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An unusual linear dependence of the nuclear relaxation
rate upon the magnetic field is observed in the in-~
commensurate linear chain compound Hg, .AsF,. It is
shown that the unique two-dimensional’character of the
conduction electrons motion in this metal enhances

the relaxation rate in strong magnetic fields. The
incommensurate lattice structure gives rise to very
high cyclotron frequency in these fields and makes it
possible to observe the enhancement.

INTRODUCTION

Nuclear spin lattice relaxation studies have proved to be a
very useful tool for investigating the low frequency elec-
tronlsgin dynamics in low dimensional (1D or 2D) conduc-
tor. ’ The frequegiy dependence of the nuclear spin
relaxation rate (T, 7) ig characteristic of EEe dimeEsion—
ality; namely, in }D T. aw ?*and in 2D T, “afnw - where
Wy is the electron spin Larmor frequency. *he typgcal
frequency dependencies arise from the long time behavior of
diffusion processes in 1D and 2D. Thus, the above charac-
teristics are realized In conductors where the electron
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motion is governed by diffusion processes. The conditions
underwhich the electronic susceptibility x(q,w) behaves
diffusively are wr << qf << 1 where % and T are the mean
free path and the momentum relaxation time, respectively.
Indeed, for almost all of the low dimensional conductors
investigated so far, w,T << 1 and thus there is a finite
range of_imall q values for which x(q,me) is diffusive.
Since T is directly related to ImX(q,w ) and the low q
values are important especially in 1D and®also in 2D, the
dimensionality of the system is reflected through the
nuclear relaxation measurements. On the other hand, for
good metals for which w,T is not much smaller than 1, there
is no range of small q-values for which X(q,w ) behaves
diffusively. As a result, the diffusion procéss is not
effective and the nuclear relaxation probes the "coherent"
non-diffusive susceptibility. Here we deal with the case
of 2D metals for which w_T~1 and show that the planar
cyclotron motion of the conduction electrons in high mag-
netic fields givec rise to an enhancement of the suscepti-
bility (and Tl'l) which varies linearly with the magnetic
field.

The linear chain incommensurate mercury compound
Hgs_ AsF, is a unique low dimensional metal. Its structure
of "interpenetrating perpendicular sets of relatively weakly
coupled linear mercury chains results in an unusual two-
dimensional Fermi sgrface. *7 de Haas—vanAlphens’6 and
magnetoresistance7’ studies showed that in this metal
WeT > 1 in relatively small external field (w,  is the -1
cyclotron frequency). We show that the enhancement of T
observed in Hg, .AsF, can be accounted for by the mechan%sm
mentioned abové,  We further show that the incommensurate
structure of this material plays a crucial role in the
observation of this effect.

SPIN CORRELATION FUNCTION IN A MAGNETIC FIELD

The nuclear spin relaxation rate is given by the Fourier
transform of the local spin-spin correlation function
G(t) = < S(R,t)S(R,0) > as

T, = az? cos w T G(t)dt = a2 J(w ) (1)
1 o o o]

where a is the electron-nucleus interaction constant (in
frequency units) and w_ is the resonant frequency. In
metals, the correlation time for which G(t) has an appre-
ciable value is usually very short and is determined by
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h/E, where Ep is the Fermi energy (Fig. 1).
A

B=0

G(t)

>4
fi/Eg

FIGURE 1 Temporal behavior of G(t) in zero magnetic field
(schematic).

The resulting relaxation rate is given by the well known
Korringa relation and it is field independent.

In a planar pure metal in a perpendicular magnetic
field the electrons are localized on closed cyclotron
orbits. (There is no component of the velocity along the
field direction). Thus the local correlation function G(t)
defined above is periodic in time with period determined
by the cyclotron motion. Allowing for finite electronic
relaxation time T, the correlation function G(t) is

G(e) = £ 6 (t - 21 n/w) exp (-2mn/w_T) (2)
A
exp(-t/t)
o
- N
0 2 4 6

t (units of 27/w)

Figure 2 Temporal behavior of G(t) in strong magnetic
fields, W, T>> 1.
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where Go(t) is the correlation function in zero field.
G(t) is shown schematically in Fig. 2.

The Fourier transform of eq. (2) gives the spectral
function J(wo) for a 2D metal,

J(uy) = J_(w) Re {(L-exp(2m/w t + 12m0/w )"} (3)

where J (w) is the spectral function in the absence of the
field. "Eq. (3) shows that (a) when w_ T < 1 J(w) reduces to
the usual zero field J_(w), and (b) wﬁen w T > 1 the spin
spectral function J(w ? has a special fiela dependence
resulting from the orBital motion of the electrons. Also,
the phase factor exp (i2mw _/w ) plays a crucial role in the
behavior of J(w,;). In facg, gnly when the phase factor is
very close to unity the orbital effects could be observed.

Nuclear Spin Relaxation Behavior

Using eqs. (1) and (3) the expression for the nuclear
relaxation rate becomes

[
[}

1- exp (-X) cos Y (4)
) 1 +exp (-2X) -~ 2 exp (-X) cos Y

where v = 2t _/w_ X = 2ﬂ/wcT and (T —1)0 is the usual
metallic nuclear relaxation_iate._lFor small phase para-
meters Y << 1, the ratio T1 /(T1 ) increases first froT
1 at low fields to a maximim valiie of approximately (2y)~
at X * ¥, and then decreases at very strong fields. This
behavior is shown for y = 1/16 in Fig. 3.

It is seen that T -1 exhibits_a nearly linear increase with
the field for 1 < ch/ZW <y o,

In experiments where the external magnetic field 1s not
perpendicular to the metallic plane the trajectory of the
electrons is still planar and it 1s determined by the com-
ponent of the field perpendicular to the the plane. There-
fore, to obtain the ixpression for the angular dependent
relaxation rate, T, (9), w, in eq. (4) ig to be replaced
by w_cos 0 where é is the angle between B and the normal
to tfie plane. In a_sample composed of many randomly
oriented grains, T, (8) is to be averaged over all poss-
ible directions, thus
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| I I 1
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w ¢ (units of 27/T)

FIGURE 3 Normalized relaxation rate as a function of w ,
for v = 1/16 (see eq. (4)). Solid line - magnetic fiel
perpendicular to the plane. Broken line - powder.

-1 _ /2
Tl (powder) = g

T,71(8) sin 6 4 8 (5)

The broken line in Fig. 3 shows the variation of T -1
(powder) vs wc. The general behavior is.,similar to that of
eq. (4), althéugh the enhancement of T1 is less pronounced,

EFFECT OF OUT-OF-PLANE MOTION

We consider now a material composed of a large number of
parallel planes with small, but finite, interplane inter-
action. There are two main cases to discuss: incoherent
(or diffusive) vs coherent interplane motion. The effect
of diffusive interplane hops is to shorten the effective
electronic time 7. Thus in eq. (2) 1/T is to be replaced
by 1/t + 1/1_, where 1/T_1is the characteristic hopping
rate between adjacent plgnes. The effect of a coherent
interplane motion, on the other hand, is to change the
phase factor Y in eq. (3). Detailed calculation” of this
effect shows that in order to account for the change in
kinetic energy of the electrons, Y is to be changed to
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Y = 21r/wc(wo + \)///c)

where Vv / is an average velocity perpendicular to the planes
and ¢ ié the interplane separation.

Thus, in either the coherent or incoherent out-of-plane
motion its effect is to destroy the "orbital" enhancement
predicted for the nuclear relaxation rate, since the peri-
odic nature of the local correlation function G(t) is lost.

COMPARISON WITH EXPERIMENT

Mercury spin lattice relaxation rates were measured in a
powder sample of the 2D metallic Hg —GASF6’ as a function
of the magnetic field at 4.2K(Fig. 2).

] | |
o 750+ e
wn [
N [
- [
— 500} -
o
=3 o®
N 250+ -
| 1 1

O 5 10 15 20
B (kOe)

FIGURE 4 Mercury spin relaxation rate as a function of
the field in Hg3—6ASF6 powder at 4.2K.

It is seen that the rate increases linearly with the field
in the range 4 to 20 kOe.

The mechanism discussed above predicts such a behavior
under the following cgnditions: (a) v <<1
() 1 <wt/2r <y ~ and_(c) Vv,,/c <w_. In Hg, AsF,
the Ferml Surface consists® of stééight c§clinders wgth
square cross section in the k -~k plane. The incommensu-
rability of the mercury chain®laftice with the tetragonal
lattice of this compound imposes superlattice structure
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which results in ansagbitrary small cross sectional areas
in the k_-k_plane.”’ Cyclotron orbits in an external
field wifl,yhowever, be finite due to magnetic breakdown
effects. As a result, the corresponding cyclotron frequen-—
cies will be large but finite. de Haas-van Alphen effect
studies in the field range 25 to 55 kOe shgwed indeed a
large number - at least eight - of orbits. The estimated
cyclotron frequencies are in the range of 8 to 50 times the
free electrons cyclotron frequency (which is equal to w ).
In lower fields wc/w is expected to be even larger. Thus,
using for the hyperfine interaction w, ~-w, in eq. (4),

we have for the phase factor ¥ < 0.1 for the smallest orbit
observed at 25 kOe. The observation of a straight_cylinder
Fermi surface in the de-Haas-van Alphen experiment”, indi-
cates relatively small values for v,,. Furthermore, the
anisotropy of 100 observed in the cééductivity suggests
also a relatively small v,,. It seems therefore that the
conditions (a), (b), angl(c) above are fulfilled and the
observed behavior of T in Hg3_6AsF6 is the result of the

"orbital" enhancement %ffect-
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