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Temperature dependence of the anisotropy of the planar oxygen nuclear spin-lattice relaxation
rate in YBa,Cu;0,

J. A. Martindalet P. C. Hammel, W. L. Hults, and J. L. Smith
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(Received 1 December 1997

We report measurements of the full pland® nuclear spin-lattice relaxation rate tensor in optimally and
underdoped YBgCu;O, (y=6.96 and 6.63). The anisotropy varies strongly with temperature in both
samples: for thg/=6.63 sample, the ratio of the relaxation rate measured with the applied fieldéi thiane
and oriented parallel to the copper-oxygen bond axis to that measured with the applied fieldhrpthae and
oriented perpendicular to the bond axis changes by over 25% from room temperalytelioe consequences
of these results for theoretical models are discussed. They suggest that a second spin degree of freedom
independent of the G8d,2_,2)—0(2po) band exists in the CuPplanes of YBaCu30, .

[S0163-182698)04018-1

[. INTRODUCTION the symmetry of the relaxation rate tensor is significantly
altered at low temperatures where the effect of the second
A centrally important issue in understanding the cupratedand is most evident; this indicates significant involvement
has been determining the minimal number of degrees of freesf the Q2p) orbitals in the second carrier band.
dom per unit cell, or number of electronic bands, which are The nature and importance of the Cuehand have been
necessary to adequately describe the crucial physics. It \well established. The very different temperature
clear that the planar @Qpo) and the C(8d,2_,2) orbitals dependenciésobserved for the nuclear spin-lattice relax-
are strongly coupled and thus form a single, strongly hybrid-ation rates at the copper and oxygen sites suggested indepen-
ized Cu-Oc band. While this band is the fundamental ele-dent spin degrees of freedom. However, it was pointed out
ment of the electronic structure of the cuprates, the existendiat since the hyperfine field from the antiferromagnetically
of a second degree of freedom cannot be ruled out and isorrelated copper spins will cancel at the oxygen site cen-
suggested by several experimental results. Even though thered between its two copper neighbors, these different tem-
occupation of such a second band may be small, it could plagerature dependencies could be understood as arising from a
a crucial role in determining normal state behavior and consingle, antiferromagnetically correlated spin degree of free-
tribute to the pairing mechanism in the superconductingdom. Using the hyperfine Hamiltonian of Mila and Ri@nd
state. A microscopic probe of electronic structure, NMR haf Shastry as a basis, and a single spin susceptibility which
been an especially powerful tool in addressing this questioincorporated antiferromagnetic spin correlations between
due to its ability to selectively discern behavior of carriers innearly localized copper moments, Bulet al. showed that
the Cu3d,2_,2) and the various O(R) orbitals in the the different temperature dependencies for the copper and
planest— Studies of the uniformd=0) spin susceptibility  oxygen relaxation rates could occur within a one component
have found no evidence for a second band of carriers. In thpicture® Millis, Monien, and PineMMP) and co-worker$
present study we focus oh'O spin-lattice relaxation rate extended this framework to develop a powerful phenomenol-
measurements because these provide sensitivity to the shagy capable of providing a quantitative understanding of a
wavelength §+0) excitations of the carriers without being broad range of data. Througf*Cu and 'O Knight shift
dominated by the strong antiferromagnetic spin fluctuationsneasurements, Takigavea al* demonstrated that the static,
of the Cu moments. uniform susceptibilities associated with the(@d,2_2) and
Here we report the temperature dependence of the fulill the various O(P) orbitals have identical temperature de-
(anisotropig planar 1O spin-lattice relaxation rate tensor in pendencies in YBgCu3Og ¢3. This showed that the spin de-
both optimally doped {=6.96) and underdoped/£6.63)  grees of freedom located in thgZpo) and the C(Bd,2_2)
YBa,Cu30,. Our central finding is that, in contrast to the orbitals are strongly coupled and placed stringent limits on
uniform spin susceptibility, the various components of thethe possible magnitude of the contribution of a second band
relaxation rate tensohave distinct temperature dependen- to the uniform (q=0) susceptibility.
cies that is, the anisotropy is temperature dependent. The There is evidence, however, that this picture is incom-
temperature independence of the anisotropy of #i@  plete. Measurements of the anisotropy of tH® relaxation
Knight shift 1’K , demonstrates that this is not the result of arate in oxygen deficient ;<60 K) single crystal¥* re-
temperature-dependent hyperfine coupling. This experimentealed a temperature-dependent anisotropy, an important re-
tal result provides compelling evidence for the existence of &ult which pointed to the existence of a second spin degree of
second band of carriers in the Cu@lanes. The magnitude freedom and motivated this work. Disturbingly, Horvatic
of the additional relaxation process increases strongly wittet al* reported that the temperature-dependent anisotropy
decreasing temperature and becomes sufficiently large thatas absent in fully oxygenated crystals. Walsttl > have
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FIG. 1. We plot the spectrum for the first high-field planar oxy- |G, 2. An example of the baseline subtraction technique: we
gen quadrupolar satellite with the magnetic fielgperpendicular to plot magnetization recovery curves for the peak dafen squares
both thec-axis and the copper-oxygen bond axis. The arrows indi-3ng for the baseline-corrected ddtdosed squargsfor the field
cate the points where the peak)(and baseline ) measurements perpendicular to the copper-oxygen bond axisTat100 K. The
discussed in the text and Fig. 2 were made. solid (peak and dashedcorrected lines are fits to the appropriate

theoretical expression for the magnetization recovery of the first
recently performed a detailefO and 3Cu NMR study of  satellite for anl = 5 nucleus such a¥’O. The dotted line is the fit to
La,_,Sr,CuQ,. Based on comparison of NMR data with the peak data scaled to agree in magnitude at the earliest time with
inelastic neutron scattering data and on analysis of Cu-Ghe baseline-corrected data. Note that, although the fit to the uncor-
nuclear spin-spin coupling, they have argued that a singleected data is quite good, the fit yields parameters which are un-
band picture of the cuprates is inadequate. Finally, it haghysical, namely, an inversion coefficient greater than the maxi-
been pointed ot that the experimentally determined an- mum value of 2.
isotropy of the *’O orbital shift® is inconsistent with the
picture of holes occupying the(@po) orbital alone. which has been successful in handling small baseline prob-
lems in copper NMR measurementfsThis technique in-

volves the measurement of two magnetization recovery
curves, one on the pedthe up arrow in Fig. Land the other

Our measurements were carried out on aligned powde®n the baseline-10 mT above the peatdown arrow, for
samples using a home-built pulsed NMR spectrometer enthe same set of sixteen recovery times. The integrated echoes
ploying quadrature detection. The=6.96 sample was pre- for the baseline were then subtracted from the integrated ech-
pared by the procedure described in Ref. 12 and enriche@es for the peak for each recovery time, and the difference
with 170 as in Ref. 13. The oxygen content was determinedvas fitted to the theoretical recovery curVehe high quality
by iodometric titration:* T, was measured in zero field by ©f these fits, one example of which is shown in Fig. 2, indi-
the change in inductance of an NQR coil and was found t¢ates the success of this procedure in removing signals hav-
be 92.2 K. They=6.63 sample T.=62 K) is the same one ing different recovery times. This correction to the peak data
for which the Knight shift tensdrand other propertié8have ~ amounts to~15% of the obtained relaxation rate. The rate
been reported. The spin-lattice relaxation rates were mea-Tq;* Was also measured in this way using the first high-
sured by inversion recovery utilizing a CYCLOPS phase cy-ield satellite.
cling sequence which removed the effects of coil ringdown,
gain imbalance, and stimulated echégsVe shall use the Il RESULTS

iop 1771 50 i ; 17, ; )

notation ~'T;,, in discussing the 'O(2,3) relaxation rates.

For H|c, a=c; for H|| copper-oxygen bond axis in teb 17 2 - St
plane,a=|: and forH in theab plane, but perpendicular to (+'T,,T) ™~ for both samples fpr all three orientations in both

' ' T s a1 the normal and superconducting states. The normal state data
the copper-oxygen bond axig=L. For H|[c, *T;;" was  gjone are replotted in Fig. 4. Focusing on the data yfor
measured on the peak of the §ec9nd high-field quadrupolat g g¢ in Fig. 4, ¢'T,,T) ! increases with decreasing tem-
satellite. For measurements withL c, however, the random perature down tal~150 K, a hallmark of a slightly over-
alignment in theab plane in thec-axis-aligned sample pro- doped material. Below this temperaturéT;,T) * de-
duces a powder pattern spectrum which created difficultiesreases, displaying the familiar ‘“spin-gap” behavior
for the measurement oVTIl. Figure 1 demonstrates the characteristic of underdoped compounds. Just above 100 K,
problem. The peak shown arises from the first high-field sat{*'T,,T) ! drops quite abruptly. The anisotropy observed at
ellite in those powder particles for which the field is perpen-high temperature displays, as expected, nearly uniaxial sym-
dicular to the copper-oxygen bond axis. The signal at highemetry with the copper-oxygen bond as the axis of symmetry.
field, which is due to other satellites, other sites, and differHowever, below 150 K the suppression of the rates measured
ently oriented particles, has a field-independent intensity irwith the field oriented perpendicular to the bond axis is more
this field range and so extends underneath the peak. To reapid with decreasing temperature than that obtained with
move this “baseline” contribution, we extended a techniquefield orientation parallel to the bond axis. This is the origin

Il. EXPERIMENTAL METHOD

In Fig. 3 we show the temperature dependence of
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FIG. 3. We plot the temperature dependence’ét{,T)"*in  Here the subscripts- and 2 indicate the copper-oxygen
YBa,CuzO, for y=6.96 (@ and y=6.63 (b): 17-|-1—”1 (closed and the hypothesized second bands, respecthmw as-
circles, YT, ! (closed squargsand 'T; (open diamonds The  sumed isotropig 1’F, is the form factor, and thg sum is
vertical lines show the location df, for each sample. over the first Brillouin zone. In the single band picture of the

"

cupratesxé(ﬁ)zo, and the oxygen form factor i$'F, ,

of the temperature dependence of the anisotropy. ¥he =[C?,+C?,]cof(qa/2),” whereC,, andC,, are the oxy-
=6.63 data also show the expected uniaxial anisotropy agen hyperfine coupling constants for directions orthogonal to
high temperature as well as the “spin-gap” suppression ofy, anda is the lattice constant. Because tfnelependence of
(*T,,T) " over the entire temperature range. YF , - is independent of, it follows from Eq.(1) that ratios

The relaxation of nuclear spins arises from hyperfine couof relaxation rates will be given by ratios of hyperfine con-
plings to the imaginary part of the electron spin susceptibilitystants. If we define

X”(ﬁ). If we allow for the existence of a second band, we =
i 7 : R : gi CL /Cc
can write the planat’O relaxation rate in the following form
(because we are interested in ratios we drop constant faand 2
tors):
§=Cy/Ce,
then,
(T2, 1) 7 H 2 MR oXo( @)+ Faaxa(@]. (1) Ry, =T T =@+ DU G+ D) )
‘ and
T T Ruc="T Tl = +DIE+ED). @)
0.60F B 8 8 g ' Because the hyperfine constants are determined by electronic
050+ 8 3 energy scales{eV), one expects these to be independent of
_IM ® E ] temperature in the range studied. That this is indeed the case
2 040t ¢ " s P is confirmed by Knight shift K ,C,x,) measurements: all
E 0304+ E o 1 components of the Knight shift tensor have tmmetem-
3 o o © o ] perature dependence for all oxygen contéht§. This is
:t 0.20+ 8 T demonstrated in Fig. 5 for the particulae6.63 sample for
0.10+ B R which we report*"T; }(T) here! Values of¢ obtained from
] the Knight shifts predict théemperature-independentlax-
0.00-4 } }

ation rate ratios given in Table | and shown in Fig. 6.

In Fig. 6 the temperature dependencies of the various
components of”TIal are contrasted by plotting ratios of

FIG. 4. We replot the data of Fig. 3 to show just the data fromratesRy;, andR, .. Note that for the data displayed in Fig.
the normal state. The closed circled'Ty"), closed squares 6(a), the applied field is in the planes for both measurements,
(*11h, and open diamonds{T; ) are from they=6.96 sample and, because we have a uniaxially aligned sample, both mea-
while the open circles®{T;"), open squares'{T;"), and closed ~surements are obtained without altering the orientation of the
diamonds t'T; ) are from they=6.63 sample. sample with respect to the applied field. Shown as dashed

50 100 150 2(I)O 250 300
Temperature (K)
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TABLE I. Relaxation rate ratios predicted by the measured, an- 0.95 +———t———t———t——t—r—t-

isotropic Knight shiftdsee Eqgs(3) and(4) and following texi. 090+ + (@) _
085+
y g & Ry Rie Refs. ] ]
L 0.80F T
6.96 1.42 0.91 0.61 1.06 11,18 o o5t +
6.63 1.54 0.98 0.58 1.01 1 +
070+ % 5 % I
0.65F '{>
(y=6.96) and solid ¥y=6.63) lines are the values of the 060, 4ttt
relaxation rate ratios one expects based on the ratios of the 1.30¢ T
hyperfine constantshown also in Table)ldetermined from 125 & 1
the (temperature-independeriKnight shift ratios. The dop- 120_5_ El
ing independence of the measured reig, [Fig. 6] is . 115_5_ % i
notable. However, using the prediction from the Knight shift 3 ‘i’
ratios as a reference, we see that the deviation of the under- ML El
doped material is greater at all temperatures. We note the 1.05¢ T
rough correlation between the magnitude of the spin gap and 1.00+ + (b) -
this deviation. 095F e bt ey
The striking feature of Fig. ® is the ever more rapid 05 06 07 08 09 1.0
increase of the ratio with decreasing temperaturerl ass T/T,

approached. It appears, then, that the lowerin the y .

=6.63 sample allows the ratio to increase more dramaticall)éQ F'Gﬁ 7_'1 ‘{‘je_?how the temesre-‘tlu I;s glclepenQIence of the ratios

before T reachesT,; just aboveT, it has become 25% Rin=""Ty /T (@andR,, =T, /"'T;; (b) in the supercon-

greater than the room temperature value. The bottom pandpcting state of YBaCu;O, for y=6.96 (open circles andy

of Fig. 6 shows the rati®R, ;.. In this case the temperature =6.63(closed squargs

dependence is absent in tlye=6.96 sample, but a strong

temperature dependence is presentyfer6.63. Once in the the superconducting state fgr=6.96. Fory=6.63 the re-

superconducting state, the anisotropy ratios are temperatuselts for the ratios in the superconducting state are less cer-

independent foly=6.96 as shown in Fig. ¥ Thus, what-  tain because the measurements ;! and ' * are quite

ever its origin, the temperature dependenc®gf ceases in difficult at low temperatureT<T,) in that sample. It is our
opinion that the ratios in the superconducting state yfor

055+ + around y=6.95%° Since no data for''T;} for oxygen-

0.80 7 t t : t t =6.63 are likely independent of temperature as they are for
075+ @ 1 y=6.96.
' Our results agree in large measure with the earlier
L 070+ 1 measurementé in oxygen-deficient crystals; on the other
mE <} hand, there is important disagreement for the near-optimally
0.65+ ] T doped samples. The latter is probably another example of the
060 f------------ s},--%--.%-__ previously recognized sensitivity of the properties of
’ l YBa,Cu;O, to small variations in oxygen stoichiometry

’ deficient samples were reported in Refs. 3 and 4 other than at
125+ + L] ® T room temperature in Ref. 3, comparison of our results with
1204 1 previous data is limited. However, where the data overlap,
oury=6.63 results and the data of Refs. 3 and 4 for oxygen-
115+ W T deficient samples are in excellent agreement: the magnitude
1104 % + # 1 and temperature dependenceRpf, are the same within the

Rl/c

error bars for all three cases, and the value of 1.06 at room
temperature foR ;. reported in Ref. 3 is indistinguishable
from our result. Fofneay optimally doped samples, our data
disagree in some respects with the data of Ref. 4. Although
R,,. was found to be independent of temperature in both
cases, we observeﬁ”,% to be temperature dependent for

FIG. 6. We show the temperature dependence of the ratios 6.96 whereas Horvatiet al. reported this ratio to be inde-
Ry =Y Ty T (@ and Ry =""T *'T;! (b) in the normal  pendent of temperature. However, as mentioned previously,
state of YBaCus;0, for y=6.96(open circlesandy=6.63(closed  the 1T, data for the Q crystal of Ref. 4 show no evidence
squares Note that all data irfa) are taken withiL ¢ and, because of spin gap behaviofand, in fact, show signs of being over-
the sample is uniaxially aligned, the orientatiorrbiwith respectto ~ doped. If the spin gap and the temperature dependence of
the sample is unchanged for the two measurements. The dash&y,, are related, it may be that the absence of a spin gap in
(solid) lines are the predicted values fpr-6.96 (y=6.63) as de- the O, Horvatic et al. samplé explains the temperature-
termined from the ratios of the Knight shiftsee text and Table.l  independent anisotropy in that c&3e.

1.05¢

100 st
50 100 150 200 250 300
Temperature (K)
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IV. DISCUSSION observed temperature dependenceRgf for y=6.63 and
We first examine possibilities for obtaining a temperature—:nedd'gzrzgt variation with temperature &, for y=6.96
dependent relaxation rate ratio within the context of a single y=5.53. . - .

Suteret al. have inferred a significant quadrupolar contri-

band model. We have shown that a temperature-depende Ejtion to thel’O relaxation rate from the temperature depen-
hyperfine coupling cannot be responsible. Within any moded f the ratio of thé&% and 'O spin-I ttp laxati P
of the oxygen hyperfine coupling, such as that of Mila-Rice- ence of e ratio o an spin-iatlice refaxation

) . z . . rates ¢'T; /89T 1).2% A quadrupolar contribution could, in
Shastry(MRS) in which theq dependence of'F,, ,(q) is principle, lead to a temperature-dependent anisotropy since

independent of orientatiorte.g., for whichF,=c,f(d),  the anisotropy and temperature dependence of the quadrupo-
where thec,, are q independent the relaxation rate ratios |ar contribution will, in general, be different from the mag-
can have no temperature dependence. However, anpetic contribution. There are several issues concerning this
temperature-dependent anisotropy could arise frorx @@-  assertion which remain unclear, however. The temperature
pendence ofF(q); in this case the presence of the very dependence of the inferred quadrupolar component must
strong and possibly temperature-dependent peak in the spifave a very specific form in order to be consistent with the
susceptibility ag=Q=(=/a, 7/a) means that such a depen- knownT dependence of the totalT; . In particular it must
dence ofF(q) for g=Q will most effectively introduce a grop off below the superconductiri, very steeply, and, in
temperature dependence into the anisotropy. The MR@ctmore steeplyhan the very rapid drop off of the observed
mo_del .i.s based on an ionic pic_ture; modifications of thiS”Tl_lbecause the coherence factor for quadrupolar relax-
taking itinerancy into account might be expected to have &g has the opposite sign from that for magnetic relaxation
weakq dependence. To model the behavior of such a sec- 5 s very smalf® Direct observation of this coincidental

ond hyperfine coupling, we consider the effect of agjmjjarity below T, to the rather extreme behavior of the

g-independent terri,, : magnetic relaxation would be an important confirmation of
this hypothesis. Closer examination of thedependence of
YF , o(@)<[2C, cogqyal2) + E ]2 the inferred quadrupolar relaxation component'&F; * re-
) veals that it is quite different from that of the anisotropy we
+[2C,codaal2) +Eqn]”. () find and so cannot explain it. The inferred quadrupolar relax-

o ) ation peaks around 130 K and decreases below this in con-
Utilizing Egs. (1) and(5) and employing the MMP expres- 4t to the observation that the anisotropy*8F; * is small
sion for x;(q,T) [i.e., a commensurate peak ¥§(q,T)] as  down to 150 K, and then begins to increase rapidly below
the sole spin susceptibility with updated values of thethis. A relaxation mechanism due to the coupling to the
parameter$’ we calculateRy;, , R, ¢, and®*T; /¥ T as  nuclear quadrupole momeritQ is proportional to "Q2.
functions of temperature in the normal stateyer6.96. The  Since [%%Q/'’Q]?=40 is comparable to the ratio
C, andE, are tightly constrained by the Knight shifts and *"T934%3T, one expects that such a contribution would be
by the large value £20) of the ratio ®T; /Y'T;! of the  detected in Cu nuclear spin relaxation, contrary to experi-
copper and oxygen relaxation rates measured \Hﬂf mental finding§.7 For these reasons we believe it unlikely
Within these constraints, the calculated temperature variatiofat our finding is the result of a quadrupolar contribution to
of Ry, in the normal state cannot exceed 3%, whereas thé T %
experimental temperature variation is approximately 15%. The remaining possibility is that, in addition to the well
Explaining the larger variation with temperatureR)f, for ~ known copper-oxygew band susceptibility,, the planar
y=6.63 with this approach would seem to be even less 'O nuclear spins are coupled to a second, independent spin
likely. degree of freedony, having a distinct temperature depen-

Recently Zhaet al?* have proposed that the temperature-dence, by a hyperfine couplintfF, , whose anisotropy is
dependent raticRj;, we observe fory=6.96 can be ex- different from *F, ;. The symmetry of the relaxation rate
plained in a single band model if one makes two assumptensor®’T; ! at low temperature would indicate that spins in
tions: that the spin susceptibility has a temperatureat least two oxygen orbitals contribute to relaxation there.
dependent peak at @ncommensuratevave vectorQ;, and  Near room temperaturet’T; ! is nearly uniaxial with the
that the oxygen nuclear spin experiences a hyperfine cour=| rate smallest, as expected if the holes occupy ¢he
pling to thenextnearest-neighbor Cu moment whose magni-orbitals solely. Just aboVE, in the y=6.63 compound, the
tude is a quarter of that to nearest-neighbor moment. Withigymmetry is again nearly uniaxial, but here tasgestrelax-
these assumptions, the fall off FﬁFa’U(ﬁ) with increasingy ~ ation rate ¢=_1) is now unique. Because relaxation is due
can coincide closely with the incommensurate peak into fluctuating fields oriented perpendicular to the applied
X’(G,T). The size of the next-nearest-neighbor coupling defield [see Eq(1) and following tex, this suggests that spin
termines the orientation dependence of the strength of thluctuations intwo orbitals, O ($c) and A2pa), must con-
coupling to this peak. A variation iRy, similar to that we (fioute to relaxation.
observe forly=6.96 has been obtainédhoweverR, ;. was
not d_iscussed. '_I'he pla_usibility qf this interesting _proposal V. CONCLUSIONS
remains uncertain pending examination of the validity of the
underlying assumptions, most notably the large value of the We have reported the temperature dependence of the full
next-nearest-neighbor hyperfine coupling which is required’0(2,3) relaxation rate tensor in optimally and underdoped
It also remains to be seen if this model can reproduce th&Ba,CusO, . We find that the temperature dependencies of



11774 MARTINDALE, HAMMEL, HULTS, AND SMITH 57

the various components of this tensor are distinct. In conef the cuprates. The symmetry of the relaxation rate tensor at
trast, all components of th&’O Knight shift tensor display low temperature where the contribution of the second band is
identical temperature dependencies, ruling out the possibilitynost evident suggests that it involves th&@r) orbitals.

of a temperature-dependent hyperfine coupling. An aniso-
tropic coupling to the temperature-dependent commensurate
antiferromagnetic spin fluctuations cannot account for our
observations. A mod& which obtains agreement with our
R/, data by assuming incommensurate fluctuations requires We gratefully acknowledge helpful discussions with J.
a very largenextnearest-neighbor coupling. However, nei- Thompson, A. Millis, S. Trugman, R. Martin, D. Scalapino,
ther agreement of this model with olt, ,. data, nor the A. Balatsky, D. MacLaughlin, D. Pines, Y. Zha, V.
plausibility of the large second neighbor coupling which isBarzykin, T. Shimizu, Y. Yoshinari, H. Monien, and J. En-
assumed, have been demonstrated. The temperaturgelbrecht. We also thank J. Thompson for his assistance with
dependent anisotropy thus suggests the existence of a secasaimple characterization and J. Neumeier for his help with the
spin degree of freedom independent of the copper-oxygen iodometric titration. This work was performed under the aus-
band and therefore of a second band of carriers in the plangdces of the United States Department of Energy.
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(HLc). Thus, comparisons of Ty, with *T; .} at T/T =1

involve data measured at different temperatures. The decrease of

1Tt between 91.5 and 87.8 K causes the valueRof, at

T/T.=1 to exceed its value at 91.5 K.
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