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Following doping with "'In in 02 gas at 1273 K, samples of La2Cu04+~ were subjected to vacu-
um anneals of varying lengths to adjust the oxygen content. Susceptibility studies show that vacu-
um anneals of —13 h, starting at 1083 K and terminating at 873 K, consistently produce magnetic
ordering at Neel temperature ( T&)=317(3) K, the highest value yet published. Perturbed-angular-
correlation (PAC) studies of the same samples, using the 171—245-keV yy cascade of "'Cd popu-
lated via the decay of '"In, exhibit a combined magnetic-dipole —electric-quadrupole interaction.
Analysis of this yields a magnetic hyperfine field and an electric-field-gradient asymmetry that fol-
low the expected temperature dependence of the local magnetization and orthorhombic distortion,
respectively. The samples have uniquely static and homogeneous hyperfine interactions with un-

detectable PAC line broadening. We argue that this implies a "defect-free" probe environment
which we identify as stoichiometric with y -=0. Assuming that any residual defects are randomly
distributed on oxygen lattice sites, we find y 0.016.

I. INTRODUCTION

The phase diagram of La2Cu04+y plays a central role
in the still evolving theories of high-temperature super-
conductivity. Its genera1 structure, which involves ortho-
rhombic and tetragonal lattices, as well as Neel, insulat-
ing, metallic, superconducting, and possible spin-glass
phases, has been the object of much recent work. '

Particularly striking is the rapid decline of T& with in-
creasing oxygen and/or Sr content. For dilution of two-
dimensional square-lattice antiferromagnets, such as
Rb2Mn, „Mg F4 and Rb~Co, Mg F4 the site percola-
tion threshold is measured ' and predicted ' to be
x =0.41. For La2Cu04+ (Refs. 6 and 7) and
La2 Sr Cu04 (Refs. 8 and 9), on the other hand, the
threshold in x and y occurs at about —,', of the convention-
al percolation limit. This behavior is attributed to mag-
netic frustration arising from incompatibility of antiferro-
magnetic ordering in the Cu planes and ferromagnetic
coupling induced via electron holes. ' ' From the simi-
larity of the phase diagrams, ' ' Sr doping and in-
creasing the oxygen concentration seem to be equivalent
mechanisms for introducing these holes.

The drop in T&, however, is so sensitive to oxygen con-
tent that the current literature is unclear about the value
of y which produces the maximum-Tz in La2Cu04+y.
The idea that magnetic frustration is caused by electron
holes introduced by excess oxygen" suggests that
La2Cu04 is intrinsically antiferromagnetic with the max-
imum T& occurring for stoichiometric La2Cu04. Howev-
er, due to the difficulty of preparing sufficiently homo-

geneous and stoichiometric samples and due to the uncer-
tainties in absolute determinations of oxygen content, the
stoichiometry of La2Cu04 with the highest Ttt has not
been verified. Johnston et al. ' carrying out thermogra-
vimetric measurements, believed accurate to Ay=0. 01,
found that their. samples with 200& Tz (300 K were ox-
ygen deficient, with y = —0.035. They interpret this ap-
parent discrepancy with theory as indicating the presence
of a slight La deficiency in their samples. The two possi-
ble forms of the phase diagram based on their results are
given in Fig. 1.

In this paper we present evidence that the phase
boundary shown in the right portion of Fig. 1 is correct,
i.e., that stoichiometric La2Cu04 has the highest T~.
Our evidence is based on perturbed yy angular correla-
tions (PAC) experiments with '"In-'"Cd, a probe known
for high sensitivity at extreme dilution. This makes it
sensitive to lattice defects, ' static magnetic order, ' and
magnetic spin fluctuations in a wide variety of systems.

Our PAC experiments on LazCu04+ were performed
at Clark University, and are focused on samples which
show susceptibility maxima at T& =317(3) K, the highest
value so far published. The samples were doped with
~ 10 ppm of radioactive "'In, and permit observation of
a combined magnetic-dipole-electric-quadrupole interac-
tion produced by the crystal field and the magnetic order-
ing of the sample. Analysis of the observed precession
leads to a temperature dependence of the electric-field-
gradient (EFG) asymmetry, ri( T), and the magnetic
hyperfine field, Bht(T), and provides strong evidence that
the '"In/"'Cd probe resides at the La site. Analysis of
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FIG. 1. Two possible forms of the magnetic phase diagram of
La2Cu04+y illustrate the significance of the 1 —2%%uo uncertainty
inherent in all bulk determinations of La2Cu04 stoichiometry.
The left curve, L, which is based on thermogravimetric analysis
as described in Ref. 17, shows a decrease in Tz with increasing
oxygen content starting at an apparent maximum at
y = —0.035. The right curve, R, assumes the same relative
behavior as L, but with the maximum in T located at
y =0.000(16) as proposed in the present paper, and indepen-
dently by Aharony in Ref. 11~ In this context it is important to
note that the apparent discrepancy between the L and R curves
dissolves if one assumes a 1% compensating La deficiency in the
L sample.

Bhf ( T) yields T~ =3 14(4 ) K, in agreement with suscepti-
bility peaks in the same samples. The observed tempera-
ture dependence of i7(T) is consistent with the ortho-
rhombic distortion, including a transition to the tetrago-
nal phase at To —540 K.

As discussed here, the "'In-"'Cd probe also provides a
new approach for locating the zero in y for La2Cu04+y.
This is based on analysis of the PAC Fourier linewidth,
which demonstrates that the probe environment is essen-
tially defect free, i.e., stoichiometric. In this context it is
essential to understand that in reaching this conclusion
we do not require a quantitative understanding of the
magnitude of the EFG. Rather, our argument depends
on interpretation of the experimentally observed
line width.

II. SAMPLES AND APPARATUS

Starting materials were of two kinds: (1) a 10X2-mm
disk, having 66% of the theoretical density, made at the
University of Connecticut and (2) a 2 X 5 X 10-mm rhom-
boid of similar density, made at ATILT Bell Laboratories.
Via x-ray diffraction both showed the nominal crystallo-
graphic structure of La2Cu04. ' ' Most of our measure-
ments were made with a piece of the material used in ear-
lier muon-spin-rotation work by Budnick et al. Our
50—100-mg PAC samples were prepared by depositing—10 pCi of carrier-free 2.8-d '"In dissolved in neutral-
ized 0.05 M HC1 solution, followed by a two-stage heat
treatment.

(1) To diffuse the activity and provide a common start-
ing point for subsequent annealing, all samples were heat-
ed in Aowing Oz including: (a) 1 h each at 773, 873, 973,

FIG. 2. Susceptibility as a function of temperature for
"minimum-vacuum-annealed" (type 8) and "hard-vacuum-
annealed" (type D) samples. The peaks at 317(3) K agree within
error with the PAC result of Tz =314(4) K obtained for type B
sample, as shown in Fig. 7.

1073, and 1173 K; (b) 9 h at 1273 K; (c) 13 h cooling at
—25 K/h to 773 K; and (d) 02 and oven shutoff followed
by natural cooling.

(2) To adjust their 0 content, the samples were further
prepared in four ways: Type A: "oxygenated sources, "
were stored in air, but received no further heat treatment.
Type B: "minimal-vacuum-anneal sources, "were vacuum
heated in 10 torr to 1083 K, followed immediately by
vacuum cooling over —13 h to 773 K, at which point the
oven was turned off, and samples were naturally cooled
for 4 h. Type C: "intermediate-vacuum-annealed
sources, " were made as in type B, but with 0.5 —3 h at
1083 K before start of cooling. Type D: "hard-vacuum-
annealed sources, " were made as in type B, but with 6—9
h at 1083 K.

Samples for which the radioactivity had decayed were
analyzed via the superconducting quantum interference
device (SQUID) magnetometer at the National Magnet
Lab (MIT), yielding well-defined susceptibility peaks, as
illustrated in Fig. 2. These indicate that both type B and
D samples have distinctive peaks at 317(3) K, which we
interpret as measures of T~ independent of the PAC re-
sults given below. Except for the fact that all published
values of T& are significantly lower, our susceptibility
data are similar to those of others. ' '

For PAC measurements we used a standard slow-fast
coincidence system with four BaF2 detectors gated on the
171—245 keV yy cascade of "'Cd, the daughter of '"In.
Four coincidence spectra, two each at counter angles 90
and 180', were combined to obtain the perturbation func-
tion, G2(t). Spectrometer details and data reduction
methods have been described elsewhere.

III. ANALYSIS OF PAC SIGNALS WELL ABOVE T~

PAC results for the range 337 ~ T ~ 351 K, well above
T&, are illustrated in Figs. 3 and 4 in terms of Fourier
transforms and time domain data. All time spectra have
an unanalyzed, highly inhomogeneous anisotropy com-
ponent in the first 15 ns, which occurs with varying inten-
sity in different samples, but does not vary with annealing
of a given sample and shows no temperature dependence.
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This makes K-capture afterefFects implausible, but
strongly suggests that some "'In atoms are trapped in
grain boundaries or other large defects. We do not con-
sider the inhomogeneous component further, and focus
on signals with well-defined frequencies which we identify
with the crystalline material.

The remainder of our time spectra consist of distinctive
precessional components that we have analyzed via a
quadrupole frequency,

co& =(m/20)eQV„/h,

and an asymmetry parameter

rI =—( V —V )/V„,
where Q = +0.83(13)b is the nuclear electric-quadrupole
moment of the 245 keV state and V;; are the principal
components of the diagonalized electric-field gradient
(EFG). Where f is the fraction of "'In atoms occupying
a given site, each spectrum was fitted to one or more
terms of the form

62(t) =(f /5) [1+—", cosroot+ —", cos[(2—
g)coot ]

+ —,'cos[(3 —g)coot ] j

where

P=80(1—
r) )/a, a=[28(1+r) /3)]' (2c)

Four distinctive precessional signals are found for the
four annealing procedures described: type 3, a single,
damped signal with an EFG characterized at 351 K by

=0.71(1) and co& =49.3(4) Mrad/s; type B, a single,
undamped signal with a nearly axially symmetric EFG,
characterized at T =344 K by rI =0.118(4) and
co& =70. 1(2) Mrad/s; type C, a linear combination of two
signals consisting of type B (above) and type D (below);
and type D, a slightly damped signal with a single nearly
axially symmetric EFG, characterized at 337.8 K by

=0.114(4) and cu =80.3(1) Mrad/s.
The spectra indicate a continuous transformation of

with f, coo, and g free. Derivable from well-known ana-
lytic solutions for the m-state energy levels, uo and g'

are related to m& and g by expressions

coo=2czco&&3 sin( —,'arccosP), (2a)

g =
—,
' —

( &3/2 )cot( —,
' arccos/3),

0.2—
I

Type A

I

Type A
-0.2 —'

0.2—
I

Type B
-0.2 —'

CD"U

CL
E

Q)

O
LL

I

Type C

0.2—

-0.2—

0.2

I

Type D

-0.2—
I

50
I I

100 150
t (ns)

I

200 250

200 400 600

co (Mrad I s)

800 1000

FIG. 3. Fourier transforms of PAC spectra near 340 K for
four types of sources. These spectra demonstrate the sensitivity
of the signals to the annealing procedure: type A —"oxygen
annealed"; type B—"minimal vacuum annealed"; type C—
"intermediate vacuum annealed"; type D —"hard vacuum an-
nealed. " For further definition of these terms, see the text.

FIG. 4. Time domain PAC spectra corresponding to the
Fourier transforms in Fig. 3. The data are fit with a static
electric-quadrupole interaction as defined in Eqs. (1) and (2) of
the text. For clarity of graphical presentation the measured
spectra have been summed eight channels at a time. The ampli-
tude of G~(t) has been normalized to unity for the effective an-

isotropy (including angular attenuation) expected for the
171—245 keV cascade of "'Cd.
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the vacuum annealed samples from type B to D, with C
exhibiting a mixed phase. Type A, the oxygenated sam-
ple, shows a Meissner fraction at 4.2 K and showed no
magnetic order down to 77 K. Of the four types, B is
unique in its absence of damping. In the rest of this pa-
per we do not consider A further, and focus instead on B
and D.

IV. ANALYSIS OF PAC SIGNALS
NEAR AND BELOW TN

nAA4 ~
302.25 K

283.5 K

A. Minimum vacuum anneais (type B)

As T is lowered from 344 K towards Tz, B spectra re-
tain a constant site fraction and an essentially undamped
signal, while showing a small, continuous change in g, as
given in Table I. Between 319.8 and 312.6 K the Fourier
lines corresponding to coo and (3—g)coo split into dou-
blets, whereas the line corresponding to (2 —g)coo remains
unsplit (Fig. 5).

It can be seen from the energy levels for nuclear spinI=—,
' calculated by Matthias, Schneider, and Steffen '

that such behavior is expected for a particular form of
combined electric-quadrupole —magnetic-dipole interac-
tion. Where p= —0.766(3), pN is the nuclear magnetic
moment of the 245 keV state, this form is described by
a Larmor frequency, roz =2vrpBhr—!ItI, with col /re& «1
and Bhr at a polar angle 8=m/2 with respect to the z axis
of the diagonalized EFG's principal axis system. In
treating this interaction quantitatively we approximated
the effect of g and ~L as i.ndependent, small perturba-
tions of the dominant quadrupole interaction, but did not
consider the interaction of Bhf and the EFG asymmetry,
and therefore have no information about the azimuthal
angle, P, locating Bt,&

in the xy plane. Leaving coo, g, coL,
and 0 free, the time spectra were 6tted as illustrated in
Fig. 6, indicating that the data are well accounted for.
Numerical results are given in Table I, and details of the
analysis in the Appendix.

The remarkable aspect of the data below Tz is that,
like those above Tz they are free of detectable additional
lines as well as damping of the principal line. To inter-
pret this result we make use of two experimental effects
found in a wide variety of systems ' (1) nearest-
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FIG. 5. Fourier transforms of type B samples below T&.
These indicate magnetic order with Bh& nearly perpendicular to
V„. This is concluded from the splitting of the Fourier lines
with frequency of coo and (3—g')coo, but not (2 —()coo, as de-
scribed in the text.

neighbor charge defects produce quadrupole frequency
shifts in the range of 50-250 Mrad/s, including type D
samples of La2cu04 (see following), and (2) a random dis-
tribution of more distant charge defects produces line
broadening in the range of Acro-5 —25 Mrad/s.

Combining the absence of additional lines and proposi-
tion (1) implies for type B that we have no evidence for
nearest-neighbor charge defects. (Not ruled out, though
unlikely, is the possibility of a unique, locally trapped
charge defect. ) Proposition (2) and the absence of experi-

Q)0

(Mrad/s)

TABLE I. Fitted parameters for type 8 samples.

Q)g

(Mrad/s)
NL

(Mrad/s)
0

(deg)

344
319.8
312.6
302.25
283.5
274.6
250
240
220
203.2
133.1

246.5(5)
247.8(5)
248.4(9)
248.2(7)
248. 1(8)
249.3(4)
248.2(9)
249.6(7)
252.5(5)
252.1(4)
256.8(5)

0.035(3)
0.046(3)
0.048(7)
0.050(5)
0.050(2)
0.058(3)
Fixed

0.071(5)
0.078(4)
0.081(3)
0.100(4)

70.1(2)
70.1(3)
20.2(3)
70.1(3)
70.1(1)
70.2(2)

70.0(2)
70.5(2)
70.3(2}
70.9(3)

0.118(4)
0.136(4)
0.138(10)
0.141(8)
0.141(3)
0.158(4)

0.170(6)
0.178(5)
0.182(4)
0.200(4}

1.8(1.1)
4.5(0.2)
5.9(0.1)
6.2(0,2)
6.7(0.7)
8.0(0.4)
7.8(0.3)
8.3(0.2}
9.6(0.3)

78.8(1.6)
78.7(0.4)
77.6(0.3)

78.8(0.8)
80.0(1.0)
76.1(0.4)
76.0(0.3)
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mental line broadening at a level of Atop/cop(0. 02 per-
mits placing a limit on the more distant defect concentra-
tion. Assuming that these more distant charge defects re-
side in shells 2 and 3 beyond the nearest-neighbor shell,
we are dealing with a population of 45 oxygen sites at an
average distance of 5.5 A. If a 20% population of probe
atoms with at least one distant defect produces detectable
line broadening, this implies a Poisson distribution of dis-
tant defects having a concentration equivalent to

xd «0.20/45-0. 4 at. % .
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The magnetization curve

With D, T~, and P free, a three-parameter power-law
fit to the reduced field

Bi,t( T)/Bit(0) =D (1—T/T~ )~ (3)

yields D =1.15(20), T&=314(4) K, and P=0.27(6) for
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Thus, without detailed knowledge of possible charge de-
fect distributions this leads to the estimate that
~y ~

~ 0.016. This result establishes the zero point in y to
an accuracy equivalent to the best chemical analysis.
The argument is not specific to the oxygen defects but
can, in fact, be applied to the sum of all charge defects.

FIG. 7. Temperature dependence of the magnetic hyperfine
field B&f(T) for type B samples. The curve represents a molecu-
lar field calculation for spin S= 2, a saturation field

Bb&(0)=0.66 T, and a Neel temperature of Tz =314 K.

1 —T/T& (0.1. Whereas the value of P is insufficiently
asymptotic for a test of critical phenomena theory,
the value for T& is in good agreement with the suscepti-
bility data of Fig. 2. The behavior of B„t(T) for T ~ 314
K can be approximated via a spin S=—,

' molecular field

model, as shown in Fig. 7, indicating that data reAect ex-
pected bulk magnetization behavior observed previously
via muon spin rotation and neutron scattering.

The saturation field of B„t(0)=0.66(4) T is too small
for '"Cd in the Cu site. This follows from typical values
of the supertransferred field, Bi,t(0)=20 T, for
"'In-"'Cd in octahedrally coordinated magnetic oxides
and the corresponding expectation of Bi,t(0)=12 T for
"'In-"'Cd in the square planar Cu site in LazCuO~. If
our probe substitutes for the La, on the other hand,
BQf (0 ) =0.7 T is reasonable, and quite consistent with

B&t(0)=0. 1 T observed via ' La nuclear quadrupole res-
onance (NQR).

2. Temperature dependence of the EFG
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Examination of Table I shows that cot, ( T) is essentially
independent of T, whereas rj(T) increases as T~O. As-
suming that the temperature variation of q is a conse-
quence of the orthorhombic distortion of the sample, we
fixed the orthorhombic to tetragonal transition at
Tp =538 K, as deduced from the linear relation between

To and Tz (Ref. 17) and fit our asymmetry parameter to

rj( T)= il(0)(1 —T/To )

with i)(0) and 4 free, and obtained rI(0) =0.25(1) and
4 =0.74(3), as illustrated in Fig. 8. Our result for the ex-
ponent agrees strikingly with +=0.744 deduced by Vak-
nin for crystallographicaHy defined asymmetry parame-
ter,

rI'( T) =2(c —a) l(c +a),
FIG. 6. Time domain spectra of type B sources below T&.

The magnetic component is indicated by the periodic modula-

tion, +3/2coL, of the dominant quadrupole frequency, ~o. Be-
cause of the constraints imposed by the nuclear halAife,

r&/2= 85 ns, and the ratio ~L /cop &&1, at most one period of the
beat pattern is visible.

of the rectangular lattice of the CuO2 planes. Because
both Cu and La suAer similar orthorhombic distortions
of the EFG principal axes, the observed behavior of rl( T)
cannot be used to decide whether the "'In is in the Cu or
La site.

The result il(0) =0.25 differs by a factor of —10 from
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FIG. 8. Temperature dependence of the EFG asymmetry pa-
rameter g( T) for type B sources. The curve is a power-law fit to
Eq. (4) with g(T) and @ free and the tetragonal-orthorhombic
transition fixed at Tp =538 K, as described in the text.

the values q=0. 02 g=0.03 seen for ' La NQR (Ref. 39)
and ' Cu NMR (Ref. 43), respectively. The observed
difference is not regarded as significant since vj—= (V,„—V )/V„ is sensitively dependent on the local structure
of the quadrupole coupling for different probes.

B. Hard-vacuum anneals (type D)

As T—+T&, type D spectra, like type B, retain a con-
stant site fraction and exhibit the same smooth il(T),
with g =g =0.12 near T=317 K. There are, however,
two important differences with respect to type B: (1) The
quadrupole interaction is distinctly higher, with
co&/co& =1.14; (2) whereas type B is strictly static and
homogeneous, all type D spectra show some damping,
and cannot be reliably fit below Tz.

For 317~ T+ 340 K we fit type D spectra to a form
similar to Eq. (1), but with the addition of three indepen-
dent damping constants ~„~2, and ~3. Our fitting equa-
tion was therefore

3. The angle between BzI and V„

Finally, our analysis yields a fitted value of 8=77(3)'
for the polar angle between B&~ and V„, a result closely
comparable to either 8=78.7(3)' found via ' La NQR
(Ref. 39) and 8=79' found via Cu NMR (Ref. 43).
Though our measured value of 0 strongly suggests that
the "'In is in either the Cu or La site, it also cannot be
used to distinguish between them.

Gz ( t ) = (f /5 ) I 1+—", exp( —t lr, )cos( coot )

+ —", exp( —t /rz)cos[(2 g—)coot t

+—,'exp( t/—r3)cos[(3 —g)coot] I (5)

with results above T~ given in Table II.
Because of the similarity of g for types B and D, and

the fact that type D is obtained from type B with addi-
tional vacuum annealing, we propose that the "'In has
not moved, but acquired a nearest-neighbor O vacancy.
This appears particularly plausible because we are able to
reUerse the B~D transformation by reannealing in oxy-
gen. If the vacancy lies along the orthorhombic b axis we
expect no significant change in g, in agreement with our
finding g =g =0.12.

The proposed nearest-neighbor 0-vacancy state cannot
be related to a bulk oxygen deficiency of the crystal be-
cause T& for type D and B do not differ significantly.
Rather, the vacancy must be a local property connected
with vacancy trapping by the extremely dilute ( ( 10
ppm) "'In probe, as observed, for example, for a variety
of "'In-vacancy interactions in metals. ' '

Above 322 K the damping times ~„~z, and ~3 are ap-
proximately in the ratio 1:—,':—,', as expected for a small
static quadrupole inhomogeneity with b,coo=5 Mrad/s.
By analog to metals' ' this can be attributed to defects
beyond the nearest neighbor of the "'In probe. Below
322 K the damping increases sharply as T~T&, and is
reminiscent of critical spin dynamics and/or a distribu-
tion of T~. We cannot distinguish between these possi-

'

bilities, nor can we fit the spectra below T= 317 K.

V. SUMMARY AND CONCLUSION

A. Bulk behavior of type B

We interpret type B samples, representing "minimal
vacuum anneals, " as rejecting the bulk properties of the
sample. This is based on three separate propositions: (1)
The T&, as determined via the susceptibility, peak agrees
with the PAC value of Tz to within error. (2) The behav-
ior of Bht(T) follows a molecular field model. (3) The be-
havior of vl(T) reflects the crystallographic character of
the known orthorhombic distortion.

B. Stoichiometric character of type B.

We argue that type B samples are close to
stoichiometric, as indicated by undetectable damping of

Ct)p

(Mrad/s)

TABLE II. Fitted parameters for type D samples.

CO@

{Mrad/s)
Tl

(ns)
+2 /+1

337.8
328.0
322.2
319.9
318.2
317.1

282. 1(3)
283.2(4)
283.0(4)
283.7{5)
285.1(8)
284.0(8)

0.033(3)
0.035(5)
0.029(3)
0.035{3)
0.043(5)
0.034(6)

80.3(1)
80.3(2)
80.7(2)
8O.7(2)
80.8{2)
80.8(3)

0.114(4)
0.118(5)
o.1o8(s)
0.118(5)
0.130(4)
0.116(10)

1700(700)
72O(13O)
900(200)
82o(3so)
340(120)
220(50)

o.ss(4s)
0.53(16)
0.31(14)
0.76(36)
1.5(6)
1.8(6)

0.21(19)
0.26(10)
0.50(32)
0.36(21)
0.28(14)
0.45(20)



6860 J. SAYLOR et aI.

the PAC spectrum. Through comparison of the line
broadening to that observed in defect studies in other ma-
terials, we conclude that ~y ~

~ 0.016.

C. Local vacancy trapping in type D

We interpret type D, representing the "hard-vacuum
annealed sources, " as indicating both nearest-neighbor
and distant defects. Because type D does not involve a
change in T&, the nearest-neighbor defect cannot reAect
the bulk 0 content, but must involve vacancy trapping by
the "'In probe.

D. Site assignment

Whereas experimental results for g(T) and 8 are con-
sistent with the "'In-"'Cd in either the Cu or La site, the
observed value of 8&f(T) is consistent only with the La
site. We therefore conclude that our probe atoms reside
in the La site.

The most significant result of our work is the con-
clusion that stoichiometric La2Cu04 has the highest T~.
We believe this constrains theoretical models of La2Cu04
and its role in superconductivity. In particular, our pic-
ture of the maximum in the magnetic phase diagram
favors the theoretical assumptions proposed by Aharo-
ny. "

In addition, our PAC experiments appear to have a
significant advantage over conventional chemical
analysis: through linewidth analysis as presented in this
paper, they provide an absolute calibration for the zero of
defect concentration. To take advantage of this, experi-
ments are currently underway to map the entire magnetic
phase diagram via observed broadening of the PAC spec-
trum.
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APPENDIX

+(a2/, +b~/, coes) Y (A2)

s/, (cosg, Y) —cpk +c ~/, Y+c2k cosH . (A3)

The initial values for vk and sj, were generated by a pro-
gram written by Pleiter which, for arbitrary Y and 0,
numerically diagonalizes the combined interaction Ham-
iltonian and translates the eigenvalues and eigenvectors
into PAC frequencies and amplitudes.

(2) The case g&0 was incorporated into the model for
Gz(t) by shifting the frequency of each Zeeman doublet

by the same amount g [Eq. (2b)] as the equivalent quadru-
pole line would have been shifted if it were not split by
the magnetic interaction. This yields the final form

Gz(t) =gs/, (9, Y, O)cos I [vk(0, Y)—g/, (q)]coQ
k

(A4)

Since our analysis did not incorporate the interaction of
the hyperfine field and the small EFG asymmetry, our ex-
pressions do not depend on P, the orientation of the mag-
netic field in the xy plane.

For any homogeneous and static hyperfine interaction
the perturbation function G2(t) is a discrete sum of com-
ponents

Gp(r) =Qskcos(vkcogr )
k

where vI, reAects the energy differences and sk the transi-
tion probabilities between nuclear I states. For a com-
bined electric-quadrupole —magnetic-dipole interaction,
sk and v/, depend on Y=coL /co&, g, and angles 8 and P
which describe the orientation of the magnetic field rela-
tive to the principal axes of the EFG tensor.

In our treatment of "'CdLaz Cu04 PAC, we simplified
the fitting procedure by deriving polynomial expressions
which approximate sk and v/, to 0.1% over the range of
observed interactions, i.e., 0~ cos0~0.2, and 0& Y~0.3.
In deriving the expressions we further simplified our
analysis by a two step procedure, as follows.

(1) For g=O, tabulated values of v/, (cosa, Y) and
sk(cos8, Y) were fit with polynomials of the form

vk(cos8, Y) =ap/, +(a~/, +b~/, cos6) Y
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