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Using Geld-cycling double resonance, we have measured the quadrupolar couplings at different neighbor-
ing sites around seven impurities in aluminum. For the Ag, Mg, and Zn alloys, the Geld gradients at the

nearest-neighbor sites are found to be greater than that at the next sites, while for the In, Ga, Ge, and Si
alloys, the Geld gradients are greatest at the second-neighbor site and have a surprisingly high value. A
study of the method is presented: In particular, we discuss the role of the cross-relaxation process between
the quadrupole reservoir of the spins on the same shell around the impurity and the dipolar reservoir of
the whole system.

I. INTRODUCTION

'N dilute alloys of aluminum the atoms surrounding
~ - the solute are not in a site of cubic symmetry. Con-
sequently they are subjected to a nonvanishing electric-
field gradient. Knowledge of the value of these 6eld
gradients in different shells around the impurity yields
valuable information about the behavior of the con-
duction electrons. By measuring the variation of in-
tensity of the NMR signal in high 6eld as a function of
the impurity concentration, in a large number of
copper and aluminum alloys, various authors' 4 have
measured the number of neighboring nuclei subjected to
field gradients greater than 6)& 10"cm '. By the method
of field cycling, Redfield' has obtained the value of
these field gradients at the first and second neighbors
in some copper alloys. YVe have continued these experi-
ments using certain dilute alloys of aluminum.

After briefly recalling the principle of the experiment,
we examine in Sec. II the irradiation process in zero
field. In Sec. III, we describe the sample preparation.
The results are presented in Sec. IV, and discussed in
Sec. V.

II. THEORY

The principles of the experiment have already been
described by Red6eld. The spins are polarized in 3000 G
at low temperature (1.4'K). The field is then cut off
adiabatically. The spin system is irradiated in zero field
with a rf field for a time r (300 rnsec) of the order of
Ti, the spin-lattice relaxation time (400 to 500 msec).
The magnetic field is then switched on again and the
fast passage signal recorded. This signal is proportional
to Pq=1/kTq, where Tq is the temperature of the
dipolar reservoir at the end of the zero-field period.

In a simpli6ed model, we can suppose that the alloy
contains three kinds of nucleus. Nuclei A, far from
impurities and defects, "see" 6eld gradients which are
smaller than the spin-spin interactions; it is the tem-
perature of the dipolar reservoir of this ensemble which
is measured. The nuclei 8, situated near an impurity,
can be separated into shells of equivalent sites sub-
jected to the same field gradient. Lastly, we define a
third species of nuclei, located near lattice defects
(mainly dislocations) which, because of the basic
structure of the defects, cannot be considered as dis-
tributed in shells of equal 6eld gradient. One might
think that when a photon is absorbed by a spin 8 in
zero field, the energy is transmitted immediately to
the ensemble of the spin system A by means of the'

strong spin-spin interaction. In fact, this is possible
only when the photon-absorbing spin is near other
spins subject to quadrupolar interactions sufficiently
similar to permit energy transfer by the Qip-Qop
mechanism'; if not, this cross-relaxation process can-
not take place. On the other hand, the Aip-Qop transi-
tions &-,'always conserve energy in zero field. Hence,
they permit a rapid spatial diHusion of energy, but it
is only the dipolar energy of the 8 spins that is involved.

Consider the e,~ spins in one shell 8, submitted to
an electric-field gradient V„=eq of axial symmetry,
and irradiated by a rf field (co, Hi). The Hamiltonian
of interest for the quadrupole resonance of the 8 spins

X~=X ~+X ~+X

where X,~ is the quadrupolar Hamiltonian restricted
to the transition {&m &(m+1)} at &v~ near co, and
Xq~ is the dipolar Hamiltonian of the 8 spins appro-
priately truncated.

Describing the 8 spins system by a density matrix

exp (—BC,sPP —3CPPP)
Pa=

Tr[exp( 3Cq~Pq~ KPPP) j— —
f Work supported in part by the Delegation Gendrale a la
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the evolution of the mean value of X~~ and X, is

6 A. Abragam and W. G. Proctor, Phys. Rev. 109, 1441 (1958);
P. Pershan, ibid. 117, 109 (1960).
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given by~'

where

it/Bt(Xp) = —AW»(h) Ce ((g»pp —app),
8/Bt(BC@ )=a&»W»(D)Cii(~»P»n APE—),

P = 1/k T, 5= co»—co, cv»= (2»»»+1)3e'qQ/4S (2S 1)—,
Ce —s»~[S(S+1)—m (»»i+ 1)]/k Trp&,

W»(A) =»ry'Hi»g»(t1);

g»(A) is the line shape of the quadrupole transition,
T, and T~ are the dipolar and quadrupolar tempera-
tures of the 8 spin system.

Slusher and Hahn have studied the diffusion of the
dipolar energy for a very dilute system; in our case, the
concentrations of the alloys are of the order of 10 ',
and we can suppose that the flip-flop transitions &2
give rise to a sufFiciently rapid diffusion of the energy
to define a single temperature Tq for the whole dipolar
system. This hypothesis is confirmed by the experiments.

Thus, the first equation becomes

8/Bt(XP) = 8/a@Cd) = —aW»(h)Cii(cu»P»~ —DPe),

where (Xe) is the dipolar energy of all the spins.
We also have

it/at(SCd)= Cnit/BtPg) 8/a—t(X» )= CqB/BtP», —

with

CD 2 ' tr{K )d, Cq=d ' tr{ (3C )')

A being proportional to the number of degrees of
freedom of the whole system.

As mentioned above, it is necessary also to take
account of cross relaxation between the quadrupolar
and the dipolar systems. It is not simple to describe

mathematically this cross relaxation, the experimental
evidence suggesting that the transfer process is probably
indirect, proceeding by way of spins around the
dislocations.

Using a simplified model, one may write

Lastly, even in the absence of impurities and of
lattice defects, there exists an absorption due to the
dipolar bath';

with
it/NPd = —Wn(co)Pd,

Wn (co) = »r'r Hi gn (co)co

A photon of frequency co will yield energy co, to the
quadrupolar and —6 to the dipolar bath. Since the
specific heat C@ of the quadrupolar system is so small,

pp will evolve quickly towards its equilibrium value
~»P;»=APg». Meanwhile, since CD is large and 5
small, p& will change only by a small amount. So, the
energy transferred to the dipolar reservoir will be very
small and the fast passage signal will be nearly the
same as without irradiation in zero field.

If we apply two rf fields such that JI&——H2 and
6&———62, i.e., symmetrically with respect to the center
of the quadrupolar resonance, "Eq. (1') gives

(8/Bt)Pg —[2(Ce/Cn) LVW——»(A) ]Pd—(pd pi)/T1D (2)—

gn(co) is the low-field line-shape function.
We are thus led to the equations

(rt/Bt) pd

WD (co)pd+ (1/CD)DW» (h)Ce ((a»pp Apd)—
+ (1!Cn)~»'~»'RDq(~) g»'(~) (P»' P~)—

(pd pL)/T1D
(1)

(~/~t)P. = (1/C—) .W.(~)C (.P.' ~P )
(1/C—q)N» ~»'RDq(~)g'(~)(p»' pd)—

—(p, pr, )/Ti—q

T~~ and T~g are the spin-lattice relaxation times of the
dipolar and quadrupolar reservoirs.

We consider several regions of applicability:

(A) The quadrupolar transition is at such a high
frequency that the cross relaxation is negligible.

We have also, in this case, Wn(&v) 0; and

(it/rtt)Pd (1/Cn——)6W» (6)Ce (»»»PP APd)—
(P. P~—)/Ti&—

1 (1')
(~/~t)P»'= (1/Cq)~»W—(~)Ce(~»P» ~Pe)

(p»' pi—)lTiq—

~/@(~ )»= ~» ~»'Rnq(~)g»'—(~)(p»' p.)—
= —

8/rent(K~),

where RDq(~) is the cross-relaxation transition proba-
bility of a spin for a process in which energy cv, is
transferred to the dipolar reservoir; g»'(6) is a cross-
relaxation function related to the quadrupolar line
shape.

In this case, it is evidently possible to saturate
completely the dipolar reservoir, with a time constant

T'= [2(C /C e)h'Wi)(h)] »'.

(8) Cross relaxation occurs, the quadrupolar lines
being at sufBciently low frequency.

Ke consider the case where the rf is centered on the
line (i.e. , 6=0) and assume that the spin-lattice re-

'0 A. G. Anderson, Phys. Rev. 115, 863 (1959).
M. Goldman and A. Landesman, Phys. Rev. 132, 610 (1963). ' J. Levin, M. Minier, D. Tunstall, and P. Averbuch, in Pro-
J. Levin, thesis, Grenoble, 1968 (unpublished). ceetjings of the Fourteenth Colloque Ampere, edited by R. Blinc

~ R. E. Slusher and E. L. Hahn, Phys. Rev. 166, 332 (1968). (North-Holland Publishing Co., Amsterdam, 1967), p. 114.
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laxation 1/T~q is negligible compared with the cross
relaxation.

A quasistationary value for pp results:

~e'Rnq(~)go'(0)
Q

CsW, (0)+e, Rnqg, '(0) 1+EHP

0
0
C.

C00
C
00

C
0
0

fC

g
C
0
O

Thus,

t9 E,H j—p„= —WD (co) — e,s(o,'RDqg, '(0) —pg
R Cn 1+EHP

This last equation is valid only on the assumption of
a fast cross relaxation permitting PPB to be attained
in a time short compared with the irradiation time in
zero field. It is to be noted that that part of the satura-
tion time constant arising from the cross relaxation
varies not as HP, but rather as E'HP/(1+EHP).

When the rf is not centered on the line, the equations
are not simple and the second term of Eq. (1) is no
longer negligible: in fact, since the value of pp' is
mainly determined by the cross relaxation, the heat
Row by dipolar energy diffusion does not cease as in
the case of paragraph (A). Consequently, the experi-
mentally observed line shape does not correspond in
a simple way to the quadrupolar line shape.

The only way to obtain the line-shape function g~(h)
is by means of Eq. (2), making the assumption that
the energy can diffuse sufficiently rapidly by the Qip-
H.op mechanism to establish a dipolar temperature for
the whole reservoir. This is possible only when the
cross relaxation is negligible.

III. SAMPLE PREPARATION

The 0.5 and 0.05 at.% alloys of A f-Mg were
supplied by the Pechiney Co. The powder, obtained by
filing, was sieved and passed through the gap of a
magnet to remove magnetic particles. Analysis by
electron microprobe at this point indicated a good
degree of homogeneity in the distribution of Mg in the
interior of the particles. To remove the defects pro-
duced by filing, we were forced to anneal the samples.
Many diGerent thermal treatments were tried in argon,
or in vacuum: 250 h at 200'C; 24 h and 2h at 500'C.
These annealings were followed either by gradual cool-
ing or by quenching in water. In every case the Mg
content was found to diminish, " and furthermore its
distribution became very inhomogeneous (Fig. 1). The
change of concentration does not, of course, interfere
with the measurement of the value of the field gradients

~ on the first tmo or three shells, but it made impossible
any study of concentration dependent effects.

"K.Forsvoll and D. Foss, Phil. Mag. 13, 329 (1966).

0 10 20 30 10 20 30

FIG. 1. Electron microprobe analysis of a powder of Al 0.5 at. 'P0

Mg: (a) before annealing; (b) after annealing for 2 h at 500'C.

IV. EXPERIMENTAL RESULTS

In the experiments kpq(0) =150 'K ', kpn(r) being
always )10 K ', and kP1, =0.7 'K '. In Eqs. (2) and
(3) it is therefore possible to put Pr, = 0, thus giving on
integration

Pq(r) =Pd,"(r) expL —2(Cs/Co)A'W, (h) jr, (4)

in the case where cross-relaxation is negligible, and

&&P-
+ &e'~a'Rnqga'(0) —r, (5)

Cg) 1+EHP'
when cross relaxation is the dominant process.

The Al-Zn samples were prepared by dilution of an
alloy containing 8 at.% Zn. Two kinds of annealing
were carried out on the powder (2 h at 500'C and 24 h
at 200'C), which gave analogous results.

For the other samples, aluminum of 99.999% purity
was melted with the desired metal for a period of 4 h
at 800'C. The temperature mas lowered to 500'C,
then the ingot was quenched in water. In the case of
3/-Ge and Al-Ga, our results were essentially the same
in powders annealed at 200 and 500'C. On the other
hand, silver and indium, being very insoluble in alu-
minum, precipitate out on quenching the ingot and
the resulting quadrupolar lines we observe are of low
intensity. The powder was then kept for 24 h at 550'C,
then quenched in water, thus considerably increasing
the concentration of dissolved impurity atoms.
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the field It can be shown" that in fact this signal is
independent of the starting temperature. Thus we have
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pq'"(r) is the final dipolar temperature in zero Geld

with no irradiation.
Even starting out with an infinite dipolar tempera-

ture 1/kPd(r), a signal is seen S„,due to the partial
recovery of the magnetization during the restitution of

2

FiG. 2. Single-frequency irradiation in pure aluminum. Varia-
tion of Wn(a&) =in[(S'"—S„,)/(S —S„,)j with search frequency
co/2m.

The results are shown in Fig. 2. Also plotted is the
theoretical absorption curve assuming a gaussian line
shape:

gn(v) ~ exp( —v'/2vp').

The center of the line is in reasonable agreement with
the theoretical form, taking so= 6.8 kHz, but at higher
frequencies the observed absorption is greater than
that calculated on this model.

In Fig. 3,we plot the variation of We= in[(S"' Sree)/
(S—S„,)] as a function of Hi, the amplitude of the
rf field. It can be seen that at all frequencies no agree-
ment exists between the foreseen Hi' dependence and
that which is observed, except at very low values of
Hr(=40 —50 mG). It was further noticed that in the
less pure samples not only was it necessary to use a
larger value of vo to fit the experimental curve, but
also at higher frequencies the absorption is still too
great. These observations would suggest that this con-
tinuous absorption background is due to the spins
situated near the defects in the sample; the dislocations
especially are trapped by the impurities, and their
number increases with impurity content of the sample.
Since the structure of these defects is not uniquely
defined, the field gradients produced at the neighboring
atoms form a continuous distribution, corresponding
to a continuous absorption background.

The value of F0=6.8 kHz, which agrees fairly well

with the experiments, leads to a value of the Van Vleck
second moment (~v') = 13.5 kHz', which is considerably
greater than the theoretical value of 9.29 kHz'. This
has already been observed by various workers, and

appears to be due to residual quadrupolar interactions.

0 2~ o

0 175 350

01 800 80 kHz

H& ™G}
525

~ ~O 't0 kHz

30 kHz

g t=t D 50 kHz

Results on Al-Mg

Four lines are observed, at 50, 100, 155, and 295

kHz, superimposed on the absorption background al-

ready observed in pure aluminum (Fig. 4). The back-

ground absorption, extremely large in the unannealed

samples, is markedly reduced by thermal treatment,
but remains more visible in the case of the more con-

centrated samples.
It is probable that many dislocations remain trapped

by the impurities. In an unannealed sample of 0.05 at.%
the cross relaxation permits our observation of the
lines at 50, 100, and 155 kHz with a single frequency
at zero field. After annealing it becomes necessary to
use the double frequency technique to observe the line

at 155 kHz. '4 The 295-kHz line behaves in the same

FIG. 3. Variation of WL) (co) = ink (S'"—Sree)/(S Sree)j rvith
the amplitude of the rf field at different frequencies in pure
aluminum.

» M. Minier, thesis, Grenoble, 1968 (unpublished).
"M. Minier, Phys. Letters. 26Ap 548 (1968).
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I'IG. 4 Single-frequency irradiation in Al 0.4 at.% Mg.

way in a sample of 0.5 at.% Mg. This fact illustrates
the role of the dislocations in the energy-transfer
process: Either they greatly broaden the lines, giving
rise to overlapping of the wings and consequent easing
of the cross-relaxation process, or else, which seems to
us to be the more likely, the transfer proceeds with the
help of the spins near the dislocations. A spin in an
irradiated shell transfers its quadrupolar energy to
another spin which, close to a fault, is subjected to a
.similar field gradient. If, as the continuous absorption
background would seem to show, the Geld gradients
around a defect form a continuum the energy transfer
to the dipolar bath is facilitated.

We have attempted to verify the theory of Sec. II
on the resonance lines at 50, 100, and 155 kHz when
cross-relaxation time is sufficiently short.

One can plot the curves of lnL(S'"—S„,)/(S —S...)j
as a function of IIi at 50, 100, and 155 100, and 155
kHz.

This gives quantities which ought to have the
form

Since we do not know either Rno(a&) or g, '(0) for
the various lines, it is difficult to extract more informa-
tion, and in particular it is impossible to deduce the
value of e, for each shell.

Lastly, an examination of the 295-kHz line with the
double-frequency technique gives results similar to
those obtained on A/-Ag, Al-Ge, and A/-Si which are
discussed later.

Results on A/-Zn

Using single-frequency irradiation in zero field, we
observe the resonances at 27 and 55 kHz already seen
by Fernelius. " Because the cross-relaxation time is

~(A in arbitrary
units

~ ~

Wn (ar)+ (1/CD)ylang(oa2Rnoga (0)
X [EH '/(1+EHP) j, (6) 0,25 .

- —0—'~
where Wz&'(co) represents the absorption by spins other
than on the shell under consideration; Wn'(~)
estimated by interpolation using these same curves
far away from the resonances, that is to say at 75, 125,
and at 175 kHz. Thus, in Fig. 5 we plot the variation
of the second term of formula (6). The curves at 100
and 155 kHz agree excellently with a dependence of
the form KHP/(1+PEP), particularly if one recalls
that the model which we have used is extremely crude.
For the 50-kHz line, the accuracy is considerably lower,
since the value of W&'(ay) is very uncertain but its
behavior is similar.

/:

0

Ex p, values

Best Fit of

175

4 4 h 'l50kHr

0 0 0 100kHr

the from K H,

1+ KH~

350

H, tmG

525

FIG. 5. Study of the cross-relaxation term

A = (1/Cg))m co 'RDQ(Q))g, '(0) (EII&'/1+EIIp) in Al-Mg.

'5 N. I'ernelius, in Ref. 11, p. 497.
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FiG. 6 Single-frequency irradiation in Al 0.1 at.% Ag.

shorter on account of the greater number of defects in
our samples, we are also able to resolve a line at 158
kHz. Use of the double-frequency technique shows
another line at 275 kHz.

The results obtained from all the samples are sum-
marized in Table I. In A/-Ag the position of the line
near 40 kHz is uncertain (see Fig. 6). In A/ Si the-
resonance at 125 kHz is doubtful, and in A/-Ge there
are at least two lines between 25 and 50 kHz (Fig. 7).

In the case of A/-Ge, the line at 252 kHz is intense
and easy to study (Fig. 8). The intensity varies as
H&' up to values of 1 G', showing that our assumption
of rapid dipolar energy diffusion is justified in this case.
The variation of 1/T' with the frequency separation
2h between the two search fields, and the line shape

g, (h) which may be inferred by application of Eq. (2)
are plotted in Fig. 9. With our experimental error, it is
not possible to evaluate g, (D) for 0 (1 kHz, but we
can place the upper limit to the linewidth at half-height
at 4 G. This value is very much less than in pure
aluminum, but it is not too surprising considering that
the truncation of the dipolar Hamiltonian of the spins
in a shell near an impurity will be fairly drastic. We
have already obtained a comparable result for A/-Ag, "
but the accuracy of the measurement was considerably
lower.

V. ANALYSIS AND DISCUSSION OF RESULTS

The first problem is the assignment of the observed
lines to the diGerent shells around the impurity; for
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FIG. 7 Single-frequency irradiation in Al 0.2 at.% Ge.

"M. Minier and Cl. Berthier, in Proceedings of the PifteenIh Colloque Anzpere (to be published).
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FIG. 8. Double-frequency irradia-
tion in Al 0.2 at.% Ge.
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0.2
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search Fr eq( kHzj
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this purpose, we have the following considerations to
take into account:

(i). In Al, which has spin ~5, one should observe two
quadrupolar transition frequencies v (+-,', ~ 2) and
v(&$, ~-', ), where v(&-,', &2) ~& 2v(&-', , &2), the
equality sign relating to sites of axial symmetry.
Among the near neighbors which we are able to see,
only the sites on the second have uniaxial symmetry.

(ii). The number of nuclei on the diferent shells
centered on the impurity are 12, 6, 24, 12, , so we
might expect to identify the lines by their intensities.
Unfortunately, this is not conclusive evidence in our
experiments. In fact, if one observes the line with a
single frequency, using formula (6), one may, in favora-
ble cases where the lines are well resolved, compare the
values of n,ego, 'RDo(&u)g, '(0) for each line. But, since
we know neither Rno(a&) nor g, '(0), it is not possible
to go further.

(iii). The value of the field gradients should ol average
decrease with increasing distance from the impurity,

TABLE I. Pure quadrupolar resonance frequencies
in certain aluminum alloys.

but the oscillations permit inversions between neighbor-
ing shells.

(iv). Lastly, we have made a search for quadrupolar
lines up to 1.7 MHz. The experiments of Rowland' and
Brettel and Heeger4 show that the existence of lines
above 1.7 MHz is practically excluded.

Thus, in A/-Zn we may assign the transitions at
158 and 273 kHz to the first neighbors and the 27—55
kHz transitions to the second neighbors. These results

1[Arbi trary
units

1 /T
o ao g&tb)

Ag
Mg
Zil
Ga
In
Si
Ge

—2—1—1
0
0

+1
+1

Lines seen by singl. e-
frequency irradiation in

zero field (in kHz)

40' 50 67
50 100 155
27 55 158
25' 45
52 85
45 86 125 (?)
30 40 62

Lines seen by
double frequency

irradiation
(in kHz)

190 330
295
273
175 350
270
217 434
252 505

10
I

20 30

a Position uncertain. FIG. 9. Study of the line at 252 kHz in Al 0.2 at.% Ge.
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TABLE II. Experimental values of the electric field gradient at the erst two shells around the solute atoms.

Ag
Mg
Zn
Ga
In
Ge
Si

q(10» cm-')

215
185
180

&35
(65
&55
(75

Shell 1

0.34m 0.04
0.12&0.06
0.35+0.03

Shell 2
q(10» cm-3)

52"
63
35

220
340a
320
275

Charge
difference

Z

—2—1—1
0
0
1
1

Lattice
strain

para meterb
T/a da/dc

0
0.097—0.016
0.044
0
0.044—0.037

EfFective
charge

difference'
~efE

—2—1.6—0.90—0.26
0
0.74
1.22

a Asymmetry parameter using the M. H. Cohen tables, Ref. 19. b See Ref. 20. e See Ref. 21. d Assignment uncertain,

TABLE III. Values of Bp, BI, a, and p in the alloys
Al-Zn and Al-Mg (d,p in p,Q cm/at. /o).

Zn
Mg

jeff ~P ~P o, C

—0.90 0.23 —0.5 —0.30 0.42 0
—1.60 0.46 —2.45 —0.03 0.64 —2.45

"L.E. Drain, Proc. Phys. Soc. 1, 1690 (1968).
I' Q. Fernelius, in Proceedings of the Fifteenth Colloqle AmPere

(to be published).
» M. H. Cohen, Phys. Rev. 96, 12/8 (1954).
2o W. B.Pearson, A IIandbook of Lattice Spacings and Strictures

of 3/Ietals and Alloys (Pergamon Press, Inc. , New York, 1958).
"F.J. Blatt, Phys. Rev. 108, 285 (1957).

are in agreement with those of Drain. ' In A/-Mg the
lines at 50 and 100 kHz for the second, and 155 and
295 kHz for the first neighbors have been confirmed by
Fernelius. "

In A/-Ag we believe that the lines at 190 and 330
kHz can be due only to the two quadrupolar transitions
of the first neighbors; the assignment of the other lines
is less certain. "

In A/-Ga we can explain the lines at 350 and 175
kHz only by attributing them to the second neighbors,
the nearest site to the impurity with axial symmetry.
%e interpret in the same way the lines at 217 and 434
kHz in A/-Si and 252 and 504 kHz in A/-Ge, although
it is very surprising to find for all these samples the
second neighbors are subjected to a field gradient which
is greater than at the first neighbors and has such a
high value.

The assignment of the other resonance lines is very
difficult, and at the moment cannot be made on any
film basis.

In the case of A/-In we had difficulty in observing
the line at 270 kHz; in fact, on account of the very
poor solubility of this metal in aluminum there were
certainly less than 500 ppm In atoms dissolved. No
other line was observed between 135 and 540 kHz. In
all the alloys studied, when the transitions were visible

only by the double irradiation technique, it was always
noted that the 2

—
~ line was much more intense than

the ~
—

~ line. Thus, if the line at 270 kHz were a ~
—

~

transition, it is probable that we would see a line
about 135 kHz. If, on the other hand, it represents the

~
—

~ transition, it is very likely that we would not be
able to see the correspondings ~

—
& transition; if, more-

over, we remember the similar behavior of Mg and Zn
(charge difference with aluminum Z= —I) on the one
hand, and of Ge and Si (Z=+I) on the other, and
compare the results with gallium (Z=O), it seems
probable that this line is due to the second nearest
neighbors. The results are summarized in Table II.""

It would be desirable to compare these results with
the values calculated from the approach of Blandin
and FriedeP' or Kohn and Vosko"; since the method
is an asymptotic one, only very crude agreement is
expected for the first neighbors. For A/-Mg and A/-Zn
we have recalculated the various parameters already
evaluated by Blandin and Friedel (Table III), since
the currently accepted values of the residual resistivi-
ties'4" are different from those used by these authors.

We denote by Z,ff the effective charge difference
between. the matrix and the impurity, by Ap the
residual resistivity (in pQ/at. %), by 6O and 8& the
phase shifts of the s- and p- wave functions, and by g
the field gradient.

We have
4 cos(2E'rr+C)

C(r) =—~~
3x r3

where o. and C are related to 80 and 81, and p is a factor
depending on the band structure at the Fermi level in
the pure metal.

Using Rowland's measurements' of the wipe-out
number, we have to take p, =12. The field gradients
thus obtained at the sites neighboring a Zn or Mg
atom are shown in Table IV.

Comparison of the theoretical values of the electric-
field gradient with the experimental measurement in
Table II shows that it is impossible to reconcile the
two results. Even with a different value of the coeKcient
p, one cannot explain simultaneously the observed field
gradient on the first and second neighbors. A correction
taking into account the displacements of the atoms

"A. Blandin and J. Friedel, J. Phys. Rad. 21, 689 (1960)."W. Kohn and S. H. Vosko, Phys. Rev. 119, 912 (1960)."A. T.Robinson and J.E.Born, J.Metals Trans. 3, 457 (1951)."A.Nemoz (private communication).
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Shell

Zn
Mg

1 2

79 41
45 26

3 4

4.8 4.7
12 5

8.1 6.1 1.5
10 8.4 6.5

TABLE IV. Field gradients (in units of 10"cm ')
in Al-Zn and Al-Mg.

E ', or else by treating simultaneously the size and
charge eGects of the impurity as has been done by
Beal-Monod and Kohn. '~
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Microwave Spectroscopy of OH- Tons in the KC1 and NaC1 Lattices*
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Microwave resonant absorption has been observed in OH -doped KCl and NaCl crystals. Several lines
were observed from 8—40 GHz by using relatively standard microwave spectroscopic techniques. The
zero-field spectra obtained here indicate that the OH ion experiences a strong C4„potential in addition
to the expected octahedral crystal field. The C4, potential probably arises from a shift of the OH center
of mass from the lattice site.

I. INTRODUCTION
" ~LKCTRIC ordering and dielectric relaxation experi-
-- & ments" have indicated that the OH ion is

trapped sustitutionally in place of a Cl ion in the
KC1 lattice and that the diatomic ion is aligned along
one of the six (100) axes of the crystal. Apparently, the
diatomic ion is best characterized as a tunneling libra-
tor'4 instead of a hindered rotor. '' More recently,
paraelectric resonance of the OH—ion in KCl has been

t This work was supported by the Advanced Research Projects
Agency Grant No. SD-131 to the Materials Research Labor-
atory at the University of Illinois.

' U. Kuhn and F. Luty, Solid State Commun. 2, 281 (1964);
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paper notes that the hindered rotor model is appropriate to the
CX ion trapped substitutionally in place of the Cl ion in KCl.

observed at 35,7 24, and 9 GHz. The paraelectric
resonance technique is a hxed-frequency experiment
where a dc electric held is swept until a difference be-
tween tunneling states coincides with the fixed micro-
wave frequency. By choosing an appropriate model,
one can assign the paraelectric transition and then ex-
trapolate back to the zero external held. Several zero-
field models have been proposed' ' "which account for
the above paraelectric experiments and also the near-
and far-infrared experiments" ' and the thermal
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16, 500 (1966).' L. D. Shearer and T. L. Kstle, Compt Rend. 14, 644 (1966);
Solid State Commun. 4, 639 (1966).

9 W. K. Bron and R. W. Dreyfus, Phys. Rev. Letters 16, 165
(1966); Phys. Rev. 163, 304 (1967)~' M. E. Baur and W. R. Salzman, Phys. Rev. 151, 710 (1966)."W. N. Lawless, Phys. Kondensierten Materie 5, 100 (1966).

»C. K. Chau, M. V. Klein, and B. Wedding, Phys. Rev.
Letters 17, 521 (1966)."B.Wedding, thesis, University of Illinois, 1968, (unpublished);
B. Wedding and M. V. Klein, Phys. Rev. 177, 1274 (1969).

'4 M. V. Klein, B.Wedding, and M. A. Levine, Phys, Rev, 1/0,
902 (1969).


