et al Eéégrted a(TC of 4.1 K. Also,'the
critic§l temperatures increase with' each thermal cycling of

the powders.

¥

6 -
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The results of our experiments with a single crystal
confirm that the critical temperature of the low field transi-
tion increases with thermal cycling. Also, the critical field
for this transition is five times smaller for H perpendicular
to ¢ than for B parallel to ¢ at 3.85 K. Below this tempera-
ture, the anisotropy deéreases and at the lowest temperature,
1.25 K, the critical field is 350 G when the field is parallel
to ¢ and 200 G when the field is perpendicular to 2. ;

Fig. V.8 shows a trace of the ac susceptibility as a

function of fields for Hg3_6AsF at 1.25 K with the field perpen-

6
dicular to & together with similar graphs for spheres of Sn at
3.17 K (type I superconductor) and Ta at 2.93 K (type II) ta-
ken from Hein and Falge (1961). Up to half of the critical field
the ac susceptibility of the Sn and Ta samples is independent

of field while it decreases by 20% for the mercury compound.)

At 2/3 Hc, the ac susceptibility of the Sn sample decreases
rapidly and eventually changes sign while the susceptibility

of the Ta sample begins to decrease and that of the mercury com-
pound continues to decrease. A change of sign of the suscepti-
bility at high fields was observed whgn elemental mercury was
present with our compound. These changes occur in the Sn and

Ta samples at 2/3 HC because the demagnetization factor of a
sphere is 1/3 and the internal field has exceeded the critical
field at certain points on the 'sphere. When this happens, the
total ﬁégnetization in both spheres begins to decrease. The

-

. kY
ac susceptibility of the Ta sphere does not change sign because



Figure V.8

ac susceptibility as a function of field in single crys-
tals of Hg3_gAsFg at 1.25 K, Sn at 3.17 K and Taat 2.93 K.
Traces obtained when the field is increased and decreased
are designated by arrows.
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at fields exeeeding 2/3 HC, the magnetization does not remain
'on the magnetization curwe. When Qhe field 1s modulated,
the magnetization follows a loop with an averége slope that
1s anot very different from the magnetizgtion slope when the
whole sample was superconducting. Thé;efore, the ac suscep-
tibility of the Ta sample does not becomgzhegative bu£ decrea-
ses steadily, rgaching zero at the critical field as a result
of this property of the intermediate state in type II super-
conductoxs.

Because Hg3_6AsF starts to show the same type of be-

6
haviour at lower fields, it suggests that the mercury compound
enters the intermediate state at a very low value of magnetic
field -

Two explanations are suggested for the observed ano-
malies in the superconducting behaviour of the linear mercury
chain compound. ~Hg3_%A§f;'could_be an anisotropic type II
superconductor similar to the transition metal dichalcogenides
(Morris et al, 1972) and the graphite intercalates (Haﬂnay et
al, 1965). 1In thesg twé_types of'ccmpounds having layered
structures, the critical field for superconductivity is larger
when the field is aligned with the layers than when it is per-
pendicular to the layers. ’For Hg3_6AsFé, the critical field is

larger when the field is perpendicular to the plane of the

- chains. HC ; the field at wﬁich g type II superconductor
1



116

A}

N
—

enters the.intermediate state, would theq be smaller.,than
0.015‘G in this compound according to the magnetization mea-
surements of Spal et al. This would explain why our ac suscep-
tibility is not constant for fields sﬁaller than 10 G. The
critical'field measured in this experiment would be HC2 the,
field at which no parts of the sample are in the supercon-
éuctlng state.

The other suggestion is that regions of elemental mer-
_cury on the surface and in the interior of the sample become
superconducting at a temperature close tg‘ghe transitibn tem-
perature of mercury. Superzb ducting pairs in these regions
are leaking to the normal metal&ic regions making a larger vo-
lume participate in the Meissner effect. If these regions are
thin planes of mercqzy atoms containing the c-axis, the mag-
netic field deéendence that has been observed can be understood
gualitatively because of thegmuch larger demagnetization fac-
tor when the fiela is perpendicular to a plane than when it
is parallel. The amount of mercury in these regions would de-
pend on the number and type of defects in our crystals which
would egplain why we do see this effect iﬁ only one of seven
samples and why thermal cycling. causes Tc to change. However,
this hypothesis is not coﬁpletely satisfactory because it was
not possible to force a sample to exhibit a superconducting
transition by £hermally cycling it if it did not show any tran-
sition initially.

A summary of what is kﬁown about the superconducting

’
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properties of the mercury linear chain compound, Hg3_6, is pre-
sented below.

First, there is a superconducting transition caused by
some metallié mercury. This transitfon is observed in our mea-
surements of the ac susceptibility in ali powders studied and
in all the crystals after a certain number of temperature cyc-
lings. Also, we.belieOé that Chiang et al recorded this tran-
sition in their measurements of resistivity.

Also, there is another transition in the magnetization
of these comgpunds. The critica& temperatures for this trén—
sition range from 3.2 to 4.1 K %ﬂd increase with temperature
cycling of the samples. Also,(Zhe critical field -for this
transition is larger when the magnetic field is along the c
axis than when the ‘field is perpendicular to the c axis.‘ The-
magnetization in thag state is lafger when the field is per-
pendicular to ¢ than when the field is parallel to c. Along
both directions,,6 the zero field susceptibility increases when
the temperature is lowered below Tc down to the lowest tempera-
ture. attainable. -

By dividing all the observed phenomena in this way, we

' see that the superconducting behaviour of Hg3_6AsF is not as

6
anomalous as previous workers had noted and could possibly be
explained as being a type II.superconductor or a normal conduc-

tor with regions of mercury embedded in it.

—~



CHAPTER VI

CONCLUSIONS

A model of the Fermi surface of the mercury chain
compounds was constructed using one-dimensional electron dis-
persion relation for the valence electron remaining on the
chains and taking account of the incommensurability of these
chains with reséect to the anion lattice. This Fermi surface
model consists of square based cylinders aligned with the c
axis. Formulas for the possible orbits on this Fermi sur-
"face in terms of the lattice parameter, a, and the incommen-
surability parameter, ¢, and .for the cyclotron masses corres-
ponding to these orbits were obtained.

»

The fundamental dHVA frequencies in Hg3__ésb‘F6 were -

measured on a polycrystalline sample.\\These measurements
indicated that the Fermi surface of nguasté consists of
cylinders aligned with the c axis. The minimum cross-sections
of these cylinders were accurately fitted using the Fermi sur-
face model., ™=

The cyclotron masses corresponding to fundamental
frequencigs in Hg3~6AsF

and Hg3_65bF were also observed from

6 6
the dHVA effect measurements and were compared to the predic-

tions of the Fermi surface model.

118
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The dHvVA frequencies in Hg3_éAsF6 were measured under
hydrostatic pressures between 0 and 5 kbar. The rates of
change of the fundamental frequencies with pressure were ex-
plained assuming a contraction of the hexafluoride anion lat-
tice while the mercury-mercury distance remained constant.
The lack of change in frequency with pressure during one day
was attributed to a slow return to the chains of the mercury
atoms that were gxtruded when pressure Qas applied.

These Fermi surface measurements show that the Fermi
surface model is valid for values of the incommensurability

parameter of 0.135 in Hg3_6SbF and 0.210 in Hg3_6AsF6, a

6
difference of 35%. This model also applies to incommensura-
bility parameters ranging from 0.21 to 0.23 in Hg3_6AsF6 under
pressure.

The cylindrical Fermi surface and scattering of elec-
trons by one—dimensional ﬁnd three-dimensional phonons were
" used to construct a modef of the temperature dependence of
the resistivity. This ﬁbdel agreeé with measurements of the
resistivity in the ab plane between 4.2 and 90 K, and with
measurements of the ratio of the resistivity along the c axis
to the resistivity in the ab plane between 4.2 and 250 K in
Hg3_dAsF6. Therefore, electron-phonon scattering can account
for the temperature dependent part of the resistivity in this

anisotropic conductor as it does in most isotropic metals.

Between 90 and 300 K, the experimenfal resistivity was
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different on warming and cooling curves indicating that an
unusual transition occurs at 217 K upon cooling. This transi-
tion was related to the differential thermal analysis results
of Datars et al (1979) indicating that it is coincident with
mercury extrusion from the sample. It is suggested that
macroscopic defects in the sample are created when this mer-
cury extrusion takes place causing the changes in resistivity.

The ac susceptibility of powders and crystals of
Hg3_6AsF6 was measured between 1.2 and 4.2 K in fields ran-
ging‘ﬁrom 0 to 400 G. The superconducting transition of metal-
lic mercury was observed indicating that some elemental mer-
cury was present with the sample. The zero-field suscepti-
bility and the critical field associated with a transition in
the merchry chain compound were also measured. This distinc-
tion between the two sources of magnetization changes suggests
that the resistivity drop along the ¢ axis observed by Chiang
et al (1977) at 4.1 K is due to elemental mercury. The
‘Meissner effect measurements of Spal et al (1977) and the measure-
ments presented in this wo;k_can then be explained‘if Hg3_6AsF6
is a type IT superconductér,an\if it contains regions of ele-
méntal mercury trapped in the sample.

In summary, two factors dominate the electronic pro-
perties of the mercury linear chain compounds: the loéalization
of the conduction electrons on the mercury chéins,and the in-
commensurability of the mercury and anion.lattices. It is this
unique combination‘of these factors which leqésuﬁg the inte-

> . .
resting behaviour of the compounds described in this thesis.

c
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