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yields a factor of —2 ( —1 from Wick's theorem,
and 2 from both possible orientations). Thus
each fermion diagram yields the same contribu-
tion as the corresponding GLW diagram for n
= —2, provided me choose 6~=/ + &0. Since the
interaction trivially vanishes ln (2), the perturbed
partition function is equal to the unperturbed one,
for the GLW as well as for the fermion problem.

The proof extends to the tmo-point correlation
function, as mell as to the case of long-range or
nonlocal interactions. However, as expected,
the one-to-one coxrespondenee between the fer-
mion and GLW diagrams breaks down for the ver-
tex function: Indeed, fermion diagrams involve
a minus sign not only for closed loops, but also
for ea.ch crossing of open loops when there are
four external legs or more, in eontradistinetion
to GLW dia, grams.

We conclude with a fem remarks. In the gener-
al solution' for d = I and n arbitrary, the exitical
point r, =0, n= —2 appears as a triple point in the
plane ~„n. However, in the renormalization-
group approach' around d = 4, nothing special hap-
pens at n = —2 to the coupling constant u, (~) which
generates the sealing behavior in perturbation
theory. This suppoxts the idea that critical in-
dices a.s a function of n have no discontinuity be-

tween the physical region and the line n= —2.
This 11ne, on which exact results have been de-
rived here, is thus a good starting line for ex-
trapolation. From this point of viem, expansions
in powers of n+ 2 mouM prove as useful as those
existing in 4 —d and 1/n.

~Laboratoire associe au Centre National de la Re-
cherche Seientifique.
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A NMB technique, which consists of a superposition of (i) a Waugh-type xnultiple 90'
rf pulse sequence removing dipolar interactions, (ii) a pulsed Inagnetic-field-gradient
sequence, and (iii) a relatively slow Carr-Pureell train of 180 pulses is used to deter-
mine translational self-diffusion coefficients in liquid crystals where the classical NMR
technique fails because of too short a 'E&.

The most basic property of liquid erysta. ls is
that they flow mhile sustaining an orientationally
ordered structure. Very little, however, is
known on the nature of this process on a micro-
scopic basis. This is at least partly due to a, la,ck
of suitable techniques which mould allow a, fast
and accurate determination of the translational
self-diffusion coefficients in these systems. The
proton magnetic-resonance spin-echo method
mould be ideally suited for such a purpose if it
mould work. This method can be successfully ap-
plied for the determination of self-diffusion co-

efficients only if the extra damping of the trans-
verse nuclear magnetization due to the change in
the Larmor frequency as a. result of migration of
the molecules a,cross the inhomogeneous applied
magnetic field is la,rger than the inherent damp-
ing due to spin-spin interactions (T,). In liquid
crystalline systems the dipolar broadening is not
completely avera. ged out by molecular motion a.s
in isotropic liquids, and therefore T, is so short
that the classical NMR method fails. '

Doa, ne and Parker~ have partially removed di-
polar interactions by working with an oriented

546



VOLUME 30, NUMBER 12 PHYSICAL REVIEW LETTERS 19 MARGH 1973

90'
X X X X —X -X —X —X X X

180'
-X —X X X X

FEG. 1. Schematic diagram of rf (y, x, 180') and field-gradient (G) pulse sequences used for the determination of
self-diffusion in liquid crystals. The y and x pulses are 90' pulses applied along the y and x directions in the rotat-
ing frame.

smectic liquid crystal at the magic angle (0= 55').
This method can be applied only in some special
cases, and it does not represent a general solu-
tion of the problem.

In the present Letter we propose the use of a
new technique which overcomes the above-men-
tioned difficulties and which a.llowed —as we be-
lieve —the first direct NMR determination of
translational self-diffusion coefficients in nemat-
ic liquid crystals. The technique we used rep-
resents a superposition of a Waugh-type3 multi-
ple 90' rf pulse sequence, averaging out dipolar
interactions, a pulsed linear magnetic-field-
gradient sequence, and a relatively slow Carr-
Purcell train of 180' rf pulses.

The detailed pulse sequence is shown in Fig. 1.
For experimental convenience we used the sim-
plest Waugh sequence, 4 which averages out dipo-
lar interactions. It consists of a train of equally
spaced 90' pulses which are shifted in phase with
respect to the first 90' pulse by &rr. The spacing

between the first 90' pulse, applied along the y
direction in the rotating frame, and the second
90' pulse, applied along the x direction, is -'t„
whereas the spacing between all other x pulses
is to. Since four 90' pulses represent an identity
transformation, [exp(- —.i7.I„)J'= l, the cycle time
t, is t, =4to. To prevent an accumulation of
phase errors and to make the experimental setup
less critical, the phases of each second pulse
cycle are reversed so that the Waugh sequence
we used is y, x, x, x, x, -x, —x, —x, —x, etc.

It has been shown by Haeberten and Waugh'
that if the cycle time t, becomes small as com-
pared with 7.'„ the spin system behaves over long
times At,—where N is the number of cycles—as
if under the influence of an effective time-inde-
pendent average Hamiltonian K which can be ex-
pressed in terms of a rapidly converging series:

X=j Xt",
L=O

where

Xt"=g;A, ,

X t'&=-,'P [A„A,.J, (2b)

(A; -A, ), [A;,A, ] +2 P A;, [A;,A„] + [A;,A;J, A„
i& j i& j&k

(2c)

In deriving the above expressions it was as-
sumed that the Hamiltonian X(t), as transformed
by the rf pulses, is constant during the X inter-
vals (t;, t; „)of the cycle t, . The results (2a)-
(2c) can be most simply obtained from the theo-
rem of Liapunov in the theory of systems of
linear differential equations with periodic coeffi-
cients.

The first y pulse transforms the spin Hamil-
tonian into the rotating frame, and the Waugh
cycle of x pulses partially averages out the dipole-

dipole interaction Hamiltonian K~. Though XD
'

as given by (2a) and (3) is nonzero, it commutes
with I„, [XDt ', I„J=0, so that in this order the
dipolar contribution to the second moment term
in the free induction decay vanishes. Since RD~

'

=0, it is only KD ' which gives a dipolar contri-
bution to the decay of the precessing nuclear mag-
netization. The decay time is thus significantly
lengthened. The above Waugh sequence, however,
also averages out the static field-gradient term
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FIG. 2. "Waugh" signal envelope without (A) and with

(8) applied field-gradient pulses. Echoes appear (C)
when a slow Carr-Purcell train of 1.80' pulses is super-
imposed on the Waugh sequence in the presence of gra-
dient pulses.

in the Hamiltonian. During the five intervals of
th«ycle, 0 & t & 2tp ztp & t & ptp ptp & t & ptp
& t &,t„,t, & t & 4t„ the values of the field-gradi-
ent term are 4I„4I„, -4I., -AI„, AI„respec-
tively, and the average over the cycle vanishes.
If, however, the field gradient is applied in puls-
es so that 4 =~ —co, is different from zero only
in the second and fourth intervals and its sign in
the fourth interval is just opposite to the one in
the second interval, the effect of the field gradi-
ent does not average out.

The shortening of the decay time due to the
presence of the pulsed field-gradient sequence is
illustrated in Fig. 2. Here, the broken lines
show the Waugh echo envelope without an applied
field gradient; the dotted line shows the same
envelope in the presence of the field gradient

e, =-
O, L]+O,ZeV

3.06 3,08

pulses. The loss of magnetization caused by the
field gradient is, however, not irreversible.
The magnetization can be recovered in the form
of echoes which appear at times (2n)w if a slow
Carr-Purcell train of 180' pulses is applied at
times nv, where ~ is an integral multiple of the
cycle time t, =Ntp.

The echo maxima are given by

1

3,02 3.04
t[I3

['K ']
T

FIG. 3. Temperature dependence of the self-diffusion
coefficient D~~ in the smectic-A phase of 4-n-butozy-
benziliden-4'~-octylaniline. The inset shows the box-
car trace of the first echo the dependence of which on
the width of the gradient pulses was used to determine
ail ~

m(2n7') =m(0) exp[- 2nT/T2" -~~2y 26 G ~ D G(2nr)],

where b is the total time the field gradient G
= gradH, is on during the interval (2nv) and D
is the self-diffusion-constant tensor. The effec-
tive decay time T,' is limited by the second-or-
der dipolar contribution [Kn~@], the mixed field-
gradient-dipolar terms which, as well, occur in
second order, and the spin-lattice relaxation
time in the rotating frame, T1 . By measuring
the ratio between the spin-echo amplitudes with
and without a field gradient, m(G W 0)/m(G = 0), as
a function of the width of the field-gradient pulses,
the various components of D can be obtained.

As an example we measured partially deuter-
ated MBBA (paramethoxybenzilidenebutylaniline)
which is nematic at room temperature and where
T2 is of the order of 100 psec. The value of tp we
used is 25 @sec. The amplitude of the field-gra-
dient pulses was about 50 G/cm and the gradient
pulse width was varied between 5 and 14 @sec.
Echoes could be still seen 60-100 msec after the
first y pulse, demonstrating that T," is of the or-
der of T~ and hence much longer than T2. From1p

(4)

the dependence of the echo amplitudes on the
widths of the gradient pulses, the component of
the self-diffusion tensor parallel to the magnetic
field, D~~, is obtained at 21'C: D~~=(2*1)x10 ~

cm'/sec. It is interesting that this value is sig-
nificantly larger than the self-diffusion coeffi-
cient in the isotropic phase at 40'C.

The values of D
~~

were as well found to be sur-
prisingly large in the rather viscous smectic-A.
phase of 4-n-butoxy-benz iliden-4'-n-octylaniline
(Fig. 2). The value of D~~=0. 5x10 ' cm2/sec at
58'C is only 4 times smaller than that in the iso-
tropic liquid phase at 82'C, where D = 2x10 '
cm'/sec.

The diffusion coefficient D~~ was also measuxed
within 1' below the nematic-solid transition point
in MBBA, where the signal is not nematic any-
more but not yet characteristic of a rigid solid.
The value of the diffusion coefficient here is D

~~

= (2 + 0.5) x 10 ' cm'/sec.
Using the same technique but a different set
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of gradient coils we measured D~, i.e., the com-
ponent of the diffusion tensor perpendicular to
the static magnetic field. The results for nemat-
ic MBBA show that D~~ &D~, but the error in-
volved —which is mainly due to the calibration
of the gradient —was relatively large. To avoid
this we are constructing a new gradient-coil ar-
rangement where the direction of the gradient
ean be changed by a simple rotation of the coils,
keeping all other factors constant.

In conclusion we would like to point out that the
above technique can be used not only for self-dif-
fusion measurements in liquid crystals but also
in many other systems where the classical NMR
method fails because of a T2 too short. The suc-
cess of the method depends on whether the cycle
time t,—which is limited by the widths of the
pulses and the recovery time of the sensing sys-
tem "an be made smaller tha, n T,.

The authors are indebted to Professor J. S.

Waugh for many stimulating discussions and to
Professor Doane for a loan of the samples and
his help in the initial stages of this work.
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Optical Transitions between Conduction Bands in Copper and Copper-Based Alloys*
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An anomalous shift of the onset of interconduction-band optical absorption in copper-
aluminum alloys gives precise values for the direct and indirect energy band gaps, set-
ting the upper-Q+ band profile in pure copper in the Fermi-surface-neck region of 4
space. En addition, it establishes the range of validity of a direct-transitions model. A

consistent pattern of behavior is suggested among copper-based alloys with polyvalent
solute s ~

A recent study of the optical properties of Cu-
Al alloys' with Al concentrations greater than 2
at. % indicated that the threshold for interconduc-
tion-band (ICB) absorption had shifted from the
direct to the indirect neck gap (see Fig. l) by -2
at. % Al. This suggested that the onset of indirect
transitions (induced by impurity scattering) or
the static smearing of states (due to disorder)
could be studied in this alloy.

In this paper, we present new optical results
for Cu-Al in the concentration range 0 to 2 at. %
Al, which suggest that the ICB threshold remains
governed by the direct neck gap up to 1.3 at. % Al
and shifts to the indirect neck gap between 1.3
and 2 at. % Al. Extrapolations of the low- and
high-concentration data thus provide the direct
and indirect neck gaps as a function of concen-
tration, supporting and possibly improving upon

the recent photoemission revisions' of these gaps
for the Cu case. Also, analysis of residual-re-
sistivity data and available optical data for Cu-
based alloys with different polyvalent solutes
suggests that a shift of the ICB threshold is a
previously overlooked general feature occurring
in widely different ranges of concentration, but
in the same range of conductivity mean free path
(A). Although a scaling of optical effects with A

is not necessarily an obvious expectation (as dis-
cussed below), it appears that if such a scaling
law is postulated, it becomes possible to under-
stand in a unified way the optical properties of
the alloy series Cu-Zn, -Ga, -Ge, -As, in ad-
dition to Cu-Al.

Figure 2 shows new e, (oo) curves for n-phase
Cu-Al single crystals together with a high-reso-
lution Cu e, (oo). The latter curve shows more
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