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Covalency in La,CuO,: A study of 'O hyperfine couplings in the paramagnetic phase
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Y0 nuclear magnetic resonance spectra from single crystals £8U@, are reported for temperatures
ranging from 285 to 800 K. Hyperfine tensor data for the planar sites are analyzed using a spin Hamiltonian
model that includes spin-orbit coupling effects. The results show a 7.7% hybridization effect of the oxygen
2p,, orbital from a single copper neighbor, in good agreement with recent density-fundi@fiatalculations
by Husseret al. (HSSM). A large, positive isotropic shift component is also reported, presumably originating
from the contact interaction with a hybridized @rbital component. First-order quadrupolar-splitting data lead
to complete characterization of the electric-field gradi@&®G) tensor, which varies only slightly with tem-
perature up to 800 K. EFG tensors for both doped and undope@u@ are fitted with a two-component
model, which incorporates a substantial anisotropyrin®) for the 2p, wave functions, an effect that origi-
nated in the DF calculations of HSSM. This analysis reveals an increased charge density on the planar oxygens
for the superconducting phase, in accord with the original Zhang-Rice model. However, the increase is found
to correspond to only-80% of the nominal doped-hole density, corroborating a similar conclusion reached
recently by Hammeet al. Regarding the anomalous spin HF interaction reported in a previous paper for the
weakly ferromagnetic state, the present results show that its effects extend all the way to and slightly beyond
the orthorhombic-tetragonal phase boundaFy, (=550 K). Further, the predominansZontact HF inter-
action reported here supports the notion, suggested earlier, tratdn2ixture underlies the anomaly. How-
ever, the basic mechanism of the anomaly remains obscure.
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[. INTRODUCTION ties. This came about, because the availability of high-
quality single crystals led to a uniquely thorough character-
In this paper we report and interpréfO hyperfine(HF)  ization of the dynamic susceptibility componegt(q, o)
coupling data for the paramagnetic state 0§Ca0O, (LCO). over wide ranges ofg, energy, and temperature for
This compound and its derivatives have an extraordinarilyjLa, gsSr 1<Cu0,.2"~**The neutron results would then appear
rich history of physical effects. After early prominence as theto form the basis for a comprehensive discussion of the
host compound of the first cuprate superconductor to be reauclear spin-lattice relaxation tinig, for ©®3Cu and 'O,
fined and identified, LCO went on to become a model sys- which are related tox”(q,w) through the fluctuation-
tem for the quadratic laye6= 3 antiferromagnet.As such, dissipation theorerf These matters have been discussed at
its magnetic and nuclear magnetic resonan®MR) some length in previous papers? The surprising result is
propertie3™® have been successfully compared with first-that, contrary to calculated estimates, tH® T, process is
principles theoried® Subsequently, the conditions for such clearly unrelated to the neutron-determingdq, w). It may
an ideal system have been found to be even more precisefrise from a “flat” term in x”(q,w) which cannot be re-
met by the tetragonal-symmetry compound,&rO,Cl,  solved in neutron studies. There are other NMR effects in the
(SCOQ,* which admits of neither the orthorhombic distor- LCO-derived systems, such as the anomalously small indi-
tion nor the complicating factor of Dzialoshinsky-Moriya rect spin-spin coupling, which are also related to th@ HF
(DM) exchang& exhibited by LCO. We shall have occasion coupling and are not yet well accounted for.
to compare our LCO results in this paper with recent work In spite of the wide-ranging body dfO NMR studies on
on SCOC! LCO-related compounds, there had been, until recently, no
The DM exchange in LCO gives rise to weak ferromag-investigation of the transferred’O HF couplings for the
netism and has a surprisingly strong influence on the highease of undoped LCE'. Not only are such measurements a
field magnetic properties. The resulting body of magnetidfoundation for our understanding of the doped cases men-
effects has received extensive treatment in theioned above, we shall see that they also provide a quantita-
literature?=®1415There have also been extensif&€u NMR  tive measure of the extremely strong Cu-O hybridization ef-
and nuclear quadrupole resonaribQR) studies of LCG®  fects in this system. In this paper we compare the latter
but rather less emphasis dfO. In a recent paper we re- results with recent density functionaDF) calculations of
ported some anomalou<O shift effects connected with the hybridization and other hyperfine effects on cluster models
weakly ferromagnetic state of this compotfWCSG. of LCO carried out by Haseret al?® (HSSM). We also re-
Most pointedly, there is a dramatic change in tH® HF  port data for the planat’O quadrupolar-splitting tensor in
tensor between the paramagnetic and ordered phases, whittte paramagnetic region. Electric-field gradiéBEG) tensor
is not understood. We shall discuss this phenomenon aganesults for the doped and undoped cases are compared and
below in the light of results presented in this paper. analyzed in conjunction with the HSSM calculations to
In its doped, superconducting form, LCO again became @btain an estimate of the mobile hole density in the super-
model system, particularly for normal-state magnetic propereonducting phase. In accord with the original Zhang-Bice
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model of itinerant hole states in the cuprates, we find the
bulk of doped-in holes to reside on the planar oxygens. Fi-
nally, with the aid of a detailed analysis of susceptibility
results, we are also able to extrapolate values for the planar
10 chemical shift tensor. These are compared with results
from the literature for YBaCu;0;.

In Sec. Il we describe the methodology of the measure-
ments and present the experimental data. In Sec. Il we
present a refined model of the HF effects at the plariar
sites based on spin Hamiltonian methods as discussed, e.g.,
in the comprehensive summary of these methods by
Abragam and Bleané&y (AB). We then interpret the data of
Sec. Il in terms ofs- and p-like covalent admixtures and
perform a detailed analysis of EFG tensor results for doped
and undoped LCO. A review of the analysis of susceptibility
data into spin and orbital components is given, forming the
basis for extracting the HF coupling tensor and for extrapo-
lating the chemical shift components. In Sec. IV we summa-
rize the results obtained and discuss their implications for the
dramatic transformation which th€0 HF tensor exhibits in
the weakly ferromagnetic phase of LCO. Finally, we com-
ment on the doped-phase relaxation anomalies.

Amplitude (Arbitrary Units)

NMR SHIFT(%)

FIG. 1. Y0 NMR spectra taken on a single crystal of,CaiO,
at three temperatures as described in the text. The crystal is oriented
so that the field lies along th@ and b axes of the crystal which,
Il. EXPERIMENTAL METHODS AND RESULTS with twinning, will have equal probability. Three quintets 810
NMR lines are delineated using dotted lines. “PL1” and “PL2"
A Methodology are planar sites with the field pa%allel and perpendicular to the bond
0 NMR spectra were taken on two single crystals ofaxis, respectively. The apical sites yield a closely spaced quintet
La,CuQy,, with essentially indistinguishable results, where anear zero shift. The large feature neal % is a quadrupolar satel-
one-to-one comparison could be made. The crystals werlte of the *%a spectrum. The complex behavior with temperature
grown in a CuO flux. Crystal quality is attested to by theis discussed in the text.
narrow and well-defined’O spectral NMR components for
all crystal orientations, both in this paper and in that pub-Cu-O-Cu bond axis for the plandfO sites. The latter sites
lished earlier'® Two annealing procedures were necessary teach yield a uniformly spaced quintet of lines with different
prepare the crystals fot’O NMR studies. First, they were shifts and quadrupolar interactiofiabeled PL1 and PL2 in
annealed for 3 days at 900°C 0.8 Atm of O, gas con-  Fig. 1). Another quintet of lines with a much smaller spectral
taining ~50% of the 1’0 isotope. This brings about a com- width is seen near the center of the pattern. This group of
plete exchange of the enriched isotope mixture into botHines corresponds to the apical sites, which are much more
oxygen sites of the crystal. Following that, it was necessaryveakly coupled with the unpaired spins of the?CuWe
to remove a slight excess of oxygen by annealing overnighshall ignore the effects of these sites in the present paper.
in a closed, evacuated manifoldat590°C. This procedure Another feature visible at a shift of —1% is a quadrupolar
was found to yieldT>310 K close to the upper limit of satellite line from the'3%.a spectrunt® This line becomes
T~325 K, which corresponds to exact stoichiométry. less intense at higher temperatures and did not pose a prob-
Once “exchanged,” a given crystal tended to lose its el-lem for the measurement of shifts and quadrupolar param-
evated concentration of’O at high temperatures, evidently eters, which was accomplished by measuring the satellite
by means of a process of chemical exchange wifhn®@I-  line frequencies. Also, the splitting of the PL2 line compo-
ecules in the atmosphere surrounding the sample. At theents visible at low temperatures in Fig. 1 is negligible at
highest temperatures employed, this process would tak€=500 K and above.
place on a time scale 1 h. To prevent this, the experimen-  The HF coupling anomaly reported in WCSG is clearly
tal NMR furnace was purged with He gas before a run wawisible in the lower two panels of Fig. 1. There, the quintets
started, then a very tiny overpressure of He was maintainedave been identified assuming that the quadrupolar splittings
while the furnace was at an elevated temperature. In thisemain fixed at their high-temperature values. At 315 K (
way, loss of O during the logging of NMR data was ren- =T,) one sees that the PL@bond axi$ component has
dered negligible. moved to a substantially negative shift value from €
NMR spectra were taken using a spin-echo Fourier transvalue at 400 K. The PL1 shift decreases further at 285 K,
form method with quadrature detection. AdO spectrum  where the lines have also become smeared out. Similar be-
taken this way al’ =400 K with the fieldHy(~7.3 T) ly-  havior is observed with field along theaxis'® Meanwhile,
ing in the ab (i.e., CuQ) plane is shown in Fig. 1. The PL2 splits into two rather sharp peaksTat+ Ty, then also
crystal is oriented so that the field is eitflesr L to the local ~ smears out at 285 Kgut remains essentially unshifte@ihe
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T coupling about half of what was calculated for the Sr-doped
LCO casé® would account for this discrepancy.

It is interesting to make a quantitative estimateTofus-
ing Eq. (1). For the case oHL bond axis, we find A w?),
1 =3.9x10" s ? with dipolar coupling® and NQR T,
I i =125 us at T=435 K&° Equation (1) then givesT,
5 - =200 us, compared with the measured value of 428
(Fig. 2). Since the indirect coupling probably enlarges
5 - (Aw?), , the slowing of the experimentdl, in this case is

H || Bond Axis probably due to the anisotropy df;. The NQRT, value
quoted is for a quantization axisCuG, planes, whereas the
| in-plane value required here is probably shorter by a factor of
= 2—33% Such an effect would bring the foregoing estimate

much closer to the experimental value.

<,

H L Bond Axis

@]
©

. - L !
200
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Echo Amplitude (Arbitrary Units)

FIG. 2. 'O spin-echo decay data are plotted semilogarithmi- C. Shift and quadrupolar tensor data

cally for two in-plane orientations of the field for the 3 +3 Satellite i ition dat ded for the ol
transition atT~400 K. The contrast in exponential decay rates is ateflite liné position data were recoraed for the planar

analyzed in the text. It is taken as evidence that “PL1” and “PL2" OXYgen site over temperatures ranging from 400 to 800 K in

(Fig. 1) correspond to field orientations parallel and perpendiculai® fi€ld of 7.3 T. Analysis of these data yielded a complete
to the bond axis, respectively. characterization of the NMR shift and quadrupolar interac-

tion tensors over the stated temperature range. In this section
we describe the methodology used to record line frequency
data and extract from it the relevant physical parameters.

In the LCO structure the three mutually orthogonal prin-
jpal axes of the shift and EFG tensors lie along the symme-
y axes of the crystal. The resonance frequengy of any

member of the!’O (1= 2) quintet of lines can be expressed

surprising conclusion is that near- Ty, the planar oxygen
HF tensor(a) reverses its sign(b) becomes enhanced by
well over an order of magnitude, anid) exhibits ~100%
anisotropy. These characteristics do not correspond to a
known HF mechanism, but are somewhat reminiscent of th
functional form of DM exchange coupling.As far as we
are aware, such an effect has not yet been reported for any )

other system. We comment further on the HF anomaly in VRa= VLa® N1vqat Na(vop—voy) Ve, 2
Sec. IV.

whereN;=0,1, and 2 for the {<—3), (+3<—=*3), and
(x2-+3) transitions, respectively, and,=%, =, and
— 1 for the same respective transitiottsThe subscriptsy,

It was argued in WCSG that the spectrum labeled PL13 andy refer to Cartesian axes, wheteis the direction of
(Fig. 1) corresponds to field orientation along the Cu-O-Cuthe applied field, aneq, 4 , are the three first-order quadru-
symmetry axis. However, since the EFG tensor dEViate§0|ar frequency parameters,. ,= ’yH(l+ Ka) is the nuclear
strongly from axial symmetry, we have sought to verify the| armor frequency with the field along the axis. We note
site identification with a SImp'é-z measurement. The spin- that the second-order corrections in EQ) are of order 1
echo T, processes for the PL1 and PL2 satellites are exkHz and are barely resolved within the precision of the mea-
pected to be dominated bly;-modulated dipolar couplings surements.

with the two nearest-neighbof*®Tu nuclear spins, for Typically, data for thevg, Were extracted from the mea-

o1

B. Site verification using T,

which we expecf an exponential decay with sured beat frequencies of a pair of noise-averaged free-
induction signals spaced by15 kHz on either side ofg,, .
UT,=(A0*)T;icu, (1) This method was found to be superior in accuracy to spin-

echo Fourier transform spectra. The fidldwas measured
where (Aw?) is the unlike-spin’O second moment and with an *’O-doped HO probe. Most of the data were ob-
Ticy is the 838%Cu T,, which we treat approximately as a tained using pairs of{ < = 2) satellite lines, resulting in
single paramete?® The spin echd, decay data are shown in  shift components, accurate to~10 ppm. Using Eq(2),
Fig. 2, where they are seen to be very nearly exponentiapairs of satellite frequencies can be immediately combined to
Since the ratio of axial to transverse dipolar fields is 2, theyield the v, and estimates of the, ,. The latter can then
ratio of(sz)H to (Aw?), is 4, and since th@, parameter be employed to determine the second-order shifts. Iterating
[Eq.(1)] is the same for both, thE, value for the orientation this process yields final numbers for all parameters very
parallel to the Cu-O-Cu bond axis is expected tojltbat of  quickly.
the perpendicular orientation. We therefore identify the Quadrupolar frequency parameteisg,, (a=a,b,c)%
shorter(PL1) T, value as the bond axis orientation, as be-were measured at a series of temperatures in the paramag-
fore. The fact that the experimental ratio Df values is 1.9  netic region. Thevg,’s were very nearly constant in the
rather than 4 we take as evidence for a small indirect spinrange 500 KsT<800 K, with measured values and error
spin coupling adding to the dipolar contribution. An indirect limits given in Table I. The results were found to obey

014404-3



R. E. WALSTEDT AND S-W. CHEONG PHYSICAL REVIEW B4 014404

TABLE 1. 'O NQR splitting (o,). g factor (@,), temperature derivative of shifd&$**/dT) and
susceptibility @y, /dT) data, and the shift coefficienB(,) are all tabulated. Also shown are the extrapolated
chemical shift valuesK ") from Fig. 4 and literature valueef. 31 for YBCO (K ;o for comparison.
The units of the parameters shown arg,, MHz; dK,/dT,10 '’K™*; dyx,/dT,10 ¥(emu/mol K);
B..(emu/moly 1; foh, %. Parentheses show uncertainty in the last decimal place.

a 9 V0 Voda dK,/dT  dx,/dT B, K™ K¥sco
b 2.077 0.5783) 0.693) 12.44) 7.95 15.65) 0.0567) 0.06610)
a 2.077 —0.427(3) —0.47(2) 5.96) 7.95 7.47) 0.0369) 0.021)
c 2.308 —0.147(3) —0.22(2) 3.85) 9.82 3.95  0.02710) 0.023)

Laplace’s equation, giving ,vq,=0 within estimated error ues begin to be affected by the approaching transition to the
limits, helping to validate the accuracy of crystal orientationsordered magnetic phase, which occursTat 300 K, by
used. The tabulated values yield an asymmetry faetor which point thea and b axis shift values become sharply
=0.49+0.01. Also shown in the table are literature valuesnegative(see Fig. 1 and Ref. J6Above T=600 K the be-
Vo4 fOr doped, superconducting LC(Ref. 33 (IKZA). havior of theK ,(T) is linear within the scatter of the data, as
The effect of doping is seen to be~-a20% increase in the is the behavior of the measured susceptibiy*(T) (a
principal component and a decrease in the asymmetry factet b,ac) for 500 K<T<800 K3*We take the slopes of the

to 73=0.36. In Sec. lll we use a model calculation of EFG |east-squares linear fits to the data shown in Fig. 3 and to that
components to analyze and discuss the EFG tensor data fisr Ref. 34 to be proportional to the spin paramagnetic com-
both doped and undoped LCO. ponents of shift and susceptibility, respectively. TH® spin

The NMR shift data for the planar sites are plottediia  shift coefficients3$ are then extracted from these fits using
Fig. 3, along withc-axis values for the apical site shift. The

latter serve as a fiduciary against which we can contrast the KS  dKeXPYdT
marked influence of the weakly ferromagnetic phase transi- Bz:—:“:;—t_ 3
tion on the planar site shifts. Below600 K, the shift val- Xo dxgPrdT
| | | | Finally, we obtain the hyperfine coefficientsC,
[ 4 ] =0,.B.1+sNa/2, whereg,, is the electroniq factor, and we
0.25 O SHIFT TENSOR DATA - remind the reader that, is defined by the HF coupling
i ] Hamiltonian written =2 ,C,l,S,.* Values ofg, are
- Bond Axis (b) . e>2<tracted from the susceptibility data, where we take
020 N ] 02/92,= (dxSPYdT)/(dx2:PYdT) for temperatures well
- 1 above the ordered phase. We adopt the expressions
et i A ]
6ot - 0c=2(L+4\/Ag);  Gap=2(1+N[/A)), (4
o 019 L4 Transverse Axis (x) | . . . .
§ i i where\ is the spin-orbit coupling parameter and thg; are
o i /_/./-—r/"’""' 1 the crystal-field splitting energies to thg,,d,, ., excited
~ 910k - | states, respectively. In this discussion we shall neglect the
Fw ® - . small difference between, and A;*® (see also Sec. Il A
i Lo c Axis (L) ] below). With the experimental ratig./g,,=1.111 and Eq.
0051 e ] (4), one findsg.=2.308 andg,,=2.077.
1 ] ] ] Using the data in Table | in the formulas of the previous
- Apical Site (c Axis) - paragraph, we obtain the HF tens@%("Y) for La,CuQ,.
I ] C®P' values are presented along with datafor
0.00 05500 600 700 800 Lay g5 1£CUO, (labeledCSXPY in Table Il. In Sec. Il the
T(K) HF tensors are corrected for direct dipolar couplings and

analyzed into isotropic and anisotropic components using the

: ) formulasC's°=13 nd C3"=C_—Cis°. We note her
temperatureT for all three orientations of the crystal axes. The tﬁ tutﬁ.sc 3d“C“ a ?d%iso_cgz CkG/ ve Otc?cisoe
“transverse axis” refers to tha axis. Also shown are data for the a IS procedure yie - Spin-and g

apical site with field along the axis. Noting that the susceptibility — 83 KG/Spin, a roughly 60% increase with doping. In Sec.
data (Ref. 32 vary linearly with T in this range, deviations from Il these points will be discussed further, along with a more
this behavior for the planar oxygens signal the onset of a dramatifetailed analysis.

change in the HE tensor in the magnetically ordered state. Interest- Finally, it is interesting to contrast the values Gf, in
ingly, the a axis shift shows the onset of a change below 600 K Table Il with similar data reported for SCO€ There, for
here, but at loweT, its change is very small compared with that for example, the bond axis value is given ast83 kG/ug,

the b andc axes. which is approximately twice the bond axis value we find for

FIG. 3. Planar’’0O NMR shift data are plotted as a function of
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TABLE Il. YO HF coefficientsC, defined and discussed in the text are tabulated in units of kG/spin.
Quantities relating to the doped case are subscripthd.™ These are taken from Ref. 16. Parentheses show
uncertainty in the last decimal place.

a ngpt Cexpt Cdip gorr Ccorr gn Can ce Cc™

b 108(16) 90(3) 10.1 98 803) 15 27.6 32.2 —4.6
a 77(11) 43(4) —24 79 454) -3 -6.9 —-16.1 9.2
C 64(10) 25(3) —6.6 71 323) —-12 —20.7 —16.1 —4.6

LCO, given that the HF field per unit of spitwill be larger ~ framework so that all significant effects can be represented,
than the (kGhg) figure quoted by a factog,,~2. The even though their underlying physical mechanism may re-
other components for SCOC are correspondingly large, givmain obscure.

ing a remarkable contrast in the HF parameters for two so With the foregoing methods, the spin-paramagnetic
similar compounds. We feel that this result should be careground-state hyperfine expression becomes

fully checked before accepting it as fact.

Ill. THEORY AND INTERPRETATION OF RESULTS HE=2C°T.§+2, Ca",S,, (5)

In this section we present a cooordinated discussion of
the HF and EFG tensors for the planar oxygen sites, using
both the LaCuO, data presented in this paper and Where the HF coefficients, defined for a single Cu neighbor,
Lay ¢St 1<CUO, data from the literature. The HF and EFG are given by C§"=(2f,,+3fsofp)ap; CE"=—(f,,
tensors are closely related in principle and in practice. These- %fsofé,)ap; ci"= —(fpe—3fsof p)ap; and C*°=af
quantities sense the distributions of spin and charge, respee-5a,f fso. In the latter expressionsys, are hyperfine
tively, and, furthermore, both depend on valuegrof®) for  constants discussed below, and fhe, are so-called “spin
on-site occupied orbitals as well as 1lattice sums for con-  densities” giving the statistical weight of the hybridized
tributions from more distant sites. Using the HSSM DF cal-wave function residing in ligand orbitals sfandp,, charac-

culations as a basis for the local contributions, we find belo . 7 _ -1
a remarkable contrast in behavior between the HF and Elgéer’ resp_ecuve_l)?. Furt_her,fso— |)‘|(N}N<’) /A, whereh
is the spin-orbit coupling parametey,is an average crystal-

parameters. field splitting parametetS andN, andN, are hybrid wave-
function normalization factors for the ground and excited
A. Ligand HF coupling formulas states, respectivefff. f,, and f, are closely related
The theory of HF couplings for ionic states in solids andparameters? In practice we shall not distinguish between
their associated ligands is a subject that has received consithem. Regarding Eq5), we note that iff s were zero, this
erable attention in the past. Thus, we can present what ould simply be a first-order combination of contact and
expected to be a relatively complete formulation of expectedlipolar hyperfine terms proportional to tseandp-like spin
NMR shift behavior at the planar oxygen sites in LCO in transfer, respectively, onto the oxygen sites. The second-
terms of the spin Hamiltonian approach employed in AB.order terms are very similar to those which occur on the
While the general formulation given is applicable to oxygen,Ct? " site®® They upset the axial symmetry of the dipolar
there is not a ready-made set of formulas for the cas€@f term around the Cu-O-Cu bond direction, thus resulting in a
HF effects on &~ ligands in the literature. This is because Small contribution to the isotropic HF term.
170 is a rare isotope and did not figure in EPR hyperfine The two basic hyperfine constants g are a,
effect studies, for which the theory was originally worked = &7 y;715(r ~>),, for the dipolar terms and the correspond-
out. ing s-contact HF coefficientg, which requires special com-
In the following we shall develop formulas for the planar ment. The traditional contact HF coefficient is given &y
170 case using the methods that were used extensively in the % 7% y1715| W 25(0)|?, representing the effect of a partial
literature and have been summarized by AB. Particularlyhole occupation of the 2shell of the oxygen. The work of
useful were the methodologies described in Chaps. 17 and 28SSM has suggested that a strong isotropic HF coupling is
of that volume. However, it must be noted in advance thapresentconsistent with experimentwithout identifying the
AB treat only impurity states using perturbation methods.specific mechanism responsible for it. Since the well-known
Therefore, the inherent symmetry of a complete lattice ofcore-polarization mechanism would in this instance almost
magnetic ions is not taken account of. This will undoubtedlycertainly give a negative shift, we suggest that a small 2
give rise to quantitative errors owing to the high levels ofhybridization must be at work here. We discuss this point
hybridization found to be present in this system. The mordurther in the comparison with experimental data below. In
advanced techniques used, e.g., by HSSM, may incorporaterder to compare the data of Sec. Il with E), we require
effects unforeseen in our approach. Nonetheless, we feel thakpressions for the corresponding shift coefficiers
the formulas employed here give a sufficiently general=K:/xS. These are
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Bo=2[ asfs—5a,fp,fsot apfp, To evaluate the primary hybridization paramefgy,, we
L develop estimates of both, andfgp. In units of kG/spin,
X(2+3fs0) I/(Naft y179abies), ®  we have a,=8x10"*ug(r™3,. We use the value
(r=3),=4.0 a.u®® This value leads tax,=200 kG/spin.
Ba=2[ asfs—5a,fp, fso— apfy, Next, we obtain an estimate 6, from the values of thg,,
derived earlier(Table l), where we havey,=2(1+4fgq).
X (1=3fs0) J/(Naft y179ab8), (7 With g.=2.308 we findfsy=0.0385. Substituting the fore-
going values fore,, and fgg into Eq. (10) then yieldsf,
Be=2[asfs—5apf,  fso—apfp, =0.077. This is a high degree of covalency, but is in good
agreement with the DF calculated val(@082 given by
X(1+3t50) )/ (Naft y179cke)- ®  HsSM. It means, for example, that 31% of the?C8d hole
actually resides in the, orbitals of the ligands. This is
B. The anisotropic shift substantially larger thai,,=0.0495 reported for KNig:>’

We also note that thp, admixture is only a lower limit for

. . . ' . . the total covalency, since there are the additional effects of
direct dipolar hyperfine coupling. The dipolar field due to a[Eq. (5)] and the Xeglected effects of the apical sites. 3

momentﬁi located atr; with respect to the target planar |, the same way, with f,'ngp we have s
oxygen site is given byi{'=3r;(u;-r;)/rP—pu;/r}. The di- =% fsof pap. Using parameter values from the previous
polar coupling tenso€4' is the sum of field components in paragraph, we find=1.5 kG/spin. This estimate of the,_
the « direction with thew; polarized in that direction, per component s only one-third the value shown in Table II, and
unit of spin contained in a unit cell. Owing to hybridization, clearly does not account for the data. In this connection,
the spin polarization is physically divided between the cop-some recent results from HSSRare of interest. They show
per and planar oxygen sites. For uniform polarization wean anisotropy with the same sense as the experimental result,
haveu,=0g.ug(S,)i. In terms of the hybridization param- only somewhat smaller. Adding the second-order correction,
eterf then we then find marginal agreement with the experimental data
in Table II.

We begin by correctingC§*P* and C*P' in Table Il for

pos

din_ (1 2 _y2 _xZ)[r5
C.7=1 4fp”)g“’u8i(§,) (2= Xip =X C. The contact shift
In Eq. (5) we envisioned the contact HF field as arising
+2f pQattp X (2X2,—X2—X2)IT?, (99  from hybridization with the 2 orbital. While its origin is not
i(0) entirely clear, we can compare the HSSM isotropic shift re-

. sult
where (@, ,7y) are cyclical and the two sums are on copper
and oxygen sites, respectively. These sums have been carried

out with the results given in Table Il. The demagnetizing 8w 1 2 I 2 3
contribution, which is<1 kG/spin, has been included in 3 %“ ¥m(0)] %“ V(07| (2us/2p)

these results by summing over a volume with the approxi- _

mate shape of the sample. Subtract®fj® from the experi- =81.4 kG/spin (13)

mental data then leads to the correctiegl, loca) HF tensors
CE°" and C52™" in Table Il. The anisotropic portion of the with the corresponding experimental quan@y°® [Eq. (5)].
latter tensors is obtained using the formulas given at the enth Eq. (11) the factor (aLB/a3B) (ag=Bohr radius) converts
of Sec. IIC, and are tabulated " andC3" . These quan- the HSSM result in a.u. to Gauss/spin. For comparison with
tities can now be compared with the local HF tensor formu-experiment, the isotropic HF result in Table | must be cor-
lation of Sec. Il A. rected[see Eq(5)] by adding v, f fso~4 kG/spin to ob-
As noted earlier, there is substantial and unexpected HEin «.f,=57 kG/spin, in only rough agreement with the
anisotropy around the bond axis. To facilitate the discussiotiSSM result of Eq(11). This discrepancy is, perhaps, not
of this effect, we further divide the anisotropic te@j" into  surprising, because the behavior of closed-shell orbitals may
o-like and mr-like components usin@2"=C7+C7, where  be involved here, and such behavior is notoriously difficult
(CIr.Cp,Chy=(2s,—s,—s) and (CJ,C{,C%)=(-r,2r, tocalculate. o _ _ _ _
—r). From the parameters in E(R) we haves = %fsof,sa,p We note several points in connection with the isotropic
andr = fo,ap+ 4 sof hap. Experimental values for the? o HF coupling. First, the HSSM result is positive, and is
andC? tensors are shown in Table Il. Both terms are clearlypr.Oport'onal to the F‘“mbef of Cu n_elghbors. HSSM labeled
a . . an . this a core polarizatiofCP) HF coupling. The traditional CP
resolved. There is a similar effect faCy,, but we omit . . X ;
further discussion on account of the large error bars mechanism, Wh'(.:h would operate through [aapm density :
We first analyze th@, contribution, which can be Wfitten on th_e oxygen site, would almost _certalnl_y give a negative
y ®o ’ coupling in this cas& Thus, the principal isotropic HF ef-
) fect would appear to be thesadmixture noted earlier. Thus,
Ca=apfp,(1+4f50/3)=16.1 kG/spin. (10 e are left with the tentative conclusion that the planar oxy-
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TABLE lll. Experimental data for the EFG tensor given in Sec. l(Table ) are tabulated along with
model tensor components described in the text for the scenario where thédoesite components have
asymmetry owing to anisotropic values(@f 3). Quantities corresponding to the doped case are subscripted
“dea.” All EFG values are given in a.u., whei@,,=0.026 barns has been used to convert experimegial

values.

a 1ovlatt Vloc Vfit Vexpt 10\/::?“ V:doc VL“ Vgxpt

b 0.349 0.449 0.621 0.624 0.378 0.624 0.751 0.749
a —0.284 —-0.277 —0.462 —0.464 —0.278 —0.385 —0.515 —0.510

c —0.065 —0.172 —0.159 —0.160 —0.100 —0.239 —0.236 —0.240

gens undergo aadmixture proportional to the number of sites, the precise amount being taken as an adjustable param-
Cu neighbors. Further discussion of this point is given ineter. To preserve charge neutrality we place an equal and
Sec. IV. opposite charge on the La sites. This assumption of doped
charge homogeneity is, of course, only an approximation.
The results of the point-charge calculation are shown in
_ _ _ Table Ill as 10/ and 10/}2", i.e., multiplied by 10 to

As we saw in Sec. II'C, the quadrupolar interaction tensogyijitate comparison with the local contribution and the ex-
(vqq) for LCO deviates strongly from axial symmetry, and perimental data.
is more asymmetric and slightly smaller in magnitude than  £q; the local contribution we employ a simple formula for

for the doped case tens@see Table ). Doping increases the principal EFG  component vioe—q 8q,(r 3
hole density in the system, and as the hole carriers ar v=a,b,0, whereq, is the 2, hole d'engity pér F()Tlanar ((T)‘;y-
thought to reside primarily on the planar oxygen, a mOdesEen.q, /'e’is takengto be twige the hybridization parameter
increase invg,q OVer vq, is expected and is observed. We o

¢ ) ) f,, determined in Sec. Ill A for the undoped case. For the
po
present here an analysis of the EFG data in which we dra\ﬁoped case a variable mobile hole density is added as well,

upon some unique features of recent calculations b)ﬁ . )
20 . . ; ) . p to a maximum of 0.0%per oxygen. The calculated an

HSSM:™ To motivate our point of view, we first review isotropy of (r 3, is taken account of by setting ).,
some recent literature. =4.0 a.u. for the principal componeM?®, and adjustin

Relying on calculations by Hanzaves al.** IKZA mod- 06— loc princip b mek Justng
eled the planat’O EFG as entirely local in origin, the an- Va ,?Cnd \{gc tologlve the calculated asymm nf Moc
isotropy being generated by charge occupatioppforbit-  — (Ve —Va)/Vp =0.234, while satisfying LaPlace’s
als. This approach rested on estimates showing that the EF§iuation.z;oc is taken to be independent of doping.
contribution from the surrounding lattice is an order of mag- e fit this two-component model to the doped and un-
nitude smaller than the on-site contribution. These authordoped EFG datéTable 1) simultaneously with the follow-
have used this model extensively to discuss EFG behavior if'9 Ieast—squar?s methold. Eachl experimental EFG tensor is
the cuprates. However, since the HSSM results show thdgPresented ag,’ = &ocV,“+ €.V, . The total rms error is
little or no p,, hole density is expected, we prefer to adopt anthen minimized by setting the derivatives of
alternative viewpoint developed by Takigawaal, for the
case of YBaCu;O,, where the local EFG contribution is
derived from an on-sit@, hole-density combined with an
(essentially point-charge contribution from the surrounding
Iittilc_e;wvihi%r.\ is enhancél by an antishielding factok., +§ (VEXPL g Vloe_g a2 (1)

For the LCO case, we embellish the latter model with the
interesting feature of bbcally anisotropicEFG contribution.  with respect tc,. and &.. equal to zero. The resulting pair
This effect arose unexpectedly from the HSSM DFof linear equations is then solved fép,. andé... This pro-
calculationé in the guise of an anisotropy it ~%). As we  cedure has been carried out for a series of assumed levels of
shall see, it plays an important role in understanding the EF@nobile charge density. At each such Iev‘e!l;"‘cft is recalcu-
data. For the lattice contribution we perform a point-chargdated with adjusted point-charge values in the lattice. The
EFG calculation in which the {2 hybridization effects of optimum fit obtained in this way corresponds to 80% charge
Sec. Il A are taken into account, summing over neighbommobility. The corresponding fitted tensor values are given in
sites. Hybridization effects at the apical sites, being of ordeiTable 1ll, where the antishielding factors found afg,
1%, are neglected. For the lattice EFG tensor contribution=0.53 and¢,.=11.5. The value found fok,,. is rather
the core summand iv:itt:qi(2xi2a—xi23—xi27)/r?, essen- small, but not outside of the range of calculated values re-
tially the same as in Eq9) except that because of charge ported in the literatur® The value of£,, is similar to that
neutrality (2;q;=0) over the unit cell, the sum on neighbor reported for YBaCu,O;.>*
sites converges quickly. In the doped case we presume that This model EFG tensor fits the results for the doped and
some percentage of the doped holes resides on the oxygemdoped cases to 1% (Table IIl). We therefore see that the

D. Quadrupolar tensor results

MSQ= 2 (VEP!= £iooVi® = £.V™)?
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TABLE IV. Single-crystal susceptibility data for doped and un-
doped LCO, along with spin and Van Vlechrbital) components

derived from these data as described in the text. The last column 0.251 ) 7]
gives the reference from which the data are taken. All data were F Bond Axis (b) 1
taken in low field, except for that from Ref. 16, which were taken in i ]
5T. All susceptibilities are in units of I emu/mol. The orien- ~0.20 .
tation « indicates field along the axis or in theab plane. X i ]
Composition T  a xTPT) x3(T) x°° Ref. Soask ]
La,CuQ, 800K ¢ 97 138 58 34 DEf i 1
ab 25 112 13 =z L i
Lay 6.ShodCUO, 300K ¢ 120 174 45 46 o010r )
ab 52 141 10 - - .
La; g5 1CUO, 300K ¢ 135 182 53 21 il
ab 60 147 11 0051 Transverse Axis (x) |
La,CuQ, 350K ¢ 54 45 108 16 E ]
ab -39 37 24 L | | | i
OOOO 1 L L 1 1 L L 1 1 L 1 1 1 50| L

50 100
x5 (107%emu/mole)
measured EFG tensor is at least a semiquantitative measure . . ) .
of the mobile charge density in the superconducting phase. FIG:- 4. The*’O NMR shift data for planar sites with all three.
The results indicate that a major fraction of doped holes irfXis orientations are plotted here as a function of the corresponding
the superconducting phase are actually itinerant and residiin Susceptibility extracted from the experimental d&f. 32 as

on the planar oxygen sites. However, a substantial numbéi‘eTSir'{:)oe((;I :<r1 Tsﬁc' ”II'::IE.I'The p0||r.lts shown Co,"eSp\(l’\;‘hd to 6t00 K
appear to remain localized, in accord with a recent NQFT et € SOlC INES are linear regressions. YVhen extrapo-
ated toy,—0, these lines make positive intercepts yielding esti-

study and analysfé“. mates of the chemical shift tensor components. See the text for
further interpretation and error estimates.
E. Review of susceptibility analysis

In Sec. IIC the linear variation of both shift and suscep-o=c¢ andab, can then be solved for®(T) and x°’. The
tibility enabled us to extract the spin HF coupling in a experimental data for several cases are listed in Table IV
straightforward and accurate manner. In previous work, thigrefs. 16, 21, 34, 46along with the results of the spin-
extraction had to rely omstimatewf the orbital shift and/or  orhital partitioning procedure. The bottom entry in the table
SUS?‘?pt'b'“tyz- " In this section we take the opportunity 10 shows the high-field data from WCS&.” in the latter case
partition the susceptibility of both doped and undoped LCOjg seen to be substantially larger than for the other three
using single crystal data and a minimum of assumptions. AS,cas where one findg’! =52=7x 106 emu/mol. We

y C — .

a consequence, we are able; to optain an experimental meé'ﬂggest that the raw WCSG data are valid, but the analysis
sure of the orbitali.e., chemical shift tensor for LCO. We may be in errof” We observe also that the Van Vieck terms
then use these data to review and revise some results frog}e roughly independent of doping level, as has been found

earlier papers. A in the case of YBCJ? Henceforth we shall adopt the values
Given the values of the bulk susceptibiliy®*P{(T) at shown in the top line of Table IV.

some temperaturg with the field both perpendicular to the e orpital susceptibilities in Table 1V also have implica-
CuG, planes and lying in these planes, we partition thejons for conclusions reached in earlier work. In particular,
X% P(T) into spin, orbital, and core diamagnetic componentshe HF tensor for Lag:St, ;<CuQ; in Ref. 21 needs revision,

as follows: Fil’St, the core diamagnetic Component of Susceﬂ)ecause we Nnow see that the orbital terms were Overesti_
tibility ~ xqia is taken in all cases to be—99  mated, leading in turn to an overestimate of the HF tensor
X10"° emu/mol->*' Second, we take the anisotropy of the yajyes. The doped LCO tensor componer@s,(, C2" listed

spin paramagnetic part to he(T)/x5,(T) =1.235 as given i, Taple |) have been adjusted by combining thi values

by the data in Ref. 34see Sec. Il € This value is adopted i, Taple IV with the experimental data in Ref. 21. The
for all compositions, following from our assumption that the change inC,,, is ~ —10%.

g-factor anisotropy is independent of doping. Finally, the
anisotropy of the orbital term is taken to be slightly greater

than the factor of 4 dictated by the matrix elements, i.e., E. Estimate of chemical shifts
VoIV =4, win he slightly larger ener nomina- . .
Xe'Ixab=4.5, owing to the slightly larger energy denomina- . o 4 \ue piot the NMR shift tensor componeritee

tor for xap. > The foregoing anisotropy relations, plus the

0 Fig. 3) against the corresponding components of spin suscep-
two equations 9-3ag p g comp p p

tibility x3(T)=x%*P{T) — xqia— x"*, where fory¢*P{(T) we
. o ex adopt a linear regression fit to the data of Ref. 34 over the
Xo(T)+x2"=x2P(T) — Xdia (13)  temperature range 500 KT<800 K. As in Sec. IIlE, we
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take xgia=—99x 10 ¢ emu/mol, and the values gf?” are  undoped LaCuQ,. The mechanism for this effect is not re-
taken from the first line of Table IV. For each orientation, thevealed by the HSSM calculation, but one can only imagine
data in Fig. 4 exhibit the linear relationship already em-that it is dominated by a £ admixture to the hybridized
ployed in Sec. IIC to measure the shift coefficients, etcHOMO wave function. Any core-polarization effect for the
Here, however, we run a linear regression for each plotPlanar oxygens would undoubtedly be negaff/@hus, such

These lines, when extrapolated 43(T)—0, yield an ex- an effect may account for the discrepancy between the
perimental estimate of the background “chemical” shift HSSM calculations and the measured results, but not for the

K™ . The resultingk®™ tensor components, along wit@ large, positive isotropic shift.

L : . . The increase of €° with doping(Table |) is also~60%.
standard deviationerror estimates, are listed in Table |. We consider this increase to be consistent, within errors,

Chemical shifts are seen to vary frqm% to ~3 of the total with the finding from the EFG resultsee below of 80%
sh!ft in the temperature range studlt_ad.' Although armd_c mobility for the doped holes in La:Sr, ;CuO;. The latter
axis values are equal within error limits, the boflll axis oy correspond to a 39% increase with doping of the hole
\iglue is larger by a barely resolved margin. Interestinglygensity on the planar oxygens. It would be proportional to
O chemical shift values for YBCQRef. 3] also show a the number of Cu neighbors in the cluster calculations of
predominant bond axis component of similar magnitudeHSSM® and therefore to the hole occupancy level on the
with smaller components along the other two axes. The twaxygens in general. Such behavior would be expected of a
shift tensors are compared in Table I, where they are seen s orbital admixture. It is interesting to make a rough esti-
agree within estimated errors. mate of the actual 2admixture required to account for these
One can formulate a perturbation theoretical estimate oéffects. Using a recently calculated estimatg~7000 kG/
the 'O chemical shift contribution from the hybridizedi3 spin for the z HF field (Ref. 49 of O?", we find fg
holes, which produce the Van Vleck shift and susceptibility~0.007.This seems like a reasonable number, since it is an
contributions on the copper ions. The same second-orderder of magnitude smaller than tpe admixture deduced in
formulag’ that give rise to the correctionsfsoin Egs.(6)—  Sec. IlIB. In contrast, there appears to be very little change
(8) can be shown to yield “local” terms for the vicinity of Or even a decrease in the anisotropic HF tensor with
each ligand ion. We shall not describe such terms in detailloping* In this case the error limits are rather larger, and
but only point out the inability of this approach to give re- we suggest that no conclusion about the mobile charge den-
sults that resemble the experimental values in Table IV. Th&ity can be drawn from the latter result. A rather more quan-
point here is that matrix elements of angular momentum thalitative picture is offered by the EFG tensor results.
drive these terms will always vanish along the bond axis, The EFG tensor data presented here for LCO appears to
where the dominant experimental contribution is found. ThePe of good accuracy, as do the literature data for the doped
correct theory must therefore be a good deal more complease’’ We have sought to interpret the changes with doping

that this simple physical model based on an impurity state.in terms of charge rearrangement in the crystal lattice,
namely, the appearance of mobile hole density on the planar

oxygens. A two-component model similar to that used by
IV. CONCLUSIONS AND DISCUSSION Takigawaet al3! to interpret the'’O EFG, results in YBCO
and leads to the satisfactory conclusion the80% of the

The anisotropic HF tensor of the planafO has been doped holes are mobile, thus yielding a quantitative measure
interpreted in detail in terms of hybridization between the Cuof the carrier level in the doped system. There are several
3d and O 2, orbitals, which is also combined with mobile aspects of this picture that merit comment. First, the agree-
(oxygen 2,) hole density for the doped case as well. Thement with the HSSM result is not good, the on-site compo-
measured covalency is in good agreement with the DF calrent being well under half of the HSSM result, which is also
culations of HSSM. At this level of covalency, some 31% oflocal in character. On the other hand, more recent results
the spin density resides on the planar oxygen sites. Given faom this grouf° exhibit the remarkable feature that the EFG
bit of hybridization with the apical & as well, this means tensor component arising fronpg hole density has substan-
that barely 2/3 of the spin density resides on the copper sitesial axial anisotropy around the bond axis. This new effect,
The bond axis anisotropy of the HF tensor is surprisinglyincorporated into our model, is important to the quality of the
large. Although some anisotropy in the sense observed ifit. It also prevented the admixture parametérs. and &,
allowed by second-order spin-orbit coupling effects, the calfrom becoming unphysically small and large, respectively.
culated effect is only about one-third of that observed. At-How such effects play out in other compounds remains to be
tempts to interpret this result in terms of hybridization effectsinvestigated.
with the L&" have not resulted in any firm conclusion. The  The dramatic’O HF tensor anomaly, which occurs as
latter effects were suggested by an unusually large range aine approache$,, remains unexplained up to now. Our
NMR shifts reported earlier for thé*1a NMR.X® Experi-  earlier suggestiofi that the extraordinarily large NMR shifts
mental data of somewhat greater accuracy would be requiresbserved can only be understood in terms st@ntact with
to convincingly resolve these questions. However, DFHF couplings, is supported by the findings of the present
calculationé® also show some HF anisotropy in the sensepaper. Now that the fundamental HF tensor contributions for
observed, and appear to account marginally for the data. this system are known, one can see that the BF coeffi-

As for the isotropic HF interaction, the HSSM DF result cients would lead to oxygen spin-polarization levels an order
is, in contrast, larger by 60% than the measured value foof magnitude larger than the total measured values. Such a
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result would be clearly unphysical. Even with the recentlylowest energies of inelastic neutron studies that show incom-
calculated 2 HF coeffiecient® the oxygen site polarization mensurate peaks in the dynamic susceptibtity® The

is remarkably large, being-12% of the experimental value NMR dynamics therefore only “see” commensurate fluctua-

per formula unit. Thus, a surprising mechanism is at worktions, for which the transferred HF relaxation effects are un-
here in any case. It remains an open question as to how sugheasurably small. The implication of this is that stripe fluc-

a mechanism comes into play in other systems, both in theyations are responsible for the incommensurability of

published literature and in future investigations. Needless tg,(q, »).5° The degree of incommensurability observed for

say, efforts to identify the theoretical basis for these effects,(q,w) is a measure of the spatial scale of the stripes. The

would be most welcome. _ ~ fluctiation rate of such stripes remains an interesting question
On the other hand, our understanding of the relaxatioffor investigation.

anomalies reported earlférZis not greatly improved by the
relatively straightforward findings of the present paper.
However, the anomalies in question appear to be consistent
with the suggestion that dynamic magnetic stripe fluctuations
occur in doped, superconducting LCO. The physical picture, The authors wish to thank the membékSSM) of the

in that case, would be that the fluctuation rate of stripe orUniversity of Zurich theory group, and especially P.F. Meier,
dering lies somewhere between NMR frequencies and théor extensive discussion of their results prior to publication.
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