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Barium nuclear magnetic resonance spectroscopic study of YBa2Cu307
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We have measured the '3sBa nuclear magnetic resonance (NMR) line shape and the '378a nuclear
quadrupole resonance (NQR) of a powder sample of YBa2Cu307, at 300 K, as well as the temperature
and field dependences of the ' ' Ba NMR line shapes and spin-lattice relaxation rates of magnetical-

ly aligned (cllH0) samples, in the normal and superconducting states. From the NQR and the field

and isotopic dependences of the NMR line shapes of magnetically aligned samples at 300 K, we con-
clude that the magnetic shift is small (0.0 0.12/o), and that the principal components of the
electric-field gradient tensor are ~ (8.3, —0.2, —8. l) X IO~' Vm 2, with the largest component coin-
cident with the crystallographic e axis. In the superconducting state, the resonances broaden and are
shifted to lower frequency. The spin-lattice relaxation behavior is not Korringa-like above T„and
may be influenced by spin fluctuations in the Cu02 plane.

INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is
proving to be an important technique with which to probe
the electronic and magnetic structures of the oxide super-
conductors, with many workers focusing on the YBa2-
Cu307 — system. ' ' There have been detailed reports
regarding the ' 0, ' Cu, and Y NMR of YBa2Cu3-
07 —„but only recently has the barium site been probed
using magnetic resonance techniques. ' ' In this paper,
we report variable temperature measurements of the line
shapes and longitudinal relaxation of ' ' Ba NMR in
YBa2Cu307, using both powder and magnetically aligned,
isotopically labeled samples, as well as ' Ba nuclear
quadrupole resonance (NQR) results at 300 K. Our re-
sults provide accurate values for the individual elements of
the electric-field gradient tensor, in good agreement with
previous theoretical work and recent unpublished results
by Yakubowskii, Egorov, and Liitgemeier, ' put some
limits on the magnitude (and direction) of the Knight
shift, and also suggest that the barium site may be
affected by magnetic spin excitations.

EXPERIMENT

Isotopically labeled samples were prepared from CuO,
Y203, and isotopically labeled BaCO3, using standard
ceramic techniques. ' The barium carbonate was pre-
pared from ' Ba(56.6%)(NO3)2 or ' Ba(89.6%)(NO3)2
(Oak Ridge National Laboratory, Oak Ridge, TN).
Powder x-ray-diffraction data (Rigaku D/max diffracto-
meter) indicated that all samples were single phase and
fully oxygenated, and were in accord with literature
diffraction patterns. ' ' Measurements of the magnetic
susceptibility at low field (~ 25 6) were made using a
superconducting quantum interference magnetometer
(Quantum Design, San Diego, CA), and the results
showed that all samples were bulk superconductors, hav-

ing superconducting transition temperature (T, ) onsets of
92 K.

Ba NMR spectra were obtained at 8.45 and 11.7
T with a spin-echo technique, using two "homebuilt"
spectrometers, which have been described previously.
Magnetically aligned samples were prepared from pow-
ders which had been passed through a stainless steel (No.
400 or No. 325) mesh, then mixed with epoxy resin
(Duro, Cleveland, OH) and cured at either 8.45 or 11.7 T.
Variable temperature measurements were made at 8.45 T
with a continuous flow cryostat (model CF1200, Oxford
Instruments, Osney Mead, United Kingdom). Frequency
shifts are reported relative to an external 0. 1 molar BaC12
standard solution, with high-frequency, low-field, para-
magnetic or deshielded values being designated as positive
(International Union of Pure and Applied Chemistry,
IUPAC, b scale). The absolute resonance frequencies of

Ba and ' Ba are ' ==9.934 and ':-=11.112 (cor-
responding to the Ba resonance frequencies in I molar
BaC12 in a field at which H in tetramethylsilane resonates
at I00.000000 MHz). Relaxation measurements were
made using a three-pulse inversion-recovery sequence on
magnetically aligned samples (Hollc). Pure NQR results
were obtained using the 11.7 T NMR spectrometer con-
sole and a spin-echo pulse technique.

In Fig. 1, we show a plot of the ' Ba NMR spin-echo
intensity, as a function of frequency, for a powder sample
of Y' Ba2Cu307, at 11.7 T, together with two cornputer-
simulated line shapes. The data points were collected,
typically in 100-kHz intervals, over a range of almost 7
MHz, and each point represents the integrated intensity
of the Fourier-transformed spectrum from 30000 spin
echoes. The average linewidth of each spectrum was
about 70 kHz, approximately the bandwidth of the radio
frequency pulse excitation. A background subtraction
was made using a similarly prepared, natural abundance
sample, measured under identical conditions. A small
correction was also made for the frequency dependence of
the sensitivity of our NMR spectrometer. A similar mea-
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the two resonances cannot be compared due to the
diA'erence in experimental conditions necessitated by the
difference in gyromagnetic ratios. ) The pure NQR fre-
quency, vN0a, is related to vg (and the quadrupole cou-
pling constant, e 2qg/h), for I = —', , as

i/2

NQR vq 1+
3

e qQ rI

2h 3

From the results shown in Fig. I, and using the ratio of
quadrupole moments, we find that '3

vNga =32.06 MHz,
vg ——18 MHz, '

vg = 28 MHz, and ri = 0.94, at 300
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FIG. I. Ba NMR and NQR spectra and simulations of
powder samples of Y' Ba2Cu307 and Y' Ba2Cu307, respec-

tively. (a) 11.7 T " Ba spin-echo spectrum of Y' Ba2Cu307 at
300 K, together with two computer simulations. Simulation pa-
rameters: bold line, vg 18.27 MHz, g=0.94; narrow line,

vq =16 MHz, g 0.8. Spectral signal-to-noise ratios, magne-

toacoustic ringing, and possible orientational ordering precluded
accurate edge definition in the random powder. (b) NQR spec-

tra of 'Cu () and " Ba (O) in Y" Ba2Cu307, at 300 K, fit to

Gaussians. The intensities of the two spectra are not to scale.
Samples of Y ' Ba2Cu307 have negligible NQR signal intensity

at 32 MHz (data not shown).
135B

o 11.7-T
~ 8.45-T

K.
More accurate values of vg and g can be obtained by

using ' Ba, ' Ba-labeled magnetically aligned samples
at two magnetic-field strengths. Due to the anisotropic
magnetic susceptibility of YBa2Cu307 in the normal state,
crystallites align in a magnetic field (Ho) with cllHO.
This leads to relatively narrow line spectra, but small or-
dering effects in powder samples can make edge definition
difficult, and could be important in Fi . 1(a).

In Fig. 2, we show a plot of ' ' Ba NMR spin-echo
intensity as a function of frequency, for magnetically
aligned (cllHo) samples, at 8.45 and 11.7 T, together with
computer-simulated line shapes. The data points were
collected as previously described for the random powder
sample, but in a smaller, variable frequency increment.
The line shapes shown were calculated with the largest

surement of the ' Ba NMR powder pattern would have
required a much larger frequency range, due to the larger
quadrupole moment (' Q/' g 0.649), ' s and was
not carried out.

Due to the very large size of the quadrupole interaction,
a second-order calculation was expected to be inadequate.
Hence, numerical diagonalization of the total Hamiltoni-
an (+Zeeman+ quadrupole) WaS perfOrmed, With intenaitieS
from the central and the satellite transitions being includ-
ed. The dependence of the amplitude of each transition on
orientation was neglected. The powder average was per-
formed by using an algorithm suggested by Alderman,
Solum, and Grant. Finally, the pattern was convoluted
with a Gaussian line of 70 kHz width (the experimental
bandwidth). Unfortunately, due to spectral signal-to-
noise ratio limitations (because of the -7 MHz overall
linewidth), we were unable to obtain an unique solution
for the quadrupole frequency, vg, and the asymmetry pa-
rameter of the electric-field gradient tensor, g. The two
simulations shown are for v@ =16 MHz, @=0.80; and

vg =18.27 MHz, g 0.94. Lutgemeier kindly informed
us of his pure NQR results, which were only consistent
with the latter value. We show in Fig. 1(b) the ' Ba
(and Cu) NQR results we have obtained from our sam-
ple, at 300 K, fit to Gaussians. (The relative intensities of
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FIG. 2. Plots of ' ' Ba NMR spin-echo intensity as a func-

tion of frequency oAset for isotopically labeled, magnetioally
aligned (cllHn) samples of YBa2Cu30i, at 8.45 T (0) and 11.7
T (0), together with computer-simulated line shapes. The data
points were collected in varying increments, and are the peak in-

tensities at the carrier frequency for each individual oA'set spec-
trum. The line shapes were calculated by diagonalization of the
total Hamiltonian, with V„coincident with the crystallographic
c axis, using a 0.6 -1.5 Gaussian distribution of crystallite
orientations, an asymmetry parameter of 0.94, and quadrupole
frequencies of 18.27 and 28. 18 MHz for ' Ba and ' Ba, re-

spectively. The absolute resonance frequency for ' Ba was

9.934 and I'or ' Ba, ' "=11.112 (corresponding to the
Ba resonance frequency in a field at which H in TMS resonates
at 100.000000 M Hz).



BARIUM NUCLEAR MAGNETIC RESONANCE SPECTROSCOPIC. . . 597

TABLE I. Electric-field gradient tensor elements of barium 135,137 in YBaqCu307.

Vaa

(10 ' Vm ')
Vbb

(lo'Vm )
V„

(lO" Vm-')

Experiment This report'
Lutgemeier et al.

—8. 1

—8.35

—0.2
—0.35

8.3
8.70

Theory Schwarz et al. '
Yu et al.

—6.7
—5.65

—0.6
—0.6

7.3
6.22

'At 300 K, the signs and V, and Vbb were assigned using the theoretical results of Refs. 28 and 32.
At 4.2 K, Ref. 16.

'Reference 28.
4Reference 32.

component of the electric-field gradient tensor (V„) coin-
cident with the crystallographic c axis. A standard devia-
tion of the orientation of the crystallites of 0.6'-1.5', and
a Gaussian line broadening of 40-60 kHz (depending on

isotope and field), an asymmetry parameter of 0.94, and
quadrupole frequencies of 18.27 and 28. 18 MHz for 'isBa
and ' Ba, respectively, were used in the simulations. The
asymmetry parameter of 0.94+ 0.02 was determined
from theoretical fits of the oriented spectra, and by using
the vN@R results of Fig. 1(b). The same procedure (in-
cluding numerical diagonalization of the total Hamiltoni-
an) as described above for the powder sample was used,
except that we assumed that the crystallites had a Gauss-
ian distribution of orientations relative to the static field,
due to imperfect alignment in the epoxy resin. The two
Euler angles, describing the relative position of the princi-
pal axis system of the electric-field gradient tensor with
respect to the laboratory frame, were appropriately distri-
buted. From the calculated line shapes, and using the fol-
lowing values of the quadrupole moments:2' 2s '3sg
=p. ls(2) x lp-'4 cm' '"g =p.28(3) x lp-'4 cm' we
conclude that the electric-field gradient tensor for the
barium site is ~ (8.3, —0.2, —8.1)x 10 ' Vm, with

V:: coincident with the crystallographic c axis, at 300 K.
The oriented spectra can also be adequately simulated us-

ing ' v@=16 MHz and rt 0.8 [the same parameters as
used for one of the simulations shown in Fig. 1(a), the
narrow line], with V.-.- perpendicular to the c axis. Howev-
er, these parameters are inconsistent with the NQR re-
sults. The NQR and NMR measurements using the
powder and magnetically aligned samples are in basically
good agreement with the results of ab initio calculations
made by Blaha and co-workers ' [(7.3, —0.72,
—6.46)&10 ' Vm ] and Yu et al. [(6.2, —0.6, —5.6)
x 10 ' Vm ], as shown in Table l. The good overall
agreement supports the correctness of their linear
augmented-plane-wave approach for the barium site. In
addition, our results are also (now) in good agreement
with the unpublished results of Yakubowskii, Egorov, and
Lutgemeier. '

Although the observed spectra are overwhelmingly
dominated by quadrupolar effects, we can estimate the
magnetic (chemical plus Knight) shift, for cllHp, using
the spectra of Fig. 2, to be 0.00~0.12% (00~1200
ppm). The large uncertainty is due to the breadths of the
resonances involved. We can compare this magnetic shift
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FIG. 3. 8.45 T spin-lattice relaxation results for ' ' Ba in

magnetically aligned, isotopically enriched samples of YBa2-
Cu307. (a) ' Ba decays at 300 K (a), 200 K (0), loo K (&),
50 K (+), and 25 K (x), fit to a single exponential. (b)

(1/TiT) and ' (1/TiT) as a function of temperature, for
magnetically aligned (ellHp), isotopically enriched samples of
YBaqCu307. ' Ba (0); ' Ba (e). The lines are meant as
guides to the eye; the dashed line corresponds to ' Ba, the solid
line to ' Ba. The error bars are ~ 15%.

with the chemical shifts of three diamagnetic model sys-

tems, Ba(NO3)2, —50 ppm; BaZr03, 293 ppm; BaTiOi,
395 ppm (Ref. 33); and find them to be of comparable
magnitude. Neglecting the temperature dependence of
the quadrupolar shift of the oriented sample spectra, our
variable temperature results yield an upper limit of the
Knight shift, since there is a 20~ 10 kHz (25+'10 kHz)
shift to lower frequency for ' Ba (' Ba) on cooling from
100 to 25 K. While demagnetization effects are sample
dependent, the measurements of Barrett et al. provide an
estimate of the difference between the magnetic field in-

side the sample (H;„&) and the applied field (Hp) in the
superconducting state. Barrett et al. found that at 4.2 K,
H;„, is 0.05% lower than Hp for a magnetically aligned
powder sample (cllHp). Thus, the change in the bulk sus-

ceptibility with the onset of superconductivity may ac-
count completely for the temperature dependence of the
barium shift below T,.

We have also measured spin-lattice relaxation rates in

magnetically aligned samples as a function of tempera-
ture, and show in Fig. 3(a) the '3 Ba relaxation decays fit
to single exponentials (at 8.45 T), for a range of tempera-
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tures, and (I/T ~ T) as a function of temperature for both
isotopes, in Fig. 3(b). The lines in Fig. 3(b) are meant as
guides to the eye. From the apparent difference in the
functional forms of the decays, and the differences in the
temperature dependences of the relaxation rates for the
two isotopes, it appears that multiple relaxation mecha-
nisms are involved. Due to di%culties associated with

separating the effects of the different mechanisms, we

have fitted the observed decays empirically to a single ex-
ponential time constant, T~. Fitting the decays to the ex-
pected multiple exponential expression (for magnetic re-
laxation) yields essentially the same temperature depen-
dences. As can be seen in Fig. 3(b), the spin-lattice relax-
ation behavior of both Ba isotopes in YBa2Cu307 is dis-
tinctly non-Korringa above T„(i.e., T~ T is not constant).
This result is somewhat surprising, given the Korringa be-
havior of the Y and the Cu02 planar ' 0 sites. Thus it
seems that, as with the Cu02 planar copper, there is a
constant (spin-fluctuation) contribution to the relaxation
of both barium isotopes, due to a noncancellation of
transferred hyperfine couplings.

On cooling below T, (50, 25 K), we were able to deter-

mine the ' Ba relaxation rates (the ' Ba value were
much longer), and again as shown in Fig. 3(b), it is clear
that these rates decrease abruptly, as seen previously for
other sites in YBa2Cu307. We thus tentatively conclude
that the barium site in YBa2Cu307 more closely reflects
the relaxation behavior of the plane, rather than chain,
copper sites (or the plane, chain, or apical oxygen
atoms) —based on the temperature dependences of the re-
laxation rates above T„and the sharp ' Ba relaxation
rate decrease below T, .
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