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The **Cu Knight shift K and spin-lattice relaxation rate 1/7, have been measured in the super-
conducting cuprate system Y,_, Pr,Ba,Cu;0,, 0.05 <x <0.20. With Pr doping K decreases and de-
velops a temperature dependence at both plane and chain sites. This resembles the behavior of the
Cu and Y Knight shifts as well as the bulk susceptibility in oxygen-deficient YBa,Cu;0,_,. The or-
bital contribution to K and the anisotropy of the Cu hyperfine coupling remain essentially un-
changed over the entire Pr concentration range. No appreciable direct effect of Pr magnetism on
the conduction-band susceptibility was found. Instead, analysis of the bulk susceptibility and NMR
data indicate that pair breaking and hole depletion both take part in the suppression of the super-
conducting transition temperature 7,. The temperature dependence of 1/T, for magnetic field
parallel to the c axis is also similar to that for the oxygen-deficient compound. This agreement leads
to a consistent picture of the role of antiferromagnetic fluctuations in these materials. An analysis
of the data in the framework of the phenomenological theory of Millis, Monien, and Pines is given.

I. INTRODUCTION

Praseodymium is unique among rare-earth dopants in
suppressing superconductivity in the high-T, cuprate
YBa,Cu;0,; while maintaining the orthorhombic struc-
ture of the host.! This property has motivated many in-
vestigators to study the Y,_,Pr,Ba,Cu;O; system.?”’
The superconducting transition temperature 7, decreases
monotonically with increasing Pr concentration from 93
K at x =0 to 0 K at x=0.6, with an accompanying
change in electrical behavior from metallic to semicon-
ducting near the latter concentration. In these com-
pounds several investigations®° have concluded that Pr
is nearly tetravalent and depresses T, by filling or localiz-
ing conduction-hole band states. Spectroscopic studies®’
have indicated, however, that the Pr valence is close to
3+, so that magnetic spin-flip scattering and consequent
Cooper-pair breaking depresses T,.. This interpretation is
supported by the fact that 7,.(x) agrees well with the be-
havior predicted by the Abrikosov-Gor’kov theory of
pair breaking by paramagnetic impurities.*>

Nuclear magnetic resonance (NMR) spectroscopy has
provided important experimental information on the
normal-state properties of high-7. superconductors.®
Anomalous behavior of *Cu and 70O NMR Knight shifts
and spin relaxation rates has been observed in the nor-
mal states of YBa,Cu;0;°® YBa,Cu;O4¢;,° and
La, ¢sStg 1sCu0,.!® These results have been successfully
accounted for by the phenomenological model of Millis,
Monien, and Pines (MMP),!! which postulates an antifer-
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romagnetically correlated Fermi liquid with strong anti-
ferromagnetic (AF) Cu spin fluctuations. Although this
model is not unique in explaining the data,!? its success
gives evidence for the importance of AF fluctuations,
whose relation to superconductivity, nevertheless,
remains a matter for speculation.

Preliminary ®*Cu NMR experiments'3 suggest a strik-
ing similarity between the behavior of the local magnetic
susceptibilities in Y,_,Pr,Ba,Cu;0, and oxygen-
deficient YBa,Cu30;_,. The CuO,-plane AF ordering
observed in insulating members (xX0.6) of the
Y,_, Pr,Ba,Cu;0; series'*!® is microscopically similar to
that for YBa,Cu;O,;_,, 05y $0.4,'%17 which gives
strong evidence that the same mechanism for antifer-
romagentism is involved in both systems and probably in
planar cuprates in general. Indeed, the proximity of
these materials to a magnetic instability has long been
thought to play a key role in their superconductivity.!'8
Experimental data on normal-state properties of lightly
doped Y,_,Pr,Ba,Cu;0,, which retains its metallic and
superconducting nature, are therefore desirable to pro-
vide information on the relation, if any, between super-
conductivity and antiferromagnetism in planar cuprates.

In this paper we report an extensive study of ®* Cu
NMR in Pr-doped YBa,Cu;0,. A preliminary report of
this work has appeared elsewhere.!® Praseodymium dop-
ing offers a unique opportunity to study the depression of
superconductivity without introducing structural disor-
der on either the chains or the planes in the YBa,Cu;0,
crystal structure. Substitution of transition metals, e.g.,
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Zn, Mn, Co, or Fe for Cu strongly disorders either the
chains or the planes, and oxygen depletion
(YBa,Cu;0;_,, y >0) results in a phase that is structural-
ly different from the end compound. Y,_,Pr Ba,Cu;0,
is, therefore, a useful system in that effects of disorder ap-
pear to be small, and the effect of charge carrier band
modification can be studied with a minimum of complica-
tions.

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,Cu;0,_,. Temperature-dependent Knight shifts
were observed at chain and plane Cu sites, for which the
hyperfine coupling remains almost the same as in un-
doped YBa,Cu;0,. This latter result suggests that Pr
doping has little effect on the Cu wave function at either
site. Comparison of local susceptibilities derived from
NMR Knight shifts shows that the chain and plane sus-
ceptibilities are not proportional, which implies, within
mean-field theory, that the chain susceptibility possesses
an intrinsic temperature dependence. As with increasing
oxygen deficiency in YBa,Cu;0,_,, the nuclear spin re-
laxation rate 1/7T; monotonically decreases with Pr con-
centration x at low temperatures, which suggests depres-
sion 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 reasonable values of the
parameters involved.

In Secs. II and III we discuss the preparation of our
samples and experimental details, respectively. Then we
present our results and analysis of the copper Knight
shifts and relaxation rates in Sec. IV . In Sec. V, the
MMP model is applied to extract relevant spin-
fluctuation parameters. Our findings are summarized in
Sec. VI.

II. SAMPLE PREPARATION

The samples used in this experiment were prepared us-
ing a standard solid-state reaction technique as follows.
Stoichiometric amounts of high-purity Y,0;, PrqOy,
BaCO;, and CuO were thoroughly mixed and fired for 2 h
at 950 °C for initial reaction and calcination. The reacted
samples were powdered and reheated for 12 h at least
three times to assure even distribution of the reactants
and to minimize the formation of unwanted phases. They
were then pressed into pellets for a final 12-h sintering.
These pellets were then powdered and heated in flowing
oxygen to 600 °C, cooled to 520°C over 10 h, annealed at
420°C for 40 h and, finally, cooled slowly to room tem-
perature over 10 h. X-ray powder diffraction patterns re-
vealed samples consisting of a single orthorhombic phase,
with lattice constants consistent with those of Kebede
and co-workers.2°

Figure 1 gives diamagnetic shielding curves for each Pr
concentration, corrected for demagnetizing fields, at an
applied field of 10 Oe. The transition temperatures for
our samples are in substantial agreement with other
work.2”>?° The transitions widths, estimated from the
slope of the shielding curves at T,, depend on x but are
typically 3—5 K. The shielding fraction depends on Pr
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FIG. 1. Diamagnetic shielding (zero-field-cooled magnetiza-
tion) curves for Y,_,Pr,Ba,Cu;0; samples used in the present
work. H,,,, =10 Oe.

concentration and varies between 40 and 70 %. Small
shielding fractions are sometimes taken to indicate sam-
ple inhomogeneity, but NMR and other data on these
specimens are consistent with homogeneous samples and
intrinsic behavior. Although not visible in the x-ray pat-
terns, a very small amount of pure YBa,Cu;0, phase
( £2%) manifests itself as a slight diamagnetic tail in the
shielding curve just below ~92 K. This is followed by a
sharp transition at a lower temperature when the doped
Y,_,Pr,Ba,Cu;O0,; phase becomes superconducting.
This small amount of second phase does not affect NMR
measurements, however, since most of the signal comes
from the doped phase.

The oxygen stoichiometry was verified by the sharp-
ness of the Cu(l) (chain) NMR and nuclear quadru-
pole resonance (NQR) lines. In oxygen-deficient
YBa,Cu;0,_, samples, oxygen vacancies on the chains
result in three configurations of chain Cu sites with dis-
tinct NQR and quadrupole-split NMR frequencies. The
sharp peaks observed in our samples were similar to those
obtained for YBa,Cu;0,,2! and there was a marked ab-
sence of lines corresponding to two- or three-oxygen
coordinated chain Cu sites as seen in YBa,Cu;Oq ¢3.°
This analysis gives a rough estimate, y $0.1,% for which
T, would not be severely depressed. Magnetization mea-
surements in the normal state yielded Curie-Weiss-like
susceptibilities in good agreement with other reports.°

III. EXPERIMENT

The powdered samples were aligned with their ¢ axes
parallel to a 4.2-T magnetic field while being cast in
epoxy at room temperature. This procedure allows us to
obtain relatively narrow Cu NMR lines even in the pres-
ence of the large quadrupole splitting. A conventional
NMR spectrometer was used to determine the ®*Cu
Knight shift K and spin-lattice relaxation rate 1/7T, at
plane and chain copper sites. The NMR spectra were ob-
tained by integrating the NMR spin-echo signal while
sweeping the magnetic field. Knight shifts were obtained
from the observed fields for resonance and corrected for
the quadrupolar shifts.?! Relaxation data were obtained



43 $Cu NMR AND HOLE DEPLETION IN THE NORMAL STATE. ..

by digitizing the spin echo from the central (J«<>—1)
transition for increasing delay times following a single 90°
saturating pulse. The integrated spin-echo amplitudes
were then fit to a standard three-parameter multiex-
ponential recovery curve?® to obtain T,. The fits were
good at high temperatures, but the assumed functional
form deviated from the data near and below T, which in-
dicates a distribution of T;’s under these conditions. At
low temperatures, where the central transitions from the
plane and chain sites broaden and overlap, relaxation
data were obtained from the quadrupole satellites instead.

IV. RESULTS AND DISCUSSION

A. Cu spectra

Figure 2 shows field-swept spectra of the ®*Cu central
lines at 100 K and 85 MHz for plane and chain sites,
each with Hjlc and Hlc. The shapes of the spectra are
essentially unchanged compared with undoped
YBa,Cu;0, (Ref. 21) except for a slight broadening as Pr
concentration is increased; this indicates an introduction
of some disorder by Pr doping. For H||c, the two sharp
lines at 73.7 and 74.4 kOe are identified as the Cu(1) and
Cu(2) (plane Cu) central transitions, respectively. The
small peaks at around 75 kOe are Cu(1) satellites that are
not clearly resolved. For Hlc, the sharp peak is due to
Cu(2) nuclei, and the broad signal between 74 and 77 kOe
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FIG. 2. Field-swept ®Cu NMR spectra of aligned

Y,_,Pr,Ba,Cu;0, powders at 100 K and 85 MHz. See text for
identification of resonance lines. The small peaks between 75
and 76 kOe are spurious signals from the probe.
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matches the quadrupolar powder pattern with asymmetry
parameter 7~ 1 appropriate to Cu(l) nuclei. Weak sig-
nals in the spectra are spurious and arise from nuclei in
the probe.

Our measurements indicate a slight temperature
dependence of the quadrupole coupling frequency v, at
Cu(2) sites, similar to that originally observed by
Riesemeier et al.?* We also observed a slight change of
vo with Pr concentration, of about 2% for x =0.2 and
monotonically decreasing with increasing x. This is
several times larger than one would expect from the ex-
pansion of the lattice?® on the basis of a point charge cal-
culation and opposite to what would be expected from
the picture of Shimizu er al.,?’ assuming that the on-site
contribution does not change with doping. The asym-
metries of the electric field gradients remain essentially
unchanged for both copper sites over the range of Pr con-
centrations studied.

B. Cu(1) Knight shift

The principal-axis Knight shift tensor components at
Cu(i) sites (i=1,2) will be denoted by K,,, where
a=(a,b,c) indicates the crystal-axis direction. For chain
sites (i =1), the temperature dependences of the Knight
shifts are given in Fig. 3. For all a, K,(x,T) decreases
with increasing x and develops a temperature dependence
that is almost linear above T,. Although the temperature
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FIG. 3. Temperature dependence of the principal-axis

Knight-shift tensor components for Cu(l) (chain) sites in the
normal state of Y,_, Pr,ba,Cu;O,. The errors are statistical
only.
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variation of the resonance peak is small compared with
the linewidth, the consistent behavior observed across the
range of Pr concentrations suggests that it is intrinsic to
the system. This temperature dependence is to be con-
trasted with the Cu(l) Knight shifts in undoped
YBa,Cu;0,, which are temperature independent above
T,.%212® Similar behavior has also been observed in
YBaZCu306 45 (Ref. 25) and YBa,Cu;044; (Ref. 27) for
Cu(l) sites with four oxygen neighbors and Hjc. It
should be noted that it is more difficult to obtain these
data in oxygen-deficient samples because of the wide dis-
tribution of quadrupole frequencies associated with
chain-oxygen vacancies and also because of linewidth
anomalies that smear out the Cu(1) signal at low tempera-
tures.”® These difficulties are considerably reduced in
Y,_,Pr,Ba,Cu;0,.

Formally, the Knight shift at each site i can be written
as the sum of spin and orbital contributions

Kia:K,‘(;) +K'_(§rb) , (1)

where the superscripts (s) and (orb) refer to spin and Van
Vleck orbital paramagnetic contributions, respectively.
Each component is proportional to a corresponding sus-
ceptibility, i.e.,

Kl_(é,orb) :Ai(é,orb)xﬁsaorb) 2)

where the A4 ’s are the principal-axis components of the
hyperfine coupling tensors. We will assume that the spin
susceptibility is isotropic and gives rise to the tempera-
ture dependence of the Knight shift in the following
analysis, and we will demonstrate consistency with this
assumption at the end.

Figure 4 gives plots of K, and K, versus K. with
temperature as an implicit parameter. From this plot we
can determine the orbital contributions to the Knight
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FIG. 4. Planar (Hlc) vs c-axis (H|c) Knight shifts at Cu(1)
sites in the normal (open symbols) and superconducting (solid
symbols) states of Y,_,Pr,Ba,Cu;0,, with temperature an im-
plicit parameter. Upper line: K,,. Lower line: K,,. Some
shifts in the superconducting state are smaller than the orbital
values because no diamagnetic correction has been made. The
straight lines are fits to normal-state data. The value Ko™ is
that found for x =0 (Ref. 26).
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shifts as follows: In the absence of strong spin-orbit
scattering, the freezing out of spin paramagnetism in the
superconducting state yields K/ (7 =0)=0. This allows
one to read off the temperature-independent orbital con-
tribution from the measured zero-temperature shift.%2126
Due to difficulties associated with the field correction for
diamagnetic shielding by supercurrents, we will not do
this directly but will assume instead that the orbital con-
tribution to K;, does not change from its value in the un-
doped compound. This assumption is reasonable because
K™ is mainly ionic in nature and is relatively
unaffected by changes in electronic structure outside the
Cu ion, unless the latter changes valence appreciably.

If we then take K (9®'=0.27%, as obtained for x =0,2°
we find K| °fb’ =(1.17£0.02)%  and K3
=(0.29+0.03)%. These values are relatively unchanged
from those in the x =0 compound and remain essentially
constant (+10%) over the Pr concentration range. This
anisotropy of the orbital Knight shift has been accounted
for by the Cu 3d-state crystal-field splitting,”® which also
justifies the validity of the assumption of vanishing spin
shift at T =0.

The linearity of the relations of Fig. 4 is consistent
with temperature-independent hyperfine couplings and
an isotropic temperature-dependent susceptibility over
the entire Pr concentration range. Indeed, the uniform
slopes in Fig. 4 indicate that the anisotropy of the Cu(1)
hyperfine coupling is independent of temperature and
doping. From these slopes we obtain A{)/A4)
=0.65+0.10 and A4)/A4=0.904+0.19. These are to
be compared with the corresponding values®® 0.7540.13
and 0.90%+0.13, respectively, in YBa,Cu;0,. We con-
clude that both the spin and orbital hyperfine coupling
constants at Cu(1) sites are temperature independent.

A temperature dependence of the anisotropy would be
expected only if a transferred hyperfine coupling to the
temperature-dependent Pr magnetization existed. This is
seen not to be the case here, nor is it the case for Cu(2) as
will be shown shortly. The absence of such a coupling to
Cu(l) sites is not surprising, given the remoteness of the
Pr ions.

C. Cu(2) Knight shift

The temperature dependence of the Knight shift tensor
principal-axis components K,,(7T) at Cu(2) (plane) sites is
given in Fig. 5. Within errors, K,. is independent of tem-
perature and very close to its undoped value. This is as
expected, since, for x =0, the spin hyperfine coupling
along the c¢ direction is fortuitously small, and K,_ is
dominated by the orbital contribution.?"2°

In contrast, the in-plane shift K,,, exhibits a strong
temperature and Pr concentration dependence. As for
Cu(1) (Sec. IV B) the Cu(2) shifts decrease with increasing
X, but their temperature dependence exhibits downward
curvature rather than being linear. Similar behavior of
the Cu(2) Knight shift has been reported in oxygen-
depleted YBa,Cu;0,_,, 0.35y=0.55, by several
groups,”?>2% and also in %Y Knight shift data taken over
the entire range y <0.6, for which YBa,Cu;0,_, is su-
perconducting.’® Measurements on Sr- and O -doped
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FIG. 5. Temperature dependence of **Cu Knight-shift com-
ponents at Cu(2) (plane) sites in Y, _,Pr,Ba,Cu;0,.

La,CuO, also indicate temperature-dependent Knight
shifts.?!

The constancy of K,. indicates that the orbital shift
K{°™ is independent of Pr concentration for Cu(2) plane
sites, as was shown in Sec. IV B for Cu(l) chain sites. As
for x =0, this yields K5~0. In the undoped compound,
Mila and Rice?® have explained the magnitude and an-
isotropy of K (22 by adding a second term to the spin com-
ponent of Eq. (1) due to an isotropic transferred hyperfine
field from nearest-neighbor plane copper sites. Then

K§)=(A%) +4B)yy , 3)

where B is the transferred hyperfine coupling constant.
The vanishing c-axis spin Knight shift is, therefore, the
result of a balance between on-site and transferred
hyperfine contributions: A5'+4B~0. The present re-
sults show that this relation also holds for Pr-doped sam-
ples, and indicates, therefore, that the Cu(2) hyperfine
constants are substantially independent of Pr doping.
This cancellation of contributions to the hyperfine field is
also necessary to explain why there is no 7 dependence of
K, of Hj|c, while there is for Hlc. We note that such a
temperature independence is not found for K, and that,
for the undoped parent compound, all components are
temperature independent.

Close inspection of Fig. 5 reveals a small x dependence
to K,., ~2%, which could be due to systematic errors in
determining the peak frequencies but might also be real.
If this x dependence is real, the fact that it is not accom-
panied by the development of a temperature dependence
indicates by the above argument that the orbital shift, but
not the spin shift, is affected by Pr doping.

Based on the Mila-Rice model, one might ascribe the x
dependence of K to a transferred hyperfine field from Pr
spins via planar oxygens. It can be argued, however, that
if the decrease of K,,, with both x and T is due to Pr, it
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should also give at least a noticeable effect on K,,, which
is inconsistent with the present data. This suggests that
hyperfine coupling to Pr spins is negligible, as for chain
Cu sites, even though Pr is close to the planes. We con-
sider this point in more detail below.

If we adopt the view that Pr removes holes from the
conduction band, possibly because it is close to a tetra-
valent state, the decrease of the magnitude of Knight
shifts on both planes and chains with increasing x can be
understood in a simple rigid-band picture as a decrease in
the number of conduction-band carriers and, hence, of
the density of states at the Fermi energy. The decrease at
both plane and chain sites then implies that mobile holes
are present on both structural entities.

Another possible interpretation of the change of
K,,,(T) with Pr doping is suggested by the shape of its
temperature dependence and the Curie-Weiss-like behav-
ior of the Pr-dominated bulk susceptibility, viz., a
transferred hyperfine interaction between Pr spins and
Cu nuclei. Such a picture might be more appropriate for
Pr close to a 3+ state, which has a more extended wave
function that would be capable of stronger hybridization.
In the following we consider this possibility and show
that it is inconsistent with the data.

In a simple metal, a local spin moment produces a
conduction-band spin polarization, which can be moni-
tored by the Knight shift of the host nuclei. This
Ruderman-Kittel-Kasuya-Yosida (RKKY) mechanism
has successfully explained the observed temperature
dependence of the host-nuclei Knight shift in several
rare-earth intermetallic compounds.’ The Hamiltonian
S, which describes exchange between the conduction-
band spin polarization s, and an ensemble of 4f mo-
ments, each of total angular momentum #J;, can be writ-
ten

‘7{:2 JCF(gJ—I)J,--sCS(r,-) ’ (4)

where #cr is the exchange constant, and g; is the Landé
g factor. The sum is over all 4f-moment sites. In the
uniform conduction-band polarization model,> it is as-
sumed that the local moments uniformly polarize the
band carriers. The hyperfine coupling constant 4 “” be-
tween the local-moment spin and a nucleus is then related
to a spatially averaged estimate {Fcp) of Fcr and is
given by

AW = K¢ derdg, —1) . (5)

2N 4818

Here K is the spin Knight shift due to conduction elec-
trons, which can be taken from a nonmagnetic reference
compound or from the high-temperature limit of the ob-
served Knight shift, N , is Avogadro’s number, and up is
the Bohr magneton.

We now assume that the temperature dependences of
both K,,, and the bulk susceptibility are dominated by
that of the 4 f susceptibility, i.e.,

Koy (T)= Ay ., (T)+const , (6)

so that the exchange parameter can be obtained from a
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plot of K, , versus X,,, with temperature as an implicit
parameter. This is done in Fig. 6, which reveals a linear
relation for most points below 200 K. With K9 taken
from the high-temperature extrapolation (~280 K), and
K ©°™®) taken from the end compound YBa,Cu;0;,2° the
fits for T=200 K yield coupling parameters, which are
summarized in Table 1.

As pointed out in a preliminary report of this work,!
the values of {( #cp) obtained in this manner are substan-
tially larger than usually found in ordinary metals con-
taining 4f ions. They are also substantially larger than
the values obtained by Peng er al.,* who used the
Abrikosov-Gor’kov theory of superconducting pair
breaking to fit their T,(x) data. In other words, the
depression of T, should be more drastic than is actually
observed if the exchange interaction were strong enough
to cause the observed temperature dependence of the
Knight shift. Our results for {Fcg) actually underesti-
mate &g, because the uniform-polarization approxima-
tion breaks down in the dilute limit, where the finite-
ranged RKKY spin polarization would decrease the aver-
age shift for a given value of #. and, therefore, increase
the estimate of Fg for a given observed shift. Thus we
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 in
Fig. 6 to be fortuitous. It should be emphasized that this
conclusion is not per se evidence against the importance
of pair breaking in the depression of T,. We can only say
that the weak exchange required for the latter would not
be observable in the Knight shift, which we ascribe to
conduction-band modification resulting from hole de-
pletion by Pr impurities. The parallel behavior of the
Knight shift in Y,_,Pr,Ba,Cu;0,; and oxygen-deficient
YBa,Cu30,_, is also suggestive of such hole depletion.

A fundamental question that then arises is the origin of
the temperature-dependent reduction of the susceptibility
with increasing x. Pines®’ has suggested that this is a
consequence of the increasing strength of antiferromag-
netic correlations with hole depletion, whereas Kampf

050 X\A

X (107 emu mole™)

=)
W

I nn

OB oo
8RR =
[eelo)e]
(SR -
SWwno

K (%)

FIG. 6. Planar (Hlc) Knight shift at Cu(2) sites vs bulk sus-
ceptibility in Y,_,Pr,Ba,Cu;0,. Solid lines: fits to the data for
T<200K.
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TABLE I. Quantities required for estimation of the exchange
coupling constant Fcr between Pr local moments and
conduction-band spins in Y,_,Pr,Ba,Cu;0,; from Cu(2)
Knight-shift data and comparison with estimates of ¢y from
the depression of 7,. Symbols are defined in the text. The host
spin Knight shift K%, is obtained from the observed Knight
shift at 280 K minus the orbital shift of 0.28% (Ref. 26). In Eq.
(5) we use g;=0.8 appropriate to Pr’*. The result
(Fep)k >>(fCF)TC is evidence that the observed temperature

dependence of K%, is not due to RKKY coupling to Pr spins.

x 0.05 0.10 0.15 0.20
K%, (%) 0.306 0.292 0.295 0.274
dK /dx (molemu™') —2.849 —2.153 —1.081 —0.895
A (kOe/up) —15.9 —12.0 —6.04 —5.00
(Fep)g V)P 0.241 0.191 0.095 0.084
(Fep)r, €V)° 0.026 0.025

*Calculated from Knight-shift data [Egs. (5) and (6)].
®Calculated from depression of 7, (Ref. 4).

and Schrieffer** have considered a “pseudogap” in the
single-particle spin excitation spectrum, which can form
as a result of strong AF correlations. We shall see in Sec.
V that the phenomenological MMP theory yields an in-
creasing AF correlation length for plane-site Cu moments
as doping is increased and as temperature is decreased.

D. Chain-plane coupling; temperature dependence
of chain susceptibility

Is the temperature dependence of the spin susceptibili-
ty (as measured by K) on the chain sites influenced by the
planes, or is it at least in part intrinsic? Proportionality
between chain and plane susceptibilities, which would
seem to imply some form of strong chain-plane coupling,
was assumed by Walstedt et al.?® for YBa,Cu;O ;; using
this assumption they found x{¥=~2x}’. In their analysis
of NMR in YBa,Cu;0,, Mila and Rice? assumed that
the chains and planes have equal susceptibilities:
X¥=x%. We examine this question by plotting the
chain Knight shift versus the plane Knight shift, each
normalized to its value at 280 K, in Fig. 7, where it can
be seen that the shifts (and, therefore, the susceptibilities)
are not proportional.

In a mean-field theory, the effective chain (i =1) and
plane (i =2) spin susceptibilities x\'); can be written in
the presence of coupling between chain and plane magne-
tism as

XEa=[1+T Xl T X s

Here T';; is a mean-field coupling parameter (T";, need not
be equal to I',;), and )(5»,‘1’00 would be the local spin suscep-
tibility at site / if chains and planes were uncoupled. If
X{loc Were independent of temperature, we would expect
a linear relationship between x|, and X5 This would
yield linearity between K $(T) and K ), (T), which is not
observed (Fig. 7). We conclude that both the chain and
plane susceptibilities are intrinsically temperature depen-

(i#j) . (7)
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FIG. 7. Cu(l) (chain) spin Knight shift vs Cu(2) (plane)
Knight shift, with temperature as an implicit variable, in
Y,_,Pr,Ba,Cu;0,. The shifts are normalized to their respec-
tive values at 280 K. The lack of linearity indicates that the
chain susceptibility is intrinsically temperature dependent.

dent in Y, _,Pr,Ba,Cu;0,. The data do not permit us to
decide whether the coupling between chains and planes is
weak or strong nor to determine the intrinsic tempera-
ture dependence.

E. Corrected Pr magnetic susceptibility

With the information on the Cu spin susceptibility
available from the Knight shifts, we can further analyze
the bulk susceptibility data to obtain the Pr contribution
separately. The results of this analysis differ from those
of previous work*> in which the band susceptibility was
taken to be temperature and concentration independent
because we have shown this not to be so and obtained the
temperature dependence from our Knight shift measure-
ments. We do invoke the apparent Pr-concentration in-
dependence of the hyperfine couplings in order to esti-
mate their value in the doped materials using data from
the end compound YBa,Cu;0,.

We write the susceptibility for Hlc as the sum of
conduction-band, praseodymium, and diamagnetic con-
tributions:

Xap (%, T)=x03V (x, T)+ ¥ Pr(x, T)+ x'42) (8)

The temperature independent core diamagnetic suscepti-
bility x'9® is not expected to be very different from the
value of —1.75X10”* emumol ! in the undoped com-
pound.®> The term labeled (band) is understood to be
that from the hybridized Cu-O plane and chain bands,
the predominant contribution to which comes from Cu
spin and orbital paramagnetism. In fact, we write

X", T)=x{0 (x, T)+2x50 (x, T)+ x5, (9)

where x!9™® is the orbital Van Vleck paramagnetic sus-

ceptlblhty that we argued earlier is independent of tem-
perature and Pr doping.
Using Eq. (2) we can write

X(orb)_(sz(t);;’b) (l(x)zl;)b))NA“ /A(orb (10)
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with the isotropic orbital hyperfine field
A =24, (r3). Using (r 3)=6.1 a.u.,’® and the or-
bital shift values K {°'=0.28% and

(orb) — orb
lab (K

K{$™)/2=0.74%

for the undoped compound,24 we obtain A4°®=759
kOe/up and X°'b =0.96X10"* emumol~!. The spin
contribution x'3) to the susceptibility from the planes can
now be obtained directly from Eq. (3) using

A, +4B=198.4 kOe/py."

There are no published data for the hyperfine fields at
chain sites, but we can make estimates based on results
for the undoped compound. We first use the anisotropy
of K, given in Fig. 4 to write

X1 =(0.77K () +0.56K () )N 4pup /A . (11)
Assuming A is independent of x and T, we can esti-
mate it fo]lowing the analysis of Ref. 18. We also assume
that the spin dens1ty is equally shared by the two sites,
ie., xi¥=1x!" in the undoped compound. Then, y'* is
obtained from the measured susceptibility after subtract-
ing the Van Vleck and core diamagnetic terms; we refer
the reader to Ref. 18 for details of the calculation. Using
the best available values of the Knight shift,?® we obtain
X¥=3.09X10"*emumol ! and 4{)=173 kOe/p .

The contribution from Pr ions is assumed to be of the
Curie-Weiss form

XENT)=C/(T—0)+Xx, . (12)
Here @ is the Curie constant, and Y, consists of all
temperature-independent Van Vleck orbital and core di-
amagnetic contributions from Pr ions and, in principle,
any other temperature-independent susceptibility not in-
cluded in x'%®) in Eq. (8). Even though this Curie-Weiss
form might be modified by any crystal-field splitting of
the (2J+1)-fold Pr degeneracy, it is still of interest to
subtract our estimate for the conduction-band suscepti-
bility from the measured bulk susceptibility and compare
the resulting Pr susceptibility with Eq. (12).

The result of this procedure is shown in Fig. 8, which
gives the temperature dependence of the measured bulk
susceptibility for an aligned powder with Hlc together
with the temperature dependence of the Pr contribution
to the susceptibility obtained as described above. It is
evident that the temperature-dependent Cu contribution
cannot be ignored. The parameters that result from the
fits are given in Table II. It is clear that the effective mo-
ment p.y is underestimated if one fits Eq. (12) directly to
the bulk susceptibility. For smaller x, p.; is slightly
larger, which could perhaps indicate a tendency toward
lower than tetravalency (the Hund’s-rule values are
Keg=3.58up /Pr for Pr’** and pg=2.54uyp /Pr for Pr*t)
for lower Pr concentrations. We note that this tendency
for small x toward trivalence and reduced hole filling
could be related to the result of Neumeier er al.,*” who
concluded from their experiments on Ca-doped
Y,_,Pr,Ba,Cu;0,; materials that most of the initial drop
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FIG. 8. Temperature dependence of the measured bulk sus-
ceptibility (open symbols) and Pr susceptibility obtained as de-
scribed in the text (solid symbols). Solid lines: fits to Eq. (12).

in T, for small x is due to pair breaking rather than hole
filling. More trivalent behavior for small x was also con-
cluded by Sankar et al.3® from their specific-heat study of
Y,_,.Pr,Ba,Cu;0,.

F. Cu(2) spin-lattice relaxation rate

The temperature dependence of the %Cu spin-lattice
relaxation rate 1/7T; at Cu(2) (planar) sites, with Hj|c, is
given in Fig. 9. 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 for x =0.20 is ~15% slower than for
x =0. For all Pr concentrations, as for x =0,% the so-
called ““‘coherence peak” expected from the standard BCS
theory of superconductivity and s-wave pairing®® is ab-
sent. The change in slope of 1/T(T) at T, becomes
smaller as x is increased and, for x =0.20, is hardly no-
ticeable. For the latter sample, the relaxation rate for
Hlc was found to be about 4.25 times faster than for
Hjc. (For x =0, this ratio is about 3.8.2%)

Figure 10 gives the temperature dependence of the
quantity 1/7T,7T, where we have also included data for
YBa,Cu;0q¢ ¢; for comparison. It is evident that the
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FIG. 9. Temperature dependence of the ®*Cu spin-lattice re-
laxation rate at Cu(2) sites in Y, _ , Pr,Ba,Cu;0;.

“Korringa relation” 1/T;T=const is not obeyed. For
increasing Pr concentration, 1/7T;T exhibits a rounded
maximum near 100 K, followed by a sharp decrease at
lower temperatures. As x increases, the maximum be-
comes broader and shifts slightly to higher temperatures,
reaching ~ 130 K for x =0.20. This behavior is qualita-
tively similar to that for y =0.37, except that the relaxa-
tion rate in the latter material is considerably enhanced
at high temperatures. Warren et al.*! have attributed
the decrease of 1/T,T above T, to a superconducting
precursor effect, whereas Yasuoka et al.!° suggested the
opening of a spin gap just below the peak temperature.
With the aid of O NMR results, and based on an anti-
ferromagnetic Fermi-liquid model similar to that pro-
posed for the x =0 material, Takigawa et al.’° and
Monien, Pines, and Takigawa** have shown that the Cu
1/T,T behavior in YBa,Cu;O¢ 4; can be explained as the
combined temperature dependences of the spin suscepti-
bility and a short-range AF correlation length.

Before proceeding to a similar analysis of our relaxa-
tion data, we first estimate the direct Pr-spin contribution
to the observed relaxation rate. We note at the outset
that one would expect such an additional mechanism to
increase 1 /7T with increasing x, so that the observed de-

crease for TR T, appears instead to reflect the reduction

TABLE II. Parameters obtained from Curie-Weiss fits [Eq. (12)] to bulk susceptibility data before
and after correction for conduction-band contributions. Symbols are defined in the text. Errors are sta-

tistical only.

x 0.05 0.10 0.15 0.20

Xo (107* emumol ) a 2.94+0.02 3.72+0.03 3.70+0.09 4.81+0.05
b 1.06+0.11 1.63+0.02 1.78+0.06 2.96+0.05

0 (K) a —22.1+2.2 —17.5+1.8 —22.4+1.1 —6.5+0.7

b —11.7+6.4 —16.1+0.5 —16.8+1.4 —5.940.5

@ (107* emuK mol ™) a 476+11 787+15 1054412 1466415
b 495420 890+6 1123420 1572413
Ue (g (Pr ion)™!] a 2.76+0.03 2.51+0.03 2.374+0.02 2.4240.01
b 2.81+0.05 2.67+0.01 2.45+0.02 2.51+0.01

2Before correction for band contribution.
After correction for band contribution.
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FIG. 10. Relaxation rate divided by temperature in the nor-
mal states of Y,_,Pr,Ba,Cu;O; and oxygen-depleted
YBa,Cu;0;_,. Data for x =0 are taken from Ref. 21, and data
for y =0.37 are taken from Ref. 9.

of conduction-hole concentration previously seen in the
Knight shift.

Coupling between Cu nuclei and Pr ions could be via
either direct dipolar interaction or indirect RKKY ex-
change. In the first case, the average relaxation rate due
to a single Pr local moment is given by

/Ty ~v212elr %) /ooy » (13)

where v, is the nuclear gyromagnetic ratio, p.4 is the
effective Pr magnetic moment, w,, is the fluctuation fre-
quency associated with the Pr-Pr exchange interaction, »
is the distance between the Pr ion and the nuclear spin,
and the angular brackets indicate a spatial average. Us-
ing the Néel temperature Ty to estimate w,,, Hammel
et al.*® have calculated and experimentally verified that
the relaxation rate at Cu(2) sites due to dipolar coupling
to Gd spins in GdBa,Cu;0; is about 20 times the rate in
YBa,Cu;0,. A similar calculation for Pr spins in
PrBa,Cu;0, (x =1), using Ty, =17 K, yields Cu(2) relax-
ation rates of 50 and 150 sec™! for Pr** and Pr’™ ions,
respectively. With dilution {(r ™) « x? which, assuming
that ., is roughly linear in x, leads to 1/7T; «x. We use
this admittedly severe extrapolation to estimate a Pr-spin
contribution for x =0.20 of 10-30 sec ™!, which is quite
negligible compared with the observed values in the nor-
mal state.

Estimates can also be made from our data in the super-
conducting state well below T, (Fig. 9), where relaxation
by superconducting excitations vanishes. This contribu-
tion was found to be at most only 3% of 1/T, at 100 K.
Crystal-field effects could, however, increase this contri-
bution at higher temperatures, as seen, e.g., in unstable-
moment systems.44 We will, nevertheless, neglect direct
Pr-spin relaxation in the following analysis.

The nuclear spin-lattice relaxation rate is related to the
imaginary (dissipative) component }¥''(q,®) of the dynam-
ical spin susceptibility y(q,»):*

YaksT

VT === 4

xX'"(q,®,)
2
> () — (14)

127 q n
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where w, is the nuclear Larmor frequency and A(q) is
the Fourier transform of the hyperfine coupling A4 (r).
The quantity 1/7T,T is, therefore, a measure of y''(q,w),
summed (with a weighting factor) over all fluctuation
wave vectors q and evaluated at the nuclear resonance
frequency w,,.

For a Fermi liquid coupled to nuclei via the contact
hyperfine interaction, the form factor is constant, and the
Korringa relation*® is satisfied:

(T\TK?*)"'=(myi#/u3)R(a) , (15)

where R(a) is an enhancement factor that goes to unity
in the noninteracting limit.** In the x =0 material, at
100 K, R(a) is about 11 for 53Cu at Cu(2) sites but only
about 1.4 for 170 at plane oxygen [0(2),0(3)] sites.>® This
difference has been accounted for by AF correlations
among Cu3d spins,!* which give rise to a peak in
x(q,w) for q near the AF wave vector Q=(m/a,m/a).
This peak in turn enhances 1/7T,T [Eq. (14)], unless the
form factor | 4(q)|? is small for q=~Q. Copper AF spin
fluctuations can be made to account for the NMR data,
then, by noting that | 4(q~Q)|?~0 for plane oxygen
sites, due to geometrical cancellation of transferred
hyperfine fields from symmetrically located near-neighbor
Cu spins but that | 4(q~Q)| is substantial for Cu(2) sites.

Our data suggest the change of Cu 1/7T, T with Pr dop-
ing in Y,_ Pr,Ba,Cu;0; is due to the x dependence of
x(q,w, ) for the conduction band, and the above results
for undoped YBa,Cu;0, suggest the importance of AF
correlations, i.e., of the behavior of y(q=~Q,w®). In the
next section we apply the MMP theory, in which AF
correlations are a central feature, to the case of
Y,_,Pr,Ba,Cu;0,.

V. THE ANTIFERROMAGNETIC FERMI LIQUID

The dynamical behavior of ®*Cu and O NMR in
YBa,Cu;0,;, YBa,Cu;0¢¢;, and La, gsSry ;5CuO, is ac-
counted for quantitatively!'"*>*7 by a phenomenological
theory developed by MMP.!! In this section we apply the
MMP theory to the case of Y,;_,Pr Ba,Cu;O,. 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 q dependence of the dynamical susceptibility
in reciprocal space. Details of the theory can be found in
Ref. 11.

A one-component form for y(q,®) is assumed, which
for convenience is written as the sum of two parts:

X(q,0)=XpL(q,®) +Xar(q,0) . (16)

Here g (q,w) is a normal Fermi-liquid-like contribution,
which is spread broadly over q space, and Xap(q,®)
characterizes the antiferromagnetic fluctuations and is
taken to be a Lorentzian centered at q=Q. For small en-
ergies the frequency-dependent imaginary part of Xpp
(q,w) is of the form

xrulgq,0)=7mwX,/T , (17)

where I' is a characteristic spin-fluctuation energy and
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Xo=Xr.(q=0,0=0). The q dependence of the antiferro-
magnetic part is characterized by the AF correlation
length &, which determines the width of the Lorentzian:

Xo(@)(me/T)NE/ED)
[1+£4Q—q)’P

where

Xo =x(q=Q)=Xo(£/&)* ,

and &, is a parameter of the order of the inverse wave
vector for which Y, begins to dominate Xg;. The tem-
perature dependence of the correlation length is assumed
J

XolT)

Scu@)p -1 y= 87
y (1) r(7T)

“ pp#

B%ky,T

0.294+ % 0.49
T

where B is the hyperfine coupling constant, a is the CuO,
square-planar lattice constant, and the parameter
B=(a/&,)*. For the undoped compound, typical values
are B=41 kOe/ug, B=10, and I'=0.4-0.5 eV, the last
being almost temperature independent.

Equation (20) can be solved for £/a at each tempera-
ture using the experimental data. The results of this pro-
cedure are plotted in Fig. 11, where we have also includ-
ed the result for x =0.2'% The correlation length £ is of
the same order of magnitude as the lattice parameter a,
which is a reasonable value for a strongly hole-doped ma-
terial. & increases with decreasing temperature and satu-
rates before reaching T,. This behavior indicates that the
AF correlations cease to grow just above the point where
the system undergoes the transition to the superconduct-
ing phase.

Another result of this analysis is the increase of £ with
Pr concentration. This is consistent with the view that
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FIG. 11. Temperature and concentration dependence of the
correlation length £, in units of the lattice constant a, for
Y, Pr,Ba,Cu;0; as derived from the antiferromagnetic Fermi
liquid theory of Millis, Monien, and Pines (Ref. 11); from Eq.
(20).
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to be of the mean-field form

§2(T)=§2(O)——£—
T+T,

X

(19)

where T, is a characteristic temperature, and a is the lat-
tice parameter.

We are interested in the role played by the AF correla-
tion in determining the relaxation rate. The reader is re-
ferred to Ref. 46?5 for details of the calculation of the Cu(2)
relaxation rate ““? T ! for Hjlc, based on the single-

band model, which gives

&(T)

—0.621log 2

+0.0175

} ) (20)

the reduction of mobile-hole concentration on the planes,
due to Pr doping, results in an increase of AF correlation
of Cu spins as in the O-deficient compounds. Then one
might expect that the absence of holes could lead to anti-
ferromagnetic ordering of Cu moments in the planes in
the end compound PrBa,Cu;0,. This is indeed the case,
as has been shown by uSR (Ref. 14) and NMR (Ref. 15)
experiments.

The enhancement R zp of the relaxation rate [Eq. (15)]
can now be calculated. It is most easily obtained from
Eq. (20) by noting that the case =0 is the usual Fermi-
liquid result, viz, no enhancement. Hence,

RAF(T):CU(Z)TI]I(B’T)/CU(Z)TI‘l‘Il(O,T) . 21)
We note the importance of the leading &> term in Eq.
(20), which plays a dominant role in determining 1/7,
and, from Figs. 11 and 12, we see that indeed the
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FIG. 12. Enhancement of the ®Cu relaxation rate in

Y,-,Pr,Ba,Cu;0,. From Eq. (21).
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Y, -,Pr,Ba,Cu;0; for various Pr concentrations. The lines are
linear fits.

enhancement of 1/7; behaves like the correlation length.
At 100 K, R, is almost twice its room-temperature
value. The peaking of 1/T,T above T, is, therefore, due
to a competition between the antiferromagnetic enhance-
ment and the temperature dependence of the static spin
susceptibility.

Finally, Fig. 13 gives the temperature dependence of
the quantity [a /&(T)]%. The linearity of this behavior
agrees with Eq. (19), which shows the consistency of as-
suming the mean-field temperature dependence of the
correlation length. The value of T, obtained from linear
fits to these plots increases with increasing Pr concentra-
tion.

VI. CONCLUSIONS

The NMR results in Y,_,Pr, Ba,Cu;0, presented in
this paper provide clues to the nature of the depression of
T, and other effects of Pr doping in this system. Previous
analyses* ;suggested that pair breaking is important in
suppressing superconductivity, but the striking resem-
blance of the local magnetic behavior to that found in
oxygen-deficient YBa,Cu30;_, provides evidence that re-
moval of hole carriers is also important. This in turn is a
strong indication of tetravalent or mixed-valent behavior
of praseodymium in this system, although Pr®* ions,
through modification of the local electronic structure on
the planes, might also provide a hole localization mecha-
nism.*®

We can see that hole filling may not be the entire story,
however, if we compare 7, depression in
Y, .Pr,Ba,Cu;0, and YBa,Cu;O;_, using a simple
hole-counting scheme. If Pr were 4+ and the doped-hole
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distributions are similar for the two systems, the hole
concentration for x =0.20 would be equal to that for
y=0.10. In the latter case, T, is barely depressed from
the end compound y =0, however, whereas, for x =0.2,
the depression is significant. Different hole distributions,
such as filling of chain holes by Pr doping, may also play
some role, but this argument suggests that pair breaking
(or some other mechanism) may need to be invoked to ex-
plain the observed T, depression in Y,_, Pr Ba,Cu;0,.
The inadequacy of hole filling as the only mechanism for
T. depression is further indicated by the tendency to-
wards Pr®™" for low x (Sec. IV B), so that initial Pr doping
can only fill less than one hole per Pr ion.

The Knight-shift results also show that the exchange
interaction presumably responsible for pair breaking is
weak, and that the paramagnetism of the conduction
band is not directly affected by Pr doping. The insensi-
tivity of the hyperfine coupling parameters to Pr concen-
tration attests to this conclusion. Analysis of Cu(l) and
Cu(2) Knight shifts also shows that the plane and chain
susceptibilities are not proportional to each other but ex-
hibit significantly different temperature dependences.
This result, which contradicts the assumption of propor-
tionality between chain and plane susceptibilities used to
treat YBa,Cu;0; (Ref. 29) and YBa,Cu;Og¢ 4, (Ref. 28)
implies, within mean-field theory, that the chain Cu sus-
ceptibility possesses its own independent temperature
dependence regardless of the strength of the chain-plane
interaction. It should be noted that a significant chain-
plane interaction is indicated by the appearance of super-
conductivity on both chains and planes.®

Finally, from an analysis of *Cu(2) shift and relaxation
rate data, we have demonstrated that reasonable values of
spin fluctuation parameters, whose dependence on tem-
perature 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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