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This paper gives a summary of copper NMR measurements in the high T,
superconductor YBapCu3O; doped with praseodymium. This element is unique among
the rare earths in depressing the superconducting transition temperature T,
which falls to zero at about 60% Pr doping. The NMR Knight shift and
spin-lattice relaxation measurements indicate that Pr doping dcpletes conduction
holes, and in this respect, behaves similarly to oxygen-deficient YBuuCujO;5..

A consistent analysis in the framework of the phenomenological theory of
antiferromagnetic tluctuations of Millis, Monien and Pines is given. 1In the eund

compound PrBapCu3O7 the NMR signal from plane Cu sites indicates

antiferromagnetic ordering at a Neél temperature of about 280 K.
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ABSTRACT

Normal-state copper NMR spectra and spin-lattice relaxation rates 1/T; have been
measured in the planar ciprite system YBa;Cu;O;.  With Pr deping the Knight shift A
decreases and develops a temperature dependence at both plane and chain sites. Analysis
of the bulk susceptibility and NMR data indicate that pair breaking and hoie depletion
both take part in the suppression of the superconducting transition tempcrature T.. The
Knight shift behavior resembles that in oxygen-deficient YBa;Cu30-_,, as does the tem-
perature dependence of 1/T) for plane Cu sites and magnetic field perpendicular to the ¢
axis. T}is agrecment leads to a consistent picture of the role of antiferromagnetic fluctua-
tions in these materials. An analysis of the data in the framework of the phenomenological
theory of Millis, Monien, and Pines is given. In the end compound PrBa;CTu; O, the NMR
signal from plane Cu sites indicates antiferromagnetic (AF) ordering at a Néel temper-
ature ~280K, and in the AF state yields an internal field sitnilar to those found in AF

YBa;CuiOg and LazCuQy.



1. Introduction.

Praseodymium is unique among rare-earth dopants in suppressing superconductivity
in the high-T. cuprate YBa;Cu;0; while maintaining the orthorhombic structure of the
host [1]. The superconducting transition temperature T. decreases monotonically with
increasing Pr concentration to OK at r =~ 0.6, with an accompanying change from metal-
lic to semiconducting behavior near this concentration. Several investigations [2—4] liave
concluded that Pr is nearly tetravalent, and depresses T, by filling or localizing conduction-
hole band states. Spectroscopic studies have shown, however, that the Pr valence is ciose
to 3+, which would seem to rule out hole filling or localization. An alternative mechanism
would then be depression of T, by magnetic spin-flip scattering and consequent Cooper-
pair breaking. This interpretation is supported by the fact that T.(z) agrees well with
the behavior predicted by the Abrikosov-Gor'kov theory of pair breaking by paramagnetic
impurities. Nevertheless, persuasive arguments for some form of conduction-hole deple-
tion include (a) the fact that T, is depressed only for Pr doping, (b) the existence of the
wmetal-insulator transition just as T, is depressed to 0, and (c) recent evidence for a Pri*
crystal-field-split ground state [5).

Nuclear magnetic resonance (NMR) spectroscopy has provided important experimen-
tal information on the normal-state properties of high-T, superconductors [6]. Anomalous
behavior of ®*Cu and "0 NMR Knight shifts and spin relaxation rates has been ob-
served in the normal states of YBa;Cu;0; 6], YBa;Cu3Og .63 (7], and La; asSrg.1sCuOq
|8]. These results have been successfully accounted for by the phenomenological model of
Millis, Monien and Pines (MMP) [9], whicl: postulates an antiferromagnetically- correlnted
Fermi liquid with strong AF Cu spin fluctuations. Although this model is not unique in
explaining the data [10] its success gives evidence for the importance of AF fluctuations.

whose relation to superconducrivity nevertheless remains a matter for speculation.
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In this paper we report a study of copper NMR in Pr-doped YBa,;Cu30; [11,12].
Praseodymium doping offers a unique opportunity to study the depression of supercon-
ductivity without introducing structural disorder cn either the chains or the planes in
the YBa;CujsOr crystal structure. Substitution of transition metals, e.g. Zn. Mn, Co.
or Fe, for Cu strongly disorders eitker the chains or the planes, and oxygen depletion
(YBazCu307-,, ¥ > 0) results in a phase which is structurally different from the end
compound. Y,_,Pr.Ba,Cu,;0; is, therefore, a useful system in that effects of disorder
appear to be small, and the eflect of any charge carrier band riodification can be studied
with a minimum of complication.

In the present NMR experiments we have found that to a considerable extent the
microscopic behavior at copper sites mimics that of oxygen-deficient YBa;Cu3O7-,. Tem-
perat are-dependent Knight shifts were observed at chain and plane Cu sites, for which the
hyperfine coupling remains almost the same as in undoped YBa;Cu30+. This latter result
suggests that Pr doping has little effect on the Cu wave function at either site. As in
O-deficient YBa,Cu D7_,, the nuclear spin relaxation rate 1/7; monotonically decreases
with Pr concentration z at low temperatures, which suggests depression of the density of
low-lying states. Analysis of these results has been carried out in the framework of the
MMP model, with consistent and reason.ble values of the parameters involved.

We present our results and analysis of the **Cu Knight shifts and relaxation rates for
Y-rich Y, _,Pr,Ba;Cu;04 in Section 2. In Section 3 the MMP model is applied to extract
relevant spin-fluctuation parameters. Copper NMR in the end compound PrBa;Cu,0; is

described in Section 4, and our findings are summarized in Section 5.



2. 53Cu NMR in Y-rich Y,_,Pr.Ba;Cu;0-.

2.1. Cu(2) Knight shift.

The temperature dependence of the Knight shift tensor principal-axis components K’
at Cu(?2) (olane) sites is given in Fig. 1. Here a = (a, b, ¢) indicates the crystal axis along
which the external field Hey, is oriented. Within errors K. is independent of temperature
and very close to its undoped value. This is as expected, since for z = 0 the spin hyperfine
coupling along the ¢ direction is fortuitously small and K’;. is dominated by the orbital
contribution [13,14]. In contrast, the “planar” shift K,,, exhibits a strong temperature
and Pr concentration dependence. The shift decreases with increasing r, and develops a
temperature dependence with a downward curvature. Similar behavior of the Cu(2) Knight
shift has been reported in oxygen-depleted YBa;Cu307-,, 0.3 Sy <0.55, by several groups
[7,15,16], and also in **Y Knight shift data taken over the entire range y < 0.6 for which
YBa,;Cu;07_, is superconducting [17].

The Knight shift A24(T) can be written as the sum of spin and orbital contributions:
K2o(T) = K{(T)4+ K™ (T). The constancy of Ky indicates that the orbital shift Ko™
is independent of Pr concentration for Cu(2) plane sites. In the undoped compound Mila
and Rice (18] have explained the magnitude and anisotropy of K;:,) by postulating an

isotropic transferred hyperfine field from nearest-neighbor plane copper sites. Then
Ko = (Agg + 4By, (1)

where A("a) is the on-site hyperfine coupling constant and B is the transfer.ed hyperfine
coupling constant. The vanishing c-axis spin Knight shift is therefore the result of a
balance between on-site and transferred hyperfine contributions: A(,:.) + 483 ~ 0 The
present results indicate that this relation also holds for Pr-doped samples, and suggest,
therefore, that the Cu(2) hyperfine constants are substantinlly independent of Pr doping.

This cancellation of contributions to the hyperfine ficld is also necessary to explain why
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there is no T dependence of K for Heyx, || € while there is for Hext L ¢. We note that for
the undoped parent compound all components are temperature-independent (6,13].

If we adopt the view that Pr removes holes from the conduction band, possibly because
it is close to a tetravalent state, the decrease of the magnitude of Knight shifts on both
planes and chains with increasing z can be understood in a simple band picture as a
decrease of the density of states p(e¢r) at the Fermi energy. Another possible interpretation
of the change of R,,(T) with Pr doping is suggested by the shape of its temperature
dependence and the Curie-Weiss-like behavior of the Pr-dominated bulk susceptibility,
viz., a transferred hyp.rfine interaction between Pr spins and Cu nuclei. In the following
we consider this possibility and show that it is inconsistent with the data.

In a simple metal a localized spin moment produces a conduction-band spin polariza-
tion, which can be monitored by the Knight shift. This Rudermann-Kittel-Kasuya-Yosida
(RKKY) mechanism has successfully explained the observed temperature dependence of
the Knight shift in several rare-earth intermetallic compounds [19]. The hamiltonian M
which describes exchange between an ensermble of 4f moments, each of total angular mo-

mentum hJ,, and the conduction-band spin polarization s. can be writteu
M=) Teplgs—1)Ji-8.8(r.), (2)

where J.; is the exchange constant and g, is the Landé g-factor. The sum is over all
4 f-moment sites. In the uniform conduction-band polarization model {19] it is assumed
that the local moments uniformly polarize the band carriers. The hyperfine coupling
constant A4/) between the local-moment spin and a nucleus is then related to a spatially-
avernged estimate (Jcs) of J.y.

We assume that the temperature dependences of both 345 and the bulk susceptibility

are dominated by that of the 4 f susceptibility; i.e.,

K3a0(T) = A(z‘.{)x.o(T) + const. , (3)

-5-



so that the exchange parameter can be obtained from a piot of R24p vs. Xqp With tempera-
ture an implicit parameter. This is done in Fig. 2, which reveals a linear relation for most
point: below 200 K.

The values of (J.s) obtained in this manner [12] are to be compared with the results of
calculations by Peng et al. [3] who used the Abrikosov-Gor’kov theory of superconducting
pair breaking to fit their T.(z) data. As pointed out in a preliminary report of this work
[11], the value of (J.s) obtained from T.(z) is substantially smaller than that obtained
from K2,,(T). In other words, the depression of T, should be more drastic than what
is actually observed if the exchange interaction is strong enough to cause the observed
temperature dependence of the Knight shift. Our results for (J.s) actually underestimate
Jcs. because the uniform polarization approximation breaks down in the dilute limit,
where the finite-ranged RKKY spin polarization would decrease the average shift for a
given value of J.s and, therefore, increase the estimate of J.s for a given observed shift.
We therefore consider the RKKY-like scenario for the shift variation to be less likely than
band modification, specifically hole depletion by Pr doping, and we take the linear relation
of Fig. 2 to be more or less fortuitious. It should be emphasized that this conclusion i~ not
per se evidence against the importance of pair breaking in the depression of T,; only that
the weak exchange required for the latter would not be observeble in the Knight shift.

The parallel behavior of the Knight shift in Y;_,Pr.Ba;Cu30O; and oxygen-deficient
YBa,;Cu;07_, is also suggestive of band modification resulting from hole depletion by Pr
doping. A more fundarental question is then the origin of the temperature-dependent
susceptibility. As an example of an approach to this problem, Kampf and Schrieffer [20)
have suggested that a “pseudogap” in the single-particle spin excitation spectrum can form
as a result of strong AF correlations. Indeed, as we shall see in Sect. 3, the phenomeno-
logical MMP theory yields an increasing AF correlation length for plane-site Cu snoments

as doping is increased and as temperature is decreased.
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2.2. Cu(2) spin-lattice relaxation rate.
The nuclear spin-lattice relaxation rate 1/T) is related to the imaginary (dissipative)

component X"(q,w) of the dynamical spin susceptibility X(q,w) [21]:

Y2kgT «— e X' (q.wn)
YT = 7 zq,lA(q;. ol (4)

where w,, is the nuclear Larmor frequency, and the form factor A(q) is the Fourier transform
of the hyperfine coupling A(r). The summation is over all fluctuation wave vectors q. The
quantity 1/T,T is therefore a measure of X"(q,w), sumed (with a weighting factor) over

all q and evaluated at the nuclear frequency wn.

The temperature dependence of the ®3Cu spin-lattice relaxation rate 1/7; at Cu(2)
sites, with Hexq || c, is given in Fig. 3. With Pr doping 1/T} increases slightly at room
temperature, but decreases markedly at lower temperatures just above T,. For example,
at 100 K the relaxation rate rate for z = 0.20 is ~15% slower than for z = 0. For all Pr
concentrations, as for z = 0 [22], the so-called “coherence peak” just below T, expected
from the standard BCS theory of superconductivity and s-wave pairing, is absent. The
change in slope of 1/T;(T) at T, becomes smaller as z is increased, and for r = 0.20 is
hardly noticeable. Figure 4 gives the teinperature dependence of the quantity 1/T1T, where
we have also included data for YBa;Cu3 07 [13) and YBa,Cu30¢.63 [7) for comparison.

It is evident that the “Korringa law” 1/T1T = const. is not obeyed. For increasing Pr
concentration 1/T T exhibits a rounded maximum near 100 K, followed by a sharp decrease
at lower temperatures. As r increases the maximum becomes broader and shifts slightly to
higher temperatures, reaching ~130 K for z = 0.20. This behavior is qualitatively similar
to that for y = 0.37, except that the relaxation rate in the latter material is considerably
enhanced at high temperatures. Warren et al. [23) have attributed the decrease of 1/T)T
above T, to a superconducting precursor effect, while Yasuoka et al. [13] suggested the

opening of a spin gap just below the peak temperature. With the aid of 'O NMR results,
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and based on an antiferromagnetic Fermi liquid model similar to that proposed for the r =
0 material, Takigawa et al. [7] have shoan that the Cu 1/T1T behavior can be explained
as the combined temperature dependences of the spin susceptibility and a short-range AF
correzlation length.

For a Fermi liquid couplied to nuclei via the contact hyperfine interaction the form

factor is constant, and the Korringa relation is satisfied:
(TR = (772 /hul)R(a) , (5)

where R(a) is an enhancement factor which goes to unity in the non-interacting limit [22].
In the z = 0 material at 100 K R(a) is about 11 for *3Cu, but only about 1.4 for }70. This
difference has been accounted for by the MMP model of antiferromagnetic correlations
among Cu 3d spins [9], which give rise to a peak in X(q,w) for q near the AF wave vector
Q = (n/a,n/a). This peak in turn enhances 1/1)T, which varies as a weighted sum of
X"(q,wn) over all q, unless the form factor |A(q~Q)|?> vanishes. AF spin fluctuations
can be made to account for the NMR data, then, by noting that |4(q~Q)|? =~ 0 for 17O,
due to geometrical cancellation of transferred hyperfine fields from symmetrically-located
near-neighbor Cu spins, but that |A(q~Q)|? is substantial for *3Cu(2) sites.

Such a picture suggests that in Y, _Pr;BazCu307 the change of 1/T, T with Pr doping
is due to the r dependence of X(q,w) itself, and that the decrease of 1/T\T above T, is
due to the suppression of X(q,w). The consequenrces of assuming that this suppression is

due to AF correlations are investigated in the next section.

3. The antifcrromagnetic Fermi liquid.

In this section we apply the MMP theory to the case of Y,_.Pr,Ba,;Cu;0;. The
essential feature of the theory is the assumption that spins on Cu sites are correlated

antiferromagnetically. The finite range of this correlation in real space leads to a broadened
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q dependence of the dynamical susceptibility in reciprocal space. Details of the theory can
be found in the references.
A one-component form for X(q,w) is assumed, which for convenience is written as the

sum of two parts:

X(q,w) = XrL(q,w) + XaF(q,w) . (6)

Here Xrp(q,w) is a normal Fermi-liquid-like centribution, which is spread broadly over
q space, and XAr(q,w) characterizes the antiferromagnetic fluctuations and is taken to
be a Lorentzian centered at q = Q. The q dependence of the antiferromaguetic part is
characterized by the AF correlation length £, which determines the width of the Lorentzian:

Xar(q,w) = 1+£)'(2g(LgUZ q? (7)

We are interested in the role played by the AF correlation in determining the relaxation
rate. The reader is referred to [9] and [12] for details of the calculation of 1/Ty. The
model yields a value of £ at each temperature using the experimental data. The results
of this procedure are plotted in Fig. 5, where we have also included the result for r =
0 [13,21]. The correlation lengths in Fig. 5 are reasonable in value. They grow with
decreasing temperature, and saturate beforc reaching T.. This behavior indicates that
the AF correlations cease ‘o grow just above the point where the systems undergoes the
transition to the superconducting phase.

Another important result it the increase of £ with Pr concentration which emerges from
this analysis. This is consistent with the view that mobile holes on the planes destroy the
AF correlation of Cu spins, as in the O-deficient compounds. This would then imply that
these holes are filled or localized by Pr doping, and that in the end compond PrBa;Cu;0;

the absence of holes leads to antiferromagnetic ordering of Cu moments in the planes.
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4. NMR and plane-Cu antiferromagnetism in PrBa;Cu;0s.

In this section we describe results of Cu NMR experi:nents in PrBa;Cu3; O:. A more
detailed report of this work will appear elsewhere [24].

Spectra from Cu(2) sites indicate antiferromagnetic (AF) ordering of plane copper
magnetic moments, in agree ent with recent uSR studies [25]. NMR spectra in the AF
state reflect a large internal hyperfine magnetic field H;,, ~ 65kQOe at an angle of ~79°
with respect to the crystalline ¢ axis, due to AF alignment of Cu(2) moments. This Cu(2)
ordering, which is distinct from the AF transition of the Pr ions at ~17K [26), is a signature
of the absence of doped holes in the plane conduction band.

Representative field-swept spectra obtained at high temperatures are shown in Fig. 6.
The low- and high-field peaks at 300 K have been identified as arising from Cu(1) and Cu(2)
sites respectively [13]. The disappearance of the Cu(2) signal with decreasing temperature
indicates the onset of large internal fields at nuclear sites. The Néel temperature Ty
obtained from these data is 280 £ 10 K.

Frequency-swept spectra were obtained over the frequency range 18-130 MHz at 14K
in zero external field. No signal was found near the Cu(2) nuclear quadrupole resonance
(NQR) frequency of 31.5MHz in YBa;Cu30; [6], but two broad spectra were observed
for frequencies around 21 and 80 MHz. The NQR frequencies for Cu(1) sites in fully-
oxygenated YBa;Cuy O+ are in the former range [G), and we interpret the 21-MHz spectrum
as arising from unresolved ®3Cu and **Cu NQR lines at Cu(1) sites. Together with the
unshifted high-field Cu(1) line observed below Ty, this indicates that magnetic ordcring
does not occur on chain sites down to 1.4 K.

The 80-MHz zero-field spectrumn, shown in Fig. 7, is attributed to NMR of Cu(2)
nuclei in an interna! hyperfine field H,,, due to AF ordering of Cu moments at plane sites.

This is supported by the observation of a zero-field Cu(2) resonance in the undoped AF

-10.



parent compound YBa;Cu3Og in the same frequency range [26]. The hyperfine fields are
of similar magnitude but details of the spectra are different in the two cases.

The small quadrupole satellite splitting in the spectrum of Fig. 7 leads to acceptable
fits to calculated spectra over a wide range of angle 8 between H;,, and the ¢ axis. For
all fits H;,, is found to be in the vicinity of 65kOe. To determine # we have measured
frequency-swept NMR spectra for nonzero H,,, || ¢. The applied field splits the resonances
of nuclei on the two AF sublattices, and renders the calculated spectra sensitive to the
direction of H;,. The best fit was obtained for § = 79° + 1°.

The value of the Cu(2) internal field H,5 = 65.24:0.2kOe is comparable to that found
in antiferromagnetic 'YBa; Cu3O¢ (~79kOe) [27] and La;CuO4 (~78k0Oe) [28). Interest-
ingly, a c-axis angle of ~79° was alsv found in La;CuQ,. Assuming the same hyperfine
coupling parameters as in YBa;Cu;Oq, we estimate the magnetic moment to be about
0.5up on Cu(2) sites.

The orientation. of the Cu(2) spins in the AF state can be deduced from the orientation
of Hjpn, if the anisotropy of the Cu(2) hyperfine interaction is known. Mila and Rice {18§]
have analyzed NMR and NQR data from YBa;Cuy07 to provide, among other results,
estimates of the hyperfine coupling parameters of a Cu(2) nucleus to its own and near-
neighbor Cu(2) spins. Their results imply an in-plane coupling to an AF Cu(2) spin
configuration about three times weaker than the out-of-plane coupling. Hf it is assumed
that the hyperfine coupling is similar in PrBa;Cu3 07, our results indicate that the Cu(2)
8pin crientation is nearly in the ab piane as in YBa;Cu3QOe.

In RBa;Cu; 07 compounds other than PrBa;Cu; Oy the rare-earth ions order antifer-
romagnetically at temperatures which scale with the de Gennes factor [29). This suggests a
Ruderman-Kittel- Kasuya-Yosida (RKKY) exchange mechanism. But Pr orders at 17K in
PrBa,;Cu305, which is two orders of magnitude higher than would be expected from such

a scaling. It scems likely that in PrBa;Cu3O; the Pr-Pr exchange interaction is enhnneed
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by a Suhl-Nakamura-like coupling [30] via ordered Cu spins. As far as we are aware AF
ordering at Cu(2) sites has not been observed in RBa;Cu30+ for R # Pr, so that the

Suhl-Nakamura mechanism would not be available in these systems.

5. Conclusions.

The NMR results in Y,_,Pr;Ba;Cu;0O; presented in this paper provide clues to the
nature of the depression of T, and other effects of Pr doping in this system. Previous
analy ses [3] suggested that pair breaking is important in supressing superconductivity, but
the striking resemblance of the local magnetic behavior to that found in oxygen-deficient
YBazCu30;_, provides evidence that removal of hole carriers is also important. This in
turn is an indication of tetra- or mixed-valent behavior of praseodymium in this system,
although Pr3* ions, through modification of the local electronic structure on the planes,
might also provide a hole localization mechanism [31].

We note, however, that hole filling is unlikely to be the entire story, if we compare
Y;-.Pr.Ba;Cu;O; and YBa;Cu3 07, using a simple hole-counting scheme. If Pr were 4+
the z = 0.20 samples would be equivalent to y = 0.10, for which T, is barely depressed from
the end compound. To explain the observed T, pair breaking (or some other mechanism)
must be invoked.

The Knight shift results also show that the exchange interaction presumably respon-
sible for pair breaking is very weak, and that the paramagnetism of the conduction band
is not directly affectew by Pr doping. The insensitivity of the hyperfine coupling param-
eters to Pr concentration attests to this conclusion. From an analysis of 83Cu(2) shift
and relaxation rate data we have demonstrated that reasonabl~ values of spin fluctuation
parameters, whose dependence on temperature and Pr doping follows naturally from the
effect of conduction-hole concentration on antiferromagnetic correlations, can be obtained

using an antiferromagnetic Fermi liquid phenomenology:.
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We have also used copper NMR to confirm antiferromagnetic ordering on planar cop-
per sites in PrBa,;Cu3 07 below Ty =~ 280K, and to determine the direction of the ordered
Cu(2) moments. No ordering 'vas found at Cu(1) sites down to 1.4 K. The similarity of
this behavior to that of YBa;Cu3O¢ suggests that the absence of doped holes causes the
lack of metallic behavior in both compounds. The similar behavior of the doped systems
YBa;Cu307-, and Y,_.Pr;Ba;Cu30- is consis. :nt with the above picture and suggests.
as concluded by Neumeier et al. [32] that hole filling as well as pair breaking plays an im-
portant role in the destruction of superconductivity in the latter compound. These results
all illustrate the importance of the interplay between superconductivity and magnetism in

the high-T, cuprates.
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FIGURE CAPTIONS

Fig. 1. Temperature dependence of Knight shift components for Cu(2) (rlane) sites
in yttrium-rich Y;-,Pr;Ba;Cu;01.

Fig. 2. Planar (Hext L c) Knight shift at Cu(2) sites vs. bulk susceptibility, with
temperature an implicit parameter, in Y;_,Pr;Ba;Cu3O;. Solid lines: fits to the data for
T <200K.

Fig. 3. Temperature dependence of the ®3Cu spin-lattice relaxation rate at Cu(2) sites
inY,;_-,Pr;.Ba;Cu;0,.

Fig. 4. 63Cu spin-lattice relaxation rate divided by temperature in the normal states
of Y,_,Pr,Ba;Cu3;07 and oxygen-deficient YBa;Cu3O7_,. Data for =0, y=0 are taken
from [13], and data for z =0, y=0.37 are taken from [7].

Fig. 5. Temperature and Pr concentration dependence of the correlation length £, in
units of the lattice constant a, for Y,_..Pr,Ba; Cuj Oy as derived from the antiferromagnetic
Fermi liquid tlieory of Millis, Monien, and Pines [9].

Fig. 6. High-temperature field-swept ®*Cu NMR spectra in PrBa;Cu;0;. Spectron.-
eter frequency 85MHz. The peaks near 73.9kOe and 74.5kOe are due to Cu(l) and
Cu(2) nucii respectively [6]. The disappearance of the Cu(2) signal near 280 K indicates
magnetic ordering of Cu(2) moments at this temperature.

Fig. 7. Zero-field NMR spectra of Cu(2) nuclei in PrBa;Cu;O7 at 1.4 K. The dotted
curves correspond to Lorentzian-broadened quadrupole-split **Cu and ®3Cu lines. The

solid curve gives the resultant spectrum.
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