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63Cu NMR shift and linewidth anomalies in the T, 60 K phase of Y-Ba-Cu-0
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'Cu NMR shifts and spectra are presented for both Cu(1) and Cu(2) sites in a specimen of
YBa2Cu30464 (T,-60 K). For H along the c axis, the Cu(2) shift is not distinguishable from
that reported for YBa2Cu307, Q. For H in the a-b plane, the spin component of Cu(2) shift de-

clines sharply as T T, . The Cu(1) shift behaves similarly, showing also a dramatic broadening

at low temperatures in clearly nonmetallic behavior. Combined with anomalous Tl data reported
earlier for the 60-K phase of YBaqCu306+„, these results are shown to be consistent with strong
and monotonically increasing antiferromagnetic correlations as T is decreased.

The superconducting compounds YBa2CusOs4. , divide

roughly into a T, -60 K phase for x 0.5-0.7 and the
T, -90 K phase for x near 1.0. ' Recent studies have re-
vealed marked differences in the static and dynamic mag-
netic behavior of these major phases. For the 90-K phase
the uniform susceptibility g(T) is nearly temperature in-

dependent, whereas Z(T) for the 60-K material exhibits a
decline at low temperatures that becomes progressively
steeper as oxygen is removed. ' Probed by means of the

Y NMR shift and relaxation process, this behavior for
g(T) appears consistent with a temperature-varying me-
tallic density of states. s 4 On the other hand, studies of
the nuclear spin-lattice relaxation time (Ti) at Cu(2)
sitess in 60-K-phase samples have revealed a more
complex and anomalous temperature dependence than
found for the Y. One finds a broad maximum in

(T~ T) ' near 150 K, descending sharply at lower T with

only a rather minor feature at T,. Both the susceptibility
and nuclear relaxation results are suggestive of precursive
superconducting pair formation at T)T,.s

We report in this paper results from a study of Cu(1)-
and Cu(2)-site NMR shifts in 60-K-phase samples for 10
K ~ T ~ 300 K; we also discuss normal-state susceptibili-
ty data for one of the samples used. Our results confirm
an earlier report of a strongly temperature-varying spin-
paramagnetic NMR shift in the normal state with an
anomalously small variation below T„and reveal unex-

pected broadening of Cu(1) NMR lines setting in below
200 K. Previous studiess showed that chain segments
from which oxygen has been removed are electronically
and magnetically inert. The present work indicates that
even filled chain segments in the 60-K phase deviate from
normal-metallic behavior.

Specimens of composition (a) YBa2CusOs7p and (b)
YBa2CusOss4, produced using the gettered annealing
method, were employed for shift and susceptibility mea-
surements. Both have T, 's in the vicinity of 60 K and
have been the subject of previous nuclear-resonance stud-
ies. ' ' For the NMR work the sample materials were
magnetically oriented and fixed in clear epoxy, giving a
high degree of crystallite c-axis uniformity.

The full NMR spectrum for Cu(1) and Cu(2) sites in

sample (b) is shown in Fig. 1 for H along the c axis at a
series of temperatures in the range 20 K~ T~ 293 K.

For this orientation, the Cu(1) line undergoes a second-
order quadrupolar shift to lower fields. Although the
Cu(1) nuclear-quadrupole-resonance (NQR) lines in this
specimen are fairly sharp, the corresponding NMR line
has the appearance of an edge with a smear of intensity
toward lower quadrupole couplings. Assuming the edge to
correspond to the 22.6-MHz NQR peak, we calculate the
quadrupolar shift to be '

Kv 1.76%. The room-
temperature magnetic shift value at the edge is thus
K~Nis, 0.53%, and is only slightly smaller than the
Cu(1)-site shift K), 0.58% reported for YBa2Cu307Q. "
If we adopt the orbital shift value reported for the latter
case" K~,'b 0.25%, we find Ki, 0.28% for the spin part.
As the temperature is lowered, Kf, diminishes, at first by
slight motion of the edge, then below 200 K by smearing
of the line to higher field. By T 20 K the Cu(l) line ex-
tends through the larger Cu(2) peak and may be as much
as I kG wide. An accurate determination of its shift is not
feasible, but the spin part (see Fig. 1) appears to have
completely disappeared. This behavior obviously reflects
disorder, but is clearly not that of a disordered metal,
where the NMR linewidth would scale with the corre-
sponding (diminishing) susceptibility. The broad line at
low temperature evidently reflects the variety of magnetic
ground states that various finite segments of the "filled"
Cu(1) chain~ can occupy.

The Cu(2) shifts are plotted versus temperature in Fig.
2. For H along the c axis, the shift K2, is seen to be tem-
perature independent in the normal state, with only a
barely perceptible rise below T,. This behavior, including
the magnitude of the shift, is essentially indistinguishable
from that of YBa2Cu307Q. From this we draw two
important conclusions. First, the orbital shift (K2„
T 0) is independent of oxygen composition in the me-
tallic phase, implying that the Cu(2) ionic state and
crystal-field splittings are also invariant. Second, the can-
cellation between local and transferred spin components
of NMR shift at the Cu(2) site observed for the 90-K
phase' carries over to the 60-K phase as well. This indi-
cates that the Cu(2) spin hyperftne coeQcients are un
changed from those of the 90-K phase, an observation
which we use as a premise in interpreting these shift data
below.

On the other hand, the Cu(2) a-b-plane shift data in
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FIG. 1. 6'Cu nuclear spin-echo spectra (v 85.4 MHz), tak-

en with H along the c axis, for a sample of YBa2Cu306. 64 over

the temperature range 20 K & T & 293 K as sho~n. The ratio

R of intensity at the position of the minimum between the peaks

(arrows) to the Cu(1) peak amplitude is plotted in the inset to

show the onset of broadening below 200 K.

Fig. 2 form a striking contrast with the corresponding
YBa2Cus07. Q data, " shown as a solid line. The present
data were obtained by tracking the position of the main
NMR peak [vNqR 27.5 MHz (Ref. 7)] as a function of
temperature. After subtraction of the (temperature-
dependent) second-order quadrupolar shift in a similar
fashion to the Cu(l) case, ' we obtain the magnetic shift
Kz, b shown as circles in Fig. 2. A similar, but less accu-
rate result is obtained by measuring the center of gravity
of the NMR spectra.

The zero-temperature intercept of the Kz, b data, inter-
preted as the orbital shift, gives Kz,'b 0.25%, only
slightly smaller than the YBazCu307 Q value shown by the
solid line. We assume here, as have previous au-
thors, " ' that the spin components of the shift and sus-
ceptibility vanish as T 0. We emphasize this point, be-
cause it leads to the unexpected conclusion that the planar
spin susceptibility gf(T) cz: Kz, s declines to -20% of its
room-temperature value as T T,. This inference is fur-
ther confirmed by the observation that the anisotropic part
of the d-spin NMR shift (-0.05%) is an order of magni-
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FIG. 2. Measured "Cu NMR shift values at the Cu(2) site
are plotted vs temperature for H along the c axis (Ki,) and in
the a-b plane (K2, b). The zero of spin-paramagnetic shift
K2, b, i.e., the limiting T 0 value, is taken to be the orbital
shift Kf,' q 0.25%. These data have been corrected for temper-
ature variation of the NQR frequency. The solid line shows
Cu(2) shift vs T curve for 90-K material (Ref. 11).

tude less at T 60 K than it is for YBa2Cui07Q. ' This
effect, which was foreshadowed by the Y shift measure-
ments reported for these materials, 34 has been attributed
to the development of a pseudogap as a result of fermion
scattering from antiferromagnetic fluctuations. '4

We now use the Cu(2) shift data (K2, b) from Fig. 2 to
discuss and analyze relaxation data for both 63Cu(2)
(Refs. 5-7) and Y (Refs. 3 and 4) in the 60-K phase. One
measure of correlation effects in Fermi liquids is the Kor-
ringa ratio T~(Korringa)/T~, where

T ~ (Korringa) ' 4ttktt Ty„K, l(N, y, h )

is the relaxation rate corresponding to spin hyperfine shift
K, for the case of noninteracting fermions. ' The factor
N, is placed in the denominator to account for multiple
sources of hyperfine fluctuations. '6 The 63Cu(2) relaxa-
tion in these materials is enhanced preferentially over that
of the ' O(2, 3) and Y nuclei. That observation suggests
the occurrence of an antiferromagnetic fluctuation
peak' ' in the dynamic susceptibility g"(q, tv). ' Recent
model calculations based on this assumption ' have
yielded quantitative simulations of T ~

behavior for
Cu(2), ' O(2,3), and Y nuclei in the 90-K phase using

a single dynamic susceptibility. At low frequencies the
mean-field models give g"(q, cv) a: tug(F(q), where gQ is
the uniform spin susceptibility and F(q) models the q-
dependent (antiferromagnetic) enhancement effect.
Thus, "

(T,T) ' g(gA(q) 'F(q) (I)
q
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where A (q) is the q-dependent hyperfine coupling. 20

In applying Eq. (1) to the 60-K phase, we point out that

go is thereby constrained to take on a strong temperature
dependence which is inconsistent with mean-field theory
behavior. With that caveat in mind, we use Eq. (1) to iso-
late the behavior of the antiferromagnetic fluctuations by
forming a quantity proportional to (T~Tgo) '. To that
end we define a modified Korringa ratio (MKR)
[T~(Korringa)/T~][K'(T)/K'(300 K)], which has the
desired property and is also independent of hyperfine cou-
pling parameters. Values of the MKR are plotted in Fig.
3 for 'Cu(2) (solid circles) using T~ data from Ref. 7
(Fig. 3, inset). For comparison we plot
T~(Korringa)/T~(T) for siCu(2) in 90-K material, 3 as-
suming K2, b 0.30% (Ref. 11) independent of tempera-
ture. The 90-K material shows enhancements —10 which
increase monotonically with decreasing T, while enhance-
ment for the 60-K phase grows with a similar power of
temperature (-T '~ ) but is a factor of 4-5 greater.
These results appear to reflect antiferromagnetic correla-
tions between Cu(2) spins which grow stronger as the
composition nears that of the insulating phase. Most im-

portantly, the mean-field model [Eq. (1)] succeeds in

separating the peculiar shift behavior from that of the an-
tiferromagnetic fluctuations.

As a control for this procedure, we plot the MKR for
Y in YBa2Cui06s3 in Fig. 3 using NMR data from Ref.

3 (solid squares). The spin-paramagnetic shift component
is obtained from the data of Ref. 3 as follows. By plotting
measured s9Y shifts against the Cu(2) shifts in Fig. 2 and
extrapolating to zero copper (spin) shift, we find Ko—175 ppm for the zero of Y spin-paramagnetic shifts.
As we see from Fig. 3, the MKR for the 9Y nuclei shows
background enhancement, but little variation with tem-
perature, in accord with the antiferromagnetic fluctua-
tion-model results. 20 '2 A similar result is found using
' O(2, 3) NMR data for the 60-K phase. 2 The Y and
'7Q nuclei do not respond to the antiferromagnetic fluc-
tuations, because their form factors A(q) vanish at

q (z, ir). For comparison with the Y data we also
show in Fig. 3 the Korringa ratio for s Y NMR data on
90-K material (open squares), using the chemical shift
determined as described above, as well as for '70(2,3) us-

ing new T~ data with the isotropic spin-paramagnetic shift
given in Ref. 13 (triangles). These results confirm that
the Y and ' Q(2,3) nuclei in either phase are little
affected by the growing fluctuation peak involving the
Cu(2) spins, evidently for the reasons given above.

We can also use the shift data of Fig. 2 to analyze the
measured susceptibility into its component parts. The de-
tails of this analysis will be presented elsewhere. Our
main finding is that the spin susceptibilities associated
with the Cu(1) and Cu(2) sites have similar temperature
dependences and magnitudes. This is the first experimen-
tal evidence on this point; it supports the assumption made
by Mila and Rice in their hyperfine coupling analysis'
(for 90-K phase YBa2CuiOs+„) that the spin susceptibili-
ties on the two copper sites are the same. It should be em-
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FIG. 3. MKR is plotted vs T for 63Cu(2) (solid circles) and
S9Y (solid squares) for the 60-K phase. For comparison, the
simple Korringa ratio is shown for 6iCu(2) (circles), 89Y

(squares), and ' 0 (triangles) in the 90-K phase. See text for
definitions and sources of data. The inset shows the 6'Cu(2) T~
data from Ref. 7 used for the corresponding MKR curve (solid
circles).
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phasized that this conclusion depends on assuming the
spin hyperfine coefficients for the 90-K phase'2 to be valid
here.

In conclusion, the anomalous shift and relaxation be-
havior at planar sites in the 60-K phase of YBazCu306+„
can be analyzed in terms of an antiferromagnetic fluctua-
tion peak in the dynamic susceptibility. The correspond-
ing correlation lengths ' for antiferromagnetic short-
range order are 5-6a for the 60-K phase samples as op-
posed to 2-3a for 90 K material. Recent neutron-
scattering data show antiferromagnetic correlations to
be present in a sample with T, 50 K, giving at least
qualitative support to this kind of model. Second, it must
be emphasized that the temperature-varying spin suscepti-
bility is not understood. This effect, and the absence of
any prominent feature in the TI curve at T„strongly con-
trast with the behavior of the 90-K phase. These
differences are accompanied by a similar contrast in
specific-heat behavior, where the 60-K phase exhibits a
specific-heat peak at T, which is very small and difficult to
resolve.



Cu NMR SHIFT AND LINE%'IDTH ANOMALIES IN THE. . . 9577

'R. J. Cava, B. Batlogg, K. M. Rabe, E. A. Rietman, P. K. Gal-

lagher, and L. W. Rupp, Jr., Physica C 156, 523 (1988).
zT. Kawagoe et al. , J. Phys. Soc. Jpn. 57, 2272 (1988); D. C.

Johnston, S. K. Sinha, A. J. Jacobsen, and J. M. Newsam,

Physica C 153-155, 572 (1988).
H. Alloul, T. Ohno, and P. Mendels, Phys. Rev. Lett. 63, 1700

(1989).
4G. Balakrishnan, R. Dupree, I. Farnan, D. McK. Paul, and M.

E. Smith, J. Phys. C 21, L847 (1988).
5W. W. Warren, Jr., R. E. Walstedt, G. F. Brennert, R. J. Cava,

R. Tycko, R. F. Bell, and G. Dabbagh, Phys. Rev. Lett. 62,
1193 (1989).

T. Imai, T. Shimizu, H. Yasuoka, Y. Ueda, K. Yoshimura, and

K. Kosuge (unpublished).
7W. W. Warren, Jr., R. E. Walstedt, G. F. Brennert, R. F. Bell,

G. P. Espinosa, and R. J. Cava, in Proceedings of the Interna-

tional Conference on High-Temperature Superconductivity,
Stanford, CA, 1989 (unpublished). The shift results given in

this paper were preliminary and are superseded by those

presented in Fig. 2.
sJ. M. Tranquada et al. , Phys. Rev. B 3$, 8893 (1988); W. W.

Warren, Jr., et al. , ibid. 39, 831 (1989); M. Horvatic et al. ,

ibid 39,733.2 (1989).
R. J. Cava, B. Batlogg, C. H. Chen, E. A. Rietman, S. M.

Zahurak, and D. Werder, Phys. Rev. B 36, 5719 (1987).
'oTo good precision this shift is given by Kv (vg„—vg~) /

(12vt'), where vg, eQV, /2h, where V„represents the (di-

agonal) a component of the electric-field gradient tensor and

vL is the nuclear Larmor frequency. K~ has been calculated
for Cu(1) assuming vg

—
vg~, vg, 0(rt 1). The value of

Kv for Cu(2) sites is temperature dependent because of the
temperature variation of the vg, 's.

"S.E. Barrett, D. J. Durand, C. H. Pennington, C. P. Slichter,
T. A. Friedmann, J. P. Rice, and D. M. Ginsberg, Phys. Rev.

B 41, 6283 (1990).
'zF. Mila and T. M. Rice, Physica C 157, 561 (1989).
' M. Takigawa, P. C. Hammel, R. H. HeA'ner, and Z. Fisk,

Phys. Rev. B 39, 7371 (]989)
'4J. Friedel, J. Phys. Condens. Matter 1, 7757 (1989).
'sT. Moriya, J. Phys. Soc. Jpn. 1$, 516 (1963).
'sin the present instance, W, 4 for Cu(2), 2 for O(2, 3), and 8

for Y. This correction is only accurate if one neglects dynam-
ical correlations between Cu(2) spins and is thus only approx-
imately correct here.

' T. Imai, T. Shimizu, T. Tsuba, H. Yasuoka, T. Takabatake,
Y. Nakazawa, and M. Ishikawa, J. Phys. Soc. Jpn. 57, 1771
(1988).

' R. E. Walstedt, W. W. Warren, Jr., R. F. Bell, G. F. Brennert,
G. P. Espinosa, R. J. Cava, L. F. Schneemeyer, and J. V.
Waszczak, Phys. Rev. B 3$, 9299 (1988).

' We remind the reader that the nuclear relaxation rate is given
quite generally by

Ti ' -(y'keT/g'ttk)QAq2g"(q, ra)/r0,

where Aq is the q-dependent hyperfine coupling parameter.
N. Bulut, D. Hone, D. J. Scalapino, and N. E. Bickers, Phys.
Rev. B 41, 1797 (1990).

2'A. Millis, M. Monien, and D. Pines (unpublished).
22B. S. Shastry, Phys. Rev. Lett. 63, 1288 (1989).

R. E. Walstedt, W. W. Warren, Jr., R. F. Bell, and G. P. Espi-
nosa, Phys. Rev. B 40, 2572 (1989).
This interpretation contrasts with that given in Ref. 3, where it
is assumed that K,'T~T is constant and a somewhat larger
chemical shift is deduced.

2sM. Takigawa (private communication).
2sJ. M. Tranquada et al. , Phys. Rev. Lett. 64, 800 (1990).
27J. E. Crow (private communication).


