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Measurements of the de Haas —van Alphen fre uencies i

show that the Fermi surface of t" '
s o c

to

*

u ace o these compounds consists of c
3—5 6

o the c direction. A detailed m d 1 f
s o cyhnders with axes parallel

'
e mo e o the Fermi surface of

compounds is constructed f
ace of these mercury hnea h

'

e or conduction electrons in the mer
I-c pin

sectional areas of the Fermi-surface c
in e mercury chains. The cross-

moodel. Cyclotron masses measured for
ermi-su ace cylinders are accounted foor by the Fermi-surface

with those predicted by the model. Th
easure or soxne of the orbits are in satisfactory agreement

predicted cross-sectional areas for both compounds shows that th
o e. e excellent a reement

compounds shows that the model is valid for a
ommensura ility parameter 5.

I. INTRODUCTION

Hg3 WsF an6 and Hg3 ~SbF6 are compounds that
contain one-dimensional h

' f ry atomsc ains o mercu
ua y perpendicular directions. ' Th

'

electrical ' and o tical ' r
' '

cp 'ca ' properties are anisotro ic
and metallic suggesting that the cona a t c conduction clcc-

s are ocalized in t"s l
'

the channels containing the
mercury chains. Reports of th d

p en effect (dHvA) in Hg3 sAsF6 (Ref. 6 and

Hg3 sSbFq (Ref. 7) show that they are two-
rom coupled one-imensional conductors f

lmcnsional chains.ains. The present paper is a full ac-
count of these experiments. S

compounds. The results of the dHvA ex crimcorn . s o e vA experiment
ec. . ur Fermi-surface model is

presented in Sec. IV. A ccomparison of the data
an t e model is given in Sec. V.

pendicular sets of mercu
K.

ercury chains order below 120

t room temperature, the hexafluoride anions in

g3 gASF6 and Hg3 sSbF6 form a body-centered
tetragonal lattice with a ba asis o two anions as
s owninFi . 1h g. . An anion at the origin of the
axes together with one at (0, a/2, c/4) form the
basis of the structure.

II. CRYSTAL STRUCTURE

The crystal structure of the mercu li

mine at room temperature b Bro
u o using x-ray diffraction. They found that

bot compounds contain ch
' fc ains o mercury atoms

in c annels of a tetragonal lattice of o t h doc a e ral an-
or g3 ~AsF6 Pougct et al. confirmed

these results at ros at room temperature and extended
these Ineasurements down to 10 Kn o using neutron
scattering. They found that ha t e two mutually per-

FIG. 1. Perspective view of thee hexafluoride lattice
e unit cell represented b 1 dg3 s 6 with the

ines relative to primitive vectors a
ysoi

a), ass an a3.
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There are channels along the x and y axes of this
structure intersecting the boundaries of the tetrago-

3
nal unit cell in the yz and xz planes at (0,0,—,),

1 7 1 1 5
(0,—,, —,), and at ( —,,0, —,), (0,0,—,), respectively.

These channels do not intersect bemuse the chan-
nels along the x and y directions are a distance c/4
apart along the z direction. The mercury atoms
are located in these channels and are arranged as
shown in Fig. 2. Table I contains crystal structure
Parameters for Hg3 sAsF6 and Hg3 sSbFs.

The mercury-mercury distance along a channel
direction d is not commensurate with the tetrago-
nal lattice parameter a. The fact that less than
three mercury atoms fit into the distance a is
described by the incommensurability parameter 6
such that (3—5)d =a. This gives the compound
formulas Hg3 sAsF& and Hg3 sSbF6. Also, sheets
of diffuse x-ray scattering are observed establishing
that there is no ordering of the position of Hg
atoms in adjacent paralld chains at room tempera-
ture.

At 120 K, the mercury atoms in parallel chains
are observed to order in Hg3 ~AsF6. Below 120
K if a mercury atom is at the origin 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 mercury atom with a coordinate along the x-axis
of +5d. In the chains that are one lattice parame-
ter c from the two above, mercury atoms are at the
same positions along the x axis while the atoms in
the chains at c/2 are in body-center positions. 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 3t and y
axes, the two structures have common reciprocal
points of the form

I

I

I

';4tjgd '

3.P9 It)I

a

FIG. 2. Arrangement af the Hg chains in

Hgi sAsF6.

(h, k, l)=n(3 —5,3—5,0) .

This means that there is some interaction between
perpendicular chains. This is not unexpected since
the distance of closest approach between perpendic-

0
ular chains (3.085 A at room temperature) is not
very different from the mercury-mercury distance
in metallic mercury (3.005 A). Also, Pouget et al.
report that the (6—25, 6—25,0) peak is detected
while the (3—5,3 —5,0) is not. They conclude
from this that the phase of the two sets of chains
is arranged such that the (110) planes containing
the mercury atoms on the chains going in the x
direction are exactly halfway between (110) planes
containing the mercury atoms from the chains
along the y axis.

III. dc HAAS —van ALPHEN EFFECT

The dHvA effect was observed at 1.1 K in a
magnetic field range 3—5.5 T. Single-crystal sam-
ples with approximate dimensions 2&(2&(1 mm
contained in a sealed sample holder were mounted
in a sensitive modulation-pickup-coil assembly.
The holder, sealed when it was in a dry box, pro-
tected the sample from moisture which decomposes
linear-chain mercury compounds very quickly.
Samples could be turned about an axis perpendicu-
lar to the magnetic field direction to measure
dHvA frequencies at fixed magnetic field direc-
tions in a (hk0) crystallographic plane.

The frequency of modulation was 517 Hz and
the signal from the pick-up coil at the second har-
monic of this frequency was detected. The field
from a 5.5 T superconducting magnet was changed
linearly in reciprocal field so that the dHvA oscil-
lations were equally spaced in time. Fourier
analysis of the signal amplitude recorded as a func-
tion of magnetic field on magnetic tape gave values
of the dHvA frequencies.

The dHvA frequencies of Hg3 ~AsF6 are shown
in Fig. 3 as a function of the angle 8 between the c
axis and the magnetic field direction. The results
consist of low-frequency branches a, p, and y and
high-frequency branches 5, e, and p. Branches a
and y disappear about 8=71' and P disappears at
8=60'. The amplitudes of the P and y frequencies
are strong at all magnetic field directions while the
amplitude of the a frequency is weak in all mag-
netic field directions, especially near the c axis.
The 5 and e frequency branches disappear about
8=60' and the amplitude of 5 is dominant in this
frequency range. Branch p disappears about 20'
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TABLE I. Crystal-stru cture param t
~ at tern f 29

ury-mercu
and 10 K.

g c annels d

2111

Hg3 sAsF6
295 K 10 K

Hg3 5SbF6
295 K

a (A)
c (A)
d (A)

Ref. 1

7.538(4)
12.339(5)
2.64(1)

Ref, 9
7.531

12.395
2.670(5)

Ref. 9
7.443

12.248
2.670(5)

Ref. 8
7.699(31)

12.610(4)
2.64(1)
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TABLE II. de Haas —van Al h
arreas and cyclotron massed for Hg~ sF6

—van p en frequencies, extremal cross-sectional Fermi-surface

Experiment Theory

Area (A
0.0046
0.0325
0.0395
0.0598
0.178
0.326
0.352

0.23+.02
0.27+.08

0.33+.01

Area (A 2)

0.0046
0.0285

0.0599
0.178
0.327
0.359

0.16
0.28
0.39
0.39

The Din le
ln thC

'
gle temperature was also cal 1 tedcu R us-

'
g e field dependence of the am 1't d f h

requency. The Dingle plot for the c direction in

Fig. as an oscillatory component h' h
'

pcflodic %'ith lnvcfsc magnetic flicld. This oscilla-

tory behavior arises from amplitud d 1

m conjunction with frequency mod 1 t
ue to magnetic interaction throu h mod 1-

e Bessel function arguments vrhich ap-
pear in using the field modulation techn eC mque. In

the am li
is - e feet, the low frequency mod 1

p itude of the high-frequency dHvA wave
mo u ates

orm causing the oscillatory behavior of
e o e ig frequency. The frequency of the

modulation is 57.7 T for a direction 20' from the c
0

axis and is on the a* frequency branch. The Din-

gle temperature determined from the 1

fit of the slo
c east-squafcs

i o e s ope of the Dingle plot was found to be

I.2+0.1E .

The dHvA effect was observed in four

p c sets 0 rc-g3 SSbF6 samples. For each sam le
ucncy fanchs were ccntcfcd Rt scv 1 dera lrectlons
or a 0 angular range of magnetic field. The

ta ltes in thell'
dif erent sets appeared to ari f d'ffsc fom 1 cfcnt cfys-

samplc and x-fay cxamlnatlon
shovfed thRt thc samples werc polycfystalline. Onc
sample contained one major crystal and a few

branc
smaller crystals. The set of

'
dH A f

ranches from this crystal are shown in Fig. 5.
hc dlfcctlon of Q1agnctlc field Rt thc bI'Rnch Imm-
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50—

20—

cross-sectional area of a cylinder varies as Ao sec
0, where Ao is the cross-sectional area perpendicu-
lar to the axis of the cylinder and 8 is the angle be-
tween the magnetic field direction and cylinder
axis. The dHvA frequencies in Figs. 3 and 5 fol-
low this sec0 dependence closely for values of &0
and corresponding frequencies I"

0 given in Tables
II and III, respectively, for the c direction.

IV. FERMI-SURFACE MODEL

z 7—
LLJ

(3
LLI 5K
LL

I I I I I I I I I I I

30 0 30 60
ANGL E (degrees)

FIG. 5. Semilog plot of the dHvA frequencies as a
function of magnetic field direction from the c axis in

Hg3 qSbF6, Solid lines represent cylindrical fits.

60

ma is taken to be parallel to the c axis. Values of
the six frequencies at this magnetic field direction
are listed in Table III. Frequency branches a, y, 5,
and e were observed for magnetic field directions

up to 40' away from the c axis. The oscillations
for the a* and p frequencies were much weaker
and existed over a small angular range about the c
axis. Cyclotron masses determined from the tem-

perature dependence of the amplitude of the
Fourier components of dHvA effect are shown for
the c direction in Table III.

The angular dependence of the dHvA frequen-
cies in both compounds suggests pieces of Fermi
surface which are cylinders along the c axis. The

The electrical and optical properties of
Hg3 ~AsF6 and Hg3 5SbF6 are anisotropic and
metallic which suggests that the conduction elec-
trons are localized in the channels containing the
mercury chains. There is ionic bonding between
the positively charged mercury chains and the hex-
afluoride anions and metallic bonding between
mercury atoms along a chain. The 6s valence elec-
trons of the Hg atoms not required for the ionic
bond participate in electrical conduction.

Since the Hg-Hg distance is incommensurate
with the tetragonal lattice parameter of the hex-
afluoride anions, the whole crystal is the smallest
unit cell that can be constructed. This makes it
impossible to employ the techniques used to calcu-
late the energy band structure of the electrons in
other metals. This problem is eliminated by a
suggestion" that in a first approximation, the posi-
tions of the mercury ions along the chains can be
ignored so that the electrons move in a cylindrical-
ly symmetric uniform potential along the direction
of the chains. This potential obeys the same sym-
metry operations as the lattice of hexafluoride an-
ions.

We start by assuming that chains do not interact
which implies that the dispersion relation e=e(k)
depends only on the component of k along the
chain. The Fermi wave vector along the chain kz

TABLE III. de Haas —van Alphen frequencies, extremal cross-sectional Fermi-surface areas, and cyclotron mass ra-
tios for Hg3 QSbF6.

Orbit Freq (T)
Experiment
area (A ) m*/m, Area (A ')

Theory
m*/m,

345
770
975

1680
2580
2700

0.0330
0.0735
0.0931
0.160
0.246
0.258

0.15+.02

0.18+.03

0.32+.01

0.0330
0.0738
0.0942
0.161
0.247
0.259

0.12
0.19
0.19
0.27
0.34
0.34
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is determined by filling the lower-energy states
with all the available valence electrons. Each mer-

cury atom contributes two valence electrons, but
one electron for every (3—5) mercury atom is used
in bonding the mercury chain to the hexafluoride
anions. If the chain's length is L, then the number
of mercury atoms along a chain is L/d where d is
the mercury-mercury distance. The total number
of electrons is

tky tky

(2)
kx

where X, is the number of chains. The Brillouin
zone will be full in the plane perpendicular to the
chain because in that plane, the energy is indepen-
dent of k. There will not be any occupied states
outside the Brillouin zone in the plane perpendicu-
lar to the chain where our model consists of a
tight-binding band with one orbital on each chain
and negligible overlap between orbitals. There will

be 2N, filled states for each value of the wave vec-
tor along the chain. Equating the number of occu-
pied states to the total number of electrons avail-
able gives

2k@)& X 2X, =—2 — N, , (3)
L L 1

2m 3—

where L/2rr is the density of states for wave vec-

tors along the chain. Therefore,

ir(2. 5 —5)
kF ——

FIG. 6. Cross section of the Fermi surface of
Hg3 +sF6 and the body-centered-tetragonal Brillouin
zone in the (001) plane in the extended zone scheme.
Cross-hatched regions are occupied by electrons. The
electron orbit y and the hole orbit e are outlined.

the Brillouin zone of the body-centered tetragonal
lattice in the extended zone scheme. The Fermi
surface consists of two square cylinders: one elec-
tron cylinder centered at I and a hole cylinder
centered at X. (Of course, the square cross-sections
at I' and Z are the same since I is above Z in the
k, direction. ) The cross-sectional areas (A) are
given by

The Fermi surface for one set of chains consists
of two planes perpendicular to the direction of the
chains at +kF and —k~. Since 5 is less than 0.5,
the first two zones are full and the Fermi vector in
the third zone is (0.5 —5)m/a.

There are two sets of mutually perpendicular
chains in the lattice of the hexafluoride anions.
The Fermi surface for the two perpendicular sets
of chains in the third Brillouin zone consists of
four planes parallel to k, at

k„,ky
——+(0.5 —5)rr/a .

These planes intersect at four lines parallel to k, .
Interchain interaction of any magnitude removes
the degeneracies at the lines of interaction and in-

troduces small energy gaps.
It is sufficient to look at the k, =0 cross section

since there is no variation of the Fermi surface
along k, in this first approximation. Figure 6
shows this cross section of the Fermi surface and

—(1+25)

For Hg3 ~AsF6, 5=0.21 at a temperature of 10
K according to the parameters shown in Table I.
There is excellent agreement between the area of
the electron orbit and the measured cross section of
the y cylinder and between the area of the hole or-
bit and the cross section of the e cylinder as shown
in Table II.

The value of 5 for Hg3 ~SbF6 at low tempera-
tures is not known since the crystal structure
parameters have not been determined below room
temperature. The best agreement between calculat-
ed and measured frequencies in Table III is for
5=0.135. This appears to be a reasonable determi-
nation of 5 at 1.2 K since it would be 0.12 if the
mercury distance remained constant from room
temperature.
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Therefore, it is reasonable to consider that the
mercury chains are structureless in a first approxi-
mation. This is physically sound at room tempera-
ture where there is no ordering between chains.
However, below 120 K, the two sets of chains ord-
er and form two reciprocal lattices with common
reciprocal points at

G=n(3 —5,3—5,0) .
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As in the case of spin-density waves in chromi-
um, ' 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

q =G (AsF& lattice) —G(chains). The smallest
nonzero q is given by

q= (5, +5,0),
a

where the choice of signs corresponds to two possi-
ble domains in the crystal. The location of the en-

ergy gaps is found by displacing the Fermi surface

by q and superposing this translated surface on the
original, as shown in Fig. 7.

If the energy gap at lines of crossing is very
large, the set of orbits shown in Fig. 8 is obtained
and the orbits y and e are not possible. There are
four new orbits consisting of two electrons orbits,
a* and +, one hole orbit 5, and one open orbit. In

Hg& sAsFs orbit+ and open orbits in the (001)
plane are not observed. ' This implies that the en-

|:rgy gaps caused by the extra periodicity associated
with the mercury chains are small enough to per-
mit magnetic breakdown across them. Assuming

I s

I

I
oZ

I

I

Z
I j

I I

FIG. 8. Closed orbits a*, 5, and+ and an open or-
bit along the direction of the arrow obtained when the
gaps at the intersections of the original Fermi surface
(solid lines) and the translated Fermi surface (dashed
lines) are large.

that all first-order gaps are the same, we call the
corresponding breakdown probability q and deter-
mine all the possible orbits if this probability is of
the order of 0.5. Then, the a and p orbits shown
in Fig. 9 exist. The orbits predicted for
Hg3 ~SbF6 are shown in Fig. 10. The areas and
probabilities of occurrence of possible orbits are
given in Table IV.

The electron orbits o., a*, and y and the hole or-
bits 5, e, and p, are observed in Hg3 sAsFs (Table
II). Our assignment of the orbit corresponding to
frequency a is different from the assignment of
Razavi et a/. The orbit they chose (Fig. 9) is an
interferometric orbit' which cannot be observed
directly in dHvA experiments. The probabilities
associated with the orbits that are observed are of
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FIG. 7. Fermi surface of Hg3 sAsF6 in the (001)
plane translated by q (light) on to the original Fermi
surface (dark).

FIG. 9. Orbits a, a, 5, and p, for Hg3 sAsF6. The
contour of the dashed area represents the interferometric
orbit assigned previously to the frequency a.
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TABLE IV. Areas and probabilities of occurrence of possible orbits associated with our Fermi-surface model of the

mercury chain compounds. Ratios of the cross-sectional areas to the area corresponding to the 5 orbit are also shown.

Orbit
Hg3 +sF6

Probability Area
Area (5)

—(1+85+85')
a

—(1—45')
a

(1—q} q'

(1—q) q"

(1—q)'q'

(1—q)'

(1 q )2q12

(1—q) q'

(1—q)'q'

q )4q 10

(1—q)'q'

(1—q )2q

(1—q) q

(1—q)2q4

(1—q) q"

(1—q) q

q )2qa

(1—q) q

(1 q )4q6

(1—q)'q'

(1+45}

(1—45)

(1—85 )

(1+85+85 )

(1—125 )

(1+85+45')

(1—45 )

low order in (1 —q) confirming our suggestion that

q is large, Also, the probability of orbit p, which

was shown to disappear below 4.6 T contains the
largest power of q. The P orbit observed only in

Hg3 ~AsF6 is not explained readily and could be
caused by a complicated breakdown orbit.

Finally, we consider the cyclotron mass of orbits
in our model. The energy E is only a function of
the component of the wave vector along the chain

dh fu p bbl
given by

so that, for orbits y, e, 5, and a', we have

~y&~ay Pop WgqPl& QQ &

(

m'
[
= vakt(,2A

2k)(—
a

6a
a

4m 2m
2k(I—a Q Q

2

(12)

Assuming a strictly free electron dispersion rela-

tion Rlong the chain,
' 1/2

2Pl A

k2
II

where I is the free-electron mass.
There are two pairs of orbits with the same

mass:

Pl a =Iy Rnd Pl p
=w ~

~jth /=0. 210 and a=7.442 A. for Hg3 sAsps
and 6=0.135 and a=—7.843 A for Hg3 gSbF6, we

obtain the cyclotron masses in Tables II and III.
They are in reasonable agreement with the experi-

mental values.
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V. DISCUSSION
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~Zl
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FIG. 10. Orbits a, a, y, 5, p, and e for Hg3 ~SbF6.

The dHvA frequencies of similar orbits are quite
different in the two compounds. The smallest or-
bit has a frequency of 48 T in Hg3 ~AsF6 and 345
T in Hg3 ~SbF6. The largest frequency is 3680 in

Hg3 sAsF6 and 2700 T in Hg3 sSbF6. The differ-
ence in the incommensurability parameter 5 causes
the large differences in the areas of the orbits but
does not change the topology of the Fermi surface
except for some of the more complicated orbits.

Ratios of orbit areas to the area of the 5 orbit
are simple functions of the parameter 5. Predicted
frequency ratios for values of 5 between 0.10 and

0.23 are shown in Fig. 11. This change with 5 is

observed and is shown for the two compounds at
zero pressure and for Hg3 sAsFs at a pressure of 4
kbar. '5

In our model, the a and 5 frequencies result
from ordering within and between mercury chains
while the y and e frequencies depend only on the
host lattice. However, the degree of ordering
depends on the rate of cooling. The a and 5 os-
cillations should therefore be reduced relative to
the y and e oscillations for rapid cooling. De-
creased amplitude of the o, and 6 oscillations has
been observed in our experiments with different
cooling rates. The change in amplitude gives an
indication of the amount of ordering for different
cooling conditions.

In our model a two-dimensional Fermi surface
results from coupled one-dimensional energy

2,0

l.5

1.0 —=

Hgp $SbFe

Hg& ~AsF P=O

Hgs ~ AsF6 P= 4 kbar

0.5

o-
o.Io O. l5 0.20

FIG. 11. Theoretical ratios of the a, a, y, p, and e
frequencies to the 5 frequency as a function of the in-

commensurability parameter 5. Experimental data are
shown for Hg3 PbF6 and Hg3 sAsF6.

bands. This coupling should cause an undulation
of the cylinders with the periodicity of the lattice
along the c direction. This small deviation from a
straight cylinder gives a c axis electron velocity
component and electrical conductivity along the c
axis. It should also be evident in deviations from
the cylindrical fit of the dHvA data. Indeed, there
are small deviations from the cylindrical fits in
Figs. 3 and 5, but they are small and depend too
much on the cylindrical fit to provide information
about the Fermi-surface undulations.

The values of all the dHvA frequencies in our
model depend only on the tetragonal lattice param-
eter a and the mercury-mercury distance d. There-
fore, by applying hydrostatic pressure to these
compounds, the dHvA frequencies should change
significantly. %e have observed such changes for
Hg3 sASFQ between 0 and 5 kbar (Ref I5) and ac-
counted for these changes in terms of a 0.7%%uo con-
traction of the hexafluoride anion lattice while the
mercury-mercury distance remained constant.
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Other properties related to the Fermi surface,
especially transport properties, should be very easy
to calculate within the framework of this model.
because the Fermi-surface cylinders ideally have

perfectly flat faces normal to the x and y direction
so that the electron velocity vk fi '——V pe is along

x and y. Of course, at the corners of the square
cross section the electron velocity has to turn by
90' over an interval that depends on how much the
cross section differs from a perfect square.

Also, although we have assumed that the
Fermi-surface gaps created by the translation of
the F'ermi surface by q because of the ordering of
the mercury chains below 120 K are all equal, it is
likely that this is so and it would be of interest to
estimate the size of these gaps experimentally.

the c axis. The Fermi surface of these compounds
is formed by filling one-dimensional states along
the a and b directions of the tetragonal lattice and

having coupling between the one-dimensional
states. This forms a two-dimensional Fermi sur-
face. The low-temperature structure of the mercu-

ry chains, which is incommensurate with respect to
the tetragonal lattice, provides a perturbing poten-
tial. The Fermi surface is displaced by a vector
equal to the difference between wave vectors of the
two periodicities. Energy gaps exist at intersec-
tions of the displaced and nondisplaced Fermi sur-

face.
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