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Planar Cu and O hole densities in highT; cuprates determined with NMR
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The electric hyperfine interaction observable in atomic spectroscopy for O and Cu ions in various configu-
rations is used to analyze the quadrupole splitting of O and Cu nuclear magnetic resONMRE in
La, ,Sr,CuQ, and YBgCu;0g,y and to determine the hole densities at both sites as a function of doping. It
is found that in La_,Sr,CuQ, all doped holegx) reside in the Cu-O plane, but almost exclusively at O. For
YBa,Cu;06., and y<<0.6 doped holes are found at planar Cu as well as O.yFe0.6 further doping
increases the hole content only for planar O. The phase diagram based on NMR data is presented. Further
implications from the CuA and B sites in Lg_,Sr,CuQ, and the two planar O sites in YB@u;0g,, and
consequences for the phase diagram are discussed.
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[. INTRODUCTION of the apical O. On the experimental side these analyses used
data available until 1995 and on the theoretical side they

The cuprate parent compounds are Mott insulators. Theelied on atomic and cluster calculations to relate the hole
Cu atoms, electronically close to @%3configuration, form a  concentration to the EFG tensors for Cu and O.
planar square lattice with O atoms in a configuration close to In the present work we perform a somewhat different
2p® between them. The Cu spins order antiferromagnetically@nalysis. First, we practically do not rely on calculations that
throughout the whole material. Upon doping with holes orrelate the hole concentrations to the EFG components. We
electrons—e.g., by replacing some of the out-of-plane atomyse data from the electric hyperfine splitting for the isolated
with atoms that prefer different oxidation states—long-rangdons. Second, we use experimental data for the parent com-
antiferromagnetism is destroyed and the materials becomeounds of La ,SrCuQ, and YB3Cu;Os, . Altogether,
conductors and even superconductors at lower temperaturgbis allows us to reduce the theoretical uncertainty substan-
For example, in La ,Sr,CuQ,, La®" is exchanged with tially and to perform an almost model-independent analysis.
SrP* and the common wisdom is that this increases the conDue to the lack of data, a complete analysis could not be
centration of holes in the Cu-O plane. However, it is notperformed for other materials.
quite clear whether all holes indeed reside in the plane and The main results of the analysis—the hole densities at
how they are shared between Cu and O. The situation witplanar Cu and O in La ,Sr,CuQ, and YBaCu;Og.,.y, are
the in-plane hole concentration and distribution in other susummarized in Table | under Results. We then proceed with
perconducting cuprates is even less clear. Indirect chemic#ie data analysis where we explain how the hole doping af-
methods like solid solutions,semiempirical bond valence fects the occupation of the Cu and O orbitals. It follows a
sums determined from structural bond lengftisor methods more general material-specific discussion. In the Appendix
based on the Fermi surface topoldgye used to determine we calculate how the occupation of certain atomic orbitals
the hole concentration. Often, the phase diagrams are juads to the NMR quadrupole splitting. In particular, we
drawn by assuming a unique, dependence on some con- show how the electric hyperfine splitting observable in
trollable parameter that is believed to be a simple function ofitomic spectroscopy can be used to remove the ambiguity in
the hole concentration in the plane. To the best of our knowldetermining the radial charge distribution.
edge there are no direct physical measurements that can es-
tablish a phase diagram in terms of the hole concentration of Il RESULTS
the Cu-O plane.

A local probe like NMR that can distinguish between the Let us introduce in Table | the outcome of the analysis for
various atoms in the unit cell should be able to address reka, ,SrL,CuQ, and YBgCu;Og, . Next to the first column
lated questions. In fact, there have been various attempts tgith the chemical composition we show the superconducting
interpret the NMR data, the nuclear quadruole interaction fotransition temperatur€;; in columns 3-5, three quadrupole
planar Cu and O, in terms of the local hole densitiese, frequencies are given. All these data are from the literature
e.g., Ref. 6 and references cited ij iThis is indeed a sen- and a more complete account with references can be found in
sible approach since the electric field gradi€BFG) at a  Table Il. Since the Cu EF@electric field gradient at the Cu
nuclear site is very sensitive to changes in the local chargaucleus is almost axially symmetric, there is only one value
distribution. And it is known that the planar Cu and O EFG'sto quote,63v0uyc, the nuclear quadrupole resonan®)R)
show a pronounced doping dependence, e.g., contrary to thixkequency or the NMR splitting with the magnetic field in the
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TABLE |I. See text for explanatiof.

17

17

T 63VCu,c Yo Yob
Compound (K) (MHz) (MHz) (MHz) Ny pe Npb ) Py
La, ,Sr,CuO,
x=0.0 0 33.2 0.147 0.574 0.780 0.110 0.110 0 0 0
x=0.075 22 34.2 0.18 0.6 0.784 0.137 0.117 0.058 0.07 0.93
x=0.10 28 34.6 0.195 0.785 0.149 0.084 0.06 0.93
x=0.15 37 35.8 0.215 0.69 0.794 0.166 0.153 0.125 0.11 0.89
x=0.20 30 36.6 0.245 0.797 0.190 0.177 0.09 0.90
x=0.24 18 37.4 0.28 0.81 0.798 0.219 0.202 0.236 0.08 0.92
YBa,CusOg 1y
y=0 0 23.8 0.31 0.795 0.780 0.110 0.110 0 0 0
y=0.60 60 28.9 0.341 0.889 0.828 0.135 0.148 0.099 0.49 0.51
y=0.63 62 28.9 0.347 0.905 0.827 0.140 0.155 0.107 0.44 0.56
y=0.68 84 315 0.353 0.913 0.853 0.145 0.158 0.143 0.51 0.49
y=0.96 92 315 0.362 0.954 0.851 0.152 0.175 0.156 0.46 0.54
y=1.00 93 315 0.378 0.986 0.848 0.165 0.188 0.179 0.38 0.62
YBa,Cu,05? 81 29.72 0.361 0.926 0.833 0.152 0.163 0.136 0.39 0.61

#The EFG'’s for YBaCu;Og o Were used for background subtraction.

crystalc direction (see the Appendix
For planar O there is a substantial asymmetry to the The remaining columns 6—11 show data from our analy-
(tracelessEFG tensor and we show two splittings*“vo ¢,
is the value observed with the magnetic field in the directionsymmetry,n, ., n, , those of oxygen holes in the, orbital
of the crystalc axis (this component is easily measured with as derived fromvg . andvg ), , respectively. For the calcula-
aligned powder and therefore reliable and most often retion of the remaining quantities we sap=n, .. Then §
ported; l7vo’b, is the value observed with the magnetic field =ny+2n,—1 [cf. Eq.(7)] is the doping per Cufretrieved
along the Cu-O bondt can also be determined, less reliably, from nq andn,. HereP4 andP,, are the probabilities for the
from the structure of powder spectraSince the quoted doped hole to reside on Cu and O, respectively; seg#q.
NMR studies do not measure the sign of the quadrupol®ur results for the total hole concentratiérare reasonably

interaction, we resort to positive numbers in Table I.

sis: ng is the concentration of Cu holes witth(x>—y?)

TABLE Il. List of experimental data with references.

17

17

Yob VYo,a
Compound Tc (K)  ®Bweye (MHZ) o (MHz) (MHz) (MHz)
La,CuO, 0 33.% -0.147 0.574 —0.427
Lay 425 074CUO, 22 34.2 -0.1¢ 0.60 -0.42
Lay 90T 1ICUO, 35 34.6 -0.1958'
Lay gSr 1:CUQ, 38 35.8 -0.218' 0.69
Lay STy 2dCUO, 36 36.6 -0.2458'
Lay 76Sy 240U, 18 37.4 —-0.2¢8 0.81 -0.53
YBa,CuyOg 0 23.8 -0.31 0.795 —0.485
YBa,CusOp 60 60 28.9 —-0.348 0.889 —0.544
YBa,CuOg 63 62 28.9 —-0.347 0.905 -0.557
YBa,CuyOg 84 319 -0.353 0.913 —0.559
YBa,CsOg o6 92 319 -0.36% 0.954 -0.584
YBa,Cu;0, 93 318 —-0.387,-0.369  0.986, 0.966 —-0.598
YBa,Cu,0q 81 29.7% -0.365,—-0.357  0.927,0.925 —0.562,—0.568

%Reference 34.
bReference 14.
‘Reference 35.
dReference 25.

®References 13, 36, and 37.

fReference 38.

9Reference 39.
"Reference 40.
'Reference 41.

iReferences 22 and 42.

kReference 43.
IReference 23.
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consistent with previous chemical analy$e$. In the parent compound the Cu hole will jump to the oxygen
For La_,Sr,CuQ, the Cu data refer to the so-calléd sites due to the strong covalency of the charge-transfer insu-
line. For YBgCu;Og,., there can be two oxygen lines; the lator. The related probability amplitude depends on the
mean splitting has been used. For more details see Sec. I9xygen-copper hopping matrix elementy and on the
below. charge-transfer gap. Values for these parameters are well
established and are approximately giventhy=1.3 eV, A
IIl. DATA ANALYSIS =3.6eV toty,y= 1.6_e_V, A=5_eV: see Refs. 7-10. The
value for the probability amplitude i$
We will discuss the determination of the local hole con-
centration for planar oxygen, first. Consider an isolatéd O

ion. It has the electronic configuratiors?2s2p°®. This is a a~— x 1— ! ~0.20. (3
spherically symmetric closed-shell configuration and there- 2v2 Vvi+ 12(tpd/A)z

fore the EFG at the nucleus vanishes. If one places the ion in

a lattice, the following effects contribute to the EFGa) This number is closely related to the superexchange mecha-

There is a virtual or real hopping of gp2xygen electron to  hism and thus to the value of the effective Heisenberg spin-

other ions. With some probability this creates p Bole  SPin exchange constadt So a value ofa~ —0.20 should

(1s22s22p° configuration that gives a substantial contribu- practically be the same for all cuprates. Therefore, for the

tion to the EFG.(b) There is a virtual hopping of electrons undoped compounds the hole concentration in the ar-

from neighboring ions to unoccupied oxygen orbitals—e.g. bital of oxygen is equal tm,~2a°~0.08. This estimate is

to the 3 orbital. With some probability this creates the con- consistent with a more detailed numerical sttidgf the

ﬁguration ]522522p63p1 which contributes to the EFGC) Cu-0O three-band mOdé{WhiCh yieldsnpmo.ll, the value

The electric field of distant ions has a nonzero gradient at th#e shall use in this study. Inserting this value in E@s31)

oxygen nucleus and hence contributed. The electric field ~gives an oxygen splitting of 0.135 and 0.27 MHz fag

of distant ions deforms closed shells and this also creates @dvo, respectively. Using these values together with Egs.

EFG at the oxygen nucleus. (2) and the oxygen data for the parent compounds given in

Since a D contribution wins over that of 8 (due to the ~ Table I, one finds

larger principal quantum number and a smaller population of

3p), the above-mentioned proces is clearly dominating. La,CuQ,: Cp=0.012 MHz, Cg,p=0.314 MHz,

It gives the largest contribution and it is directly proportional

to the hole concentration in thep2orbit. All other mecha-  yBa,Cu;05,: Cp.=0.175 MHz, Cg,=0.525 MHz.

nisms are expected to give smaller contributions and will ' ' (4)

practically be independent of doping. In addition, the

doping-dependent process should be axially symmetric. Wone could try to calculate the constafits , that are aniso-

assume that hole doping changes the occupatign,aixy-  tropic and vary between Lka,Sr,Cu0, and YBgCu;Og ., -

gen orbital only[all evidence supports this assumption; in However, such calculations require many theoretical assump-

addition, our analysis finally showsee below that this is  tions and hence we do not want to rely on them. With the

indeed the cadeThen we expect that the following relation constantsCo, , determined, we can now calculate the hole

holds: contentn, as a function of doping from the data in Table |

using Eqgs.(2). We stress that the analysis based on data in

Y0,6= Upa'Npt Co,a s (1)  the c direction is completely independent of the analysis

_ . ... based on data in thie direction. The values ofi,. andng,
where « denotes a particular direction of the magnetic f'el‘,jobtained from 17V0,c and 17,/01b agree very well and this

with respect to the Cu-O plane, the concentration of holes iR, tirms the present analysis. To be specific, below we will
the 2p,, orbital of oxygen isn,, and the constangp, is setn,=n,. because data far,. are more complete.

related to the procesg@) while Co,, is due to processes o the planar Cu the following effects contribute to the
(b)—(d). More precisely, we have to say that some contribu-gg at the nucleus: (a) There is a substantial concentration
tion to Cp , comes from the first mechanis@), as well. For ¢ 3d(x®—y?) holes on the copper ion. This is the most

example, the oxygen[2electron can virtually hop to (2, important contribution to the field gradient and it is directly

orbitals, creating holes that contribute to the EFG. This r®proportional to the hole concentratian in this orbit. (b)

sults in some contribgtipn that is independent of dpping aNBrhere is a virtual hopping of electrons from neighboring
therefore we absorb it int@q . The constants, . iN EQ.  oxygen jons to unoccupiedporbitals of Cu.(c) The electric

(1) have been calculated in the Appendiqgs. (A31)] and  figjq of distant ions has a nonzero gradient at the Cu nucleus.
we can write for the oxygen quadrupole splittings with the ) gjectric fields of distant ions deform shells of the Cu ion.

external field in the Crystad: direction, Vo and with the As the doping-independent apical oxygen Splitting in both

field along the Cu-O bondyo ), materials shows, there is no reason to assume that the hole
doping affects the Cudz?—r?) orbital.
v0,c=0o,cNptCoc=1.226 MH2Xn,+Cqp, Processeqa) and (b) have been analyzed in previous

work:!° here, we follow this analysis. Similar to oxygen, the
vop=0opNpt Cop=2.453 MH2Xn,+Cqp. (2 contribution of proces$a) depends on doping. The higher
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orbital momentum ofd as compared t@ electrons makes
contribution(b) important despite the larger principal quan-
tum number of the g state.

With the magnetic field perpendicular to the plane the

quadrupole splitting due to thed8x?>—y?) hole is given by
Eqg.(A32). The oxygen D electrons also contribute to the Cu
EFG. In the vicinity of Cu, the oxygenf®, wave function
can be expanded in the basis of the Cu orbital2p,)

— Bl4p). The expansion coefficient has been calculated
previously'® 32~0.40. Every electron on the Cupdorbital
gives a contribution to the EFG according to H&S33).
There are (8-4n,) electrons on the four nearest oxygen
atoms and each of them penetrates to tipeofbital with

probability 32. This completes the expression for the qua-

druole frequency for Cu,

Veue=94.3 MH2Xng—14.2 MHzx B2(8—4n,) + Ccu,:(;,
5

where the last ternC¢, ¢ is due to mechanism&) and (d)
and can be different for La,Sr,CuQO, and YB3CuzOg . -
Thus far, we have determined the first two terms of &.

PHYSICAL REVIEW B69, 094504 (2004

Ng=Ngo+ Pdg,

1
P,o, ®)

np= np0+ E
wherengy, andny, are densities without doping ari®; and

P, are probabilities for the doped hole to go to the copper or
oxygen ion, respectively. There is a coefficient of 1/2 in the
second equation because there are two oxygen atoms in the
unit cell. The values foPy and P, obtained from Eqs(8)

are also listed in Table I.

With regard to the presented analysis, it is clear that pro-
cesseqc) and (d) will also be doping dependent, and it is
useful to estimate that influence. Being due to the direct elec-
tric fields from ions, the produced EFG will behave as
>.qir; 3, where the sum is taken over the ions. Let us con-
sider the change i€ , due to the nearest neighbdisN).

We can writeCq ,= manNr,gﬁ wherem,, is some constant.
Under the doping the chargeyy is changing bydquy:
hence, 6Co ,/Co ,= d0nn/Onn - FOr oxygen, the nearest
neighbor is the Cti" ion with charge 2 and we hawCo ,
=0.5Co ,d0nn - Since the hole doping mostly affects the

The first term in this equation is very reliable. It is basedoxygen hole content,, we will usedqyy= on, as an upper
completely on experimental data. The second term depend®und to estimate the changes @f , in Egs. (4) due to
on B?~0.40, which is a theoretical quantity. However, the doping. With the changes of, quoted in Table I, one finds
calculation is simple and we believe that the second term ighat 6Cq , is at least 10 times smaller th&hy, ,. For Cu the
also reliable. Moreover, in principle one does not need tanearest neighbor is? and a similar estimate shows that the

rely on a calculation of32. It can be determined from the
NMR data of the parent material:
Ccuc in Eq. (5) turn out to be much smaller than the other
terms|cf. Egs.(6)], they can be neglected in a first approxi-
mation. Then by applying Ed5) to the parent material one
immediately finds thaB?~0.4. The first two terms in Eq5)
should be the same for all cuprates. The last t@)., as

changesdCc, . due to doping are at least a factor of 20

since the coefficientssmaller thanCc,,.

IV. DISCUSSION
A. La,_,Sr,CuO,
In the parent compound, NMR finds one planar O site and

mentioned earlier, depends on the details of the lattice strumne Cu sité?* Upon doping, however, a second Cu giB)
ture. Similar to the oxygen EFG, we do not see a way toappears>'5The NMR intensity of sitB grows linearly with
obtain it reliably from theory. Fortunately, we can find valuesx and corresponds to about 13% of all Cu sitesxfer0.15. It
for Ccy from NMR data for the parent compounds. For thehas been suggested in early wbrl that B represents Cu

undoped material,=2a?=0.11 and thusng=1-4a?
=0.78. Using this value together with E¢p) and the Cu

bonded via apical O to Sr as opposed to La. More recently,
another explanation has been brought fortatidat sees the

frequencies for the parent materials from Table I, we obtainCu B site caused by the four Cu sites next to a localized Cu

La,CuQ;: Ceye=+2.59 MHz,

YBa,CyOg9: Ccyc=—6.81 MHz. (6)
Various experimental data poifts for planar Cu in
YBa,Cu;0g,y show that these constants are quite reliable.
Now, usingCc, and Eq.(5), we have calculatedy for
all materials in Table I. Since we determineglandn,, we
can calculate the doping in the plane based on NMR data:
d=ng+2n,—1 (7)
(to be precise, we usat,=n,). The values fow are listed
in Table I, as well. In order to view the distribution of holes

hole. However, the NMR signals of the hole site and the
nearest O have not been observed. First-principles
calculation$® do not agree with this view, and since both Cu
sitesA and B show very similar NMR linewidthd? the ex-
planation that sitd is close to a localized hole can be dis-
missed. Therefore, the main sikequadrupole splitting was
used for our analysis in Table I. Nevertheless, theBCsite
shows a slower nuclear relaxation as compared withAhe
site?? which must be due to differences in the magnetic hy-
perfine scenario. In addition, the experimentally observed de-
pendence of the quadrupole splitting xgyrwhich is linear for
both Cu sites, has a much smaller slope for Bhaite where

it is only about 1/6 of that of tha site (~19.3 MHzk) (Ref.

21). This shows that thd site Cu does not see the same
average hole density increase upon doping that determines
the A site splitting. All these experimental data are consistent

in the plane more easily let us represent the densities in theith the CuB site being near a higher hole density. While a

following form:

slight increase in the hole concentration on Cu itself does not

094504-4



PLANAR Cu AND O HOLE DENSITIES IN HIGHT. . .. PHYSICAL REVIEW B 69, 094504 (2004

100 dimensional charge density variation that runs parallel or at a
A A 45° angle with respect to the Cu-O bond explains the data if
¢  LaSrCuO aA the charge density alternates for subsequent lines of oxygen.
754 A YBaCuO The relation of such a modulation to the direction of the
chains above the Cu-O plane is not known. Further experi-
Ad ments are necessary.
Our analysis of the hole concentrations for both materials
was based on the average NMR splittings. While some
° details—the two Cu sites in La,Sr,CuQ, and the two O
o . sites in YBgaCu;Og,y—have been discussed, we have to
257 ® mention that basically all cuprates show excessive quadrupo-
lar as well as magnetic linewidthdistributions of splittings
and shifty. In fact, it has been showhthat both distribu-
r . . . tions are intimately linked, a fact that is not well understood.
0.00 0.05 0.10 0.15 020 0.25 A more detailed account of linewidths and consequences for
5 the hole distribution will be addressed in a separate report.
If we confer with Table I, we see that for ha,Sr,CuQ,

FIG. 1. Phase diagram for ha,SrCuO, and YBaCu,Og,, as  the concentration of holes in Culgx®—y?) is almost inde-
derived from NMR data shown in Table I. The transition tempera-P€ndent on doping; i.e., it remains close to the value given

ture T, is plotted against the hole content per Gu@iven bysas by the virtual hopping in the parent material. Almost all
determined from NMR data. doped holes as inferred from the value>ofo to oxygen.

The situation is somewhat different for YBau;Og , . Here
affect the overall doping level, a scenario where the holeve see that with a probability of about 30%—40% the doped
reside on O has consequences for the phase diagram. Cdi?les are located on Cu, with a probability of 60%—70% they
sider x=0.05. Here theB site has a splitting of 38.5 MHz aré found on O. This agrees reasonably with the predictions
(Ref. 21). This corresponds with Eqé5) and (6) to a local ~ Of the three-band model with standard parameftetsl he
hole concentration per unit cell of about 0.35, assuming thélata in Table I also show that the total hole concentration in
same constar€, . for the B site. Since 5% of the Cu atoms the Cu-O planeg, for La, ,Sr,Cu0, and YBgCuOs. y is
experience this doping level, we have 95% of the Cu atom§@roportional tox andy, respectively, with slopes of 0.97 and
experiencing a local doping level of only=0.034, a value 0.18. This shows that per Sr almost a full hole is introduced
close to whereTy vanishes. Since additional structural iNto the plane, whereas in YB@u;Og ., only about 1/5 of a
changes might influence the numbers, the so-called spirl0le goes to the plane per added O. From Fig. 1 it appears
glass region in the La ,Sr,CuO, phase diagram could be a that at optimal doping the hole concentration in
consequence of the fact that the Bisite holds most of the YB&CUsOs. is substantially larger. A similar trend seems
doped carriers and prevents superconductivity in this regiorfikely from the limited data available for other cuprates: at
cf. also Fig. 1. However, in such a scenario one would expec@Ptimal dopingT; increases with the planar oxygen splitting,
that the planar O surrounding tiBesite should have a split- indicating a larger hole content. In addition to the data pre-
ting of 0.215 MHz forx=0.05, a resonance that might be sented it seems worth noting that the quadrupole splittings

detectable despite the large NMR linewidths. for the apical oxygens, which are independent of doping, are
very different. For the parent materials one finds that the

axially symmetric EFG corresponds to oxygen hole concen-

504

Te (K)

B. YBa;CusOg+y trations of 0.08 and 0.48 for bLa,Sr,CuOQ, and
In this material NMR finds one planar Cu line, but there YBa,Cu;Og ., respectively.
can be two planar O signals of similar intenéft§® whose To conclude, we have introduced an approach for the de-

appearance depends on doping. Originally, these two signatermination of the local hole densities at planar Cu and O
were explained with the orthorhombic structure; howeverdirectly from NMR. The electric hyperfine interactions for
this interpretation was challengédecently since the extent the ions in the various oxydation states from atomic spectros-
of the splitting and its doping dependence do not agree witltopy were analyzed and used to determine the NMR split-
what one expects from the doping dependence of the orthdings for such states. In addition, the NMR data for the parent
rhombic distortion. Alternatively, the splitting might indicate compounds were used subtract doping-independent contribu-
the presence of a commensurate charge density wave. Unfdiens to the electric field gradient. We were thus able to give
tunately, there are not enough data available for a firm conan unbiased account of the actual hole distribution upon dop-
clusion. For YBaCu;Os.y, y=1.0, the difference in the ing the Cu-O plane for two materials where sufficient NMR
splitting is Avo =0.018 MHz: cf. Table Il. Thus the hole data are available. From the results it was possible to inde-
variation between the two oxygen sites could easily amounpendently construct a phase diagram based on the literature
to 0.015, which is 9% of 0.165, the average hole density omata onT. and the NMR splittings alone. We found that in

O found in Table I. Since a single, narro(~-98 kHz La,_ ,Sr,CuQ, almost all doped holes go into the Cu-O
linewidth?®) Cu line is observed, the charge variation for Cu plane, but reside almost exclusively on O. The hole content
has to average. As a consequence, a commensurate orier YBa,Cu;Og ., could be determined as well, removing
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the ambiguity that stems from the presence of the chaind-or a free ion the total angular momentdsJ+1=L+S
Here, initially, some holes go to Cu whereas jo#0.6 ad- +1 is a good quantum number and by using the Wigner-
ditional holes only go to O. As further NMR data become Eckart theorem for irreducible tensor products one calculates
available for other materials, the same approach can be uséde energy as follows:

to explore the hole doping that contains significant clues for

the understanding of the materials. (FmeJdl|[Hg| FmeJdl)

J |
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APPENDIX: RELATIONS BETWEEN NUCLEAR Then one findg/ for the reduced matrix elements in Eq.
QUADRUPOLE EFFECTS IN ATOMIC SPECTROSCOPY (A5)
AND NMR ’
The electric quadrupole interaction of a nuclear charge QIV,3)= V(23+3)(3+1)(23+1) eq
density with that of its surrounding electrons can be writfen 2 2\3(23-1) ’
in terms-of spherical harmonics,, as
2 V21+3)(1+1)(21+1)
am : " (1Qdn)= eQ (A7)
5 Pe(rdPn(Tn) 3 2\1(21-1)
TeY Tn e
2 With X=I1(1+1)+J(J+1)—-F(F+1) one obtains, for the
Xq;2 (_1)qY27q( On,bn)Y2q( e, pe)dTnd e, quadrupole energy,
(AL) eZqQ[ 2 XX+ D)=JI+D)I(1+1)
where the integrals are taken with respect to the nudl®ar (FmFJI|HQ|FmFJI)— 221=1)3(20—1)
and electronide) coordinates. It is useful to resort to irre- (A8)

ducible tensors by writing
In atomic spectroscopy one defines the quadrupole coupling

2
(4 (4 constantB; (in frequency unitsh is Planck’s constaitas
HQ:qZZ (=19 ?f PnrﬁYzfq( On s Pn)d 7, 5 ’ k Y
B;h=¢2qQ=2eQ(JJ|V,JJ)

Pe
XJ—Y (0, pe)dT, 2e 4
rg A TerTee _2eQ —f%emmom)dre. (A9)
h 5 ) rg
+2
Ho= S (—1)9Q,_.V For a particular ionic staté>" L ;, one can expand the total
R 2-q%2q: angular momentum eigenstate in terms of those of the orbital

momentL and spinS using the Clebsch-Gordan coupling
€g. coefficients. For example, by setting

V20— V f -3 Y2O 0ea¢e)d7'e (AZ) <r73>:iJ’ &dl’ EJ igdr
—e) r, ® re ¢

One typically introduces the nuclear electric quadrupole mo-

ment in terms of the nuclear spirand the magnetic quantum one calculates for the atomic statés" L, the following

numberm, : constants8;:
_ _ _ 2
eQ—2<|m|—||Q20||m|—|>. (A3) 83/2(2P3/2):+§GZQ<r_3>, (Alo)
With the Wigner-Eckart theorem one writes, in standard no-
tation,

2 4
Ba?Dap) =+ §e2Q<r 73), Bg(*Dgp)=+ 792Q<r 3.
)<| 1QI1). (A11)

(A4) In solids it is convenient to write EqA5) as

(Im||Q20|Im|)=(—1)"( m o0 m
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(my e Hol .My, ) componentsVxx, Vyy, andVz; or in terms of the largest
component and its asymmetry parameter:
+2
= 2 (= DYm[Qagll,m) (el Vaglthe),  (A12) Vyx—Vyy
9=-2 VI IVzzl =|Vyy|=|Vxxl.  (A20)
where i, is the electronic wave function. With the Wigner- 2z
Eckart theorem one sees that only the term wjthO con-  In the NMR literaturé® one therefore writes
tributes:
, y | 312-1(1+1) 1 ov
3m —1(1+1) =ol+ — o 5eQVz;
(1my e[ Holl,my  ihe) = WGQ(%NzoWe)- 2121=1) 2
3cogh—1
(A13) )22 TG gcos 2! (A21)
By calling the nuclear quantization axis tkeaxis we may 2 2

introduce the effective Hamiltonian and defines the quadrupole- and angular-dependent quadru-

3@_'(' +1) pole frequency by

Hoet=511=1) eQVelVadve) (A4 3eQVzz _ 3e%qQ

= = , A22
For a wave function that is a product of an angular part and “Q721(21-1)  2I(21-1) (A22)
a radial part we can write
3cogh-1 7 .
g wo(0,¢)=wg T+55m20c032¢ .
(WelVad the) = =€\ 5= (e 0,0) | Yad e 6,))(r ). (A23)
Al15
(AL5) This leads to a simple first-order Hamiltonian
In particular, we can easily calculate the field gradient due to
an atomic orbital. Writing w('g
, H=w.l,+ ?[3|§—|(| +1)]. (A24)
3l;-1(1+1) . s
HQer= 21(21-1) © Qfzim(r m, (A8 £ e energy of thédipole-allowed transitions it follows
we find the well-known number$which add to zero for that
closed shells E —E 1
m+1 m
=w +| M+ =|w,. A25
bitals: f 2 f + ! f + ! " L 2% .
p orbitals: =—=, =4, =+,
“Pe S “Px S “Py S With the field axis along the principalaxis we see that the
) ) quadrupole splitting between the central NMR line and the
d orbitals: T,z 2= ==, fe 0=+ =, first satellite is just the quad_rupole frequency. The principal
: 7 : 7 components can also be written as
1 1 2 1+ 1-—9
fz,zx: - 7: fz,yz: - 7: fz,xy: + 7 (A17) (Vzz,Vyy,Vxx)=| 1,— o T T

In general, in a solid the electronic wave function cannot bewithout going into more details, since Cu can also be mea-
written as a product of an angular and radial part due taured in zero field, the measured resonance frequency in
crystal field effects. In such a case the electric field gradienNQR, WONOR™ wQ‘/1+ 7°13, is very close towg, as well,
may be asymmetric in the principal axis system. since 7~0 for Cu in the Cu-O plane.
A strong magnetic field, in the z direction causes a  We now would like to point out that it is possible to relate
nuclear Zeeman interaction, expressed by the Hamiltonian the data from atomic spectroscopy with the quadrupole split-
ting observed in NMR experiments. We define the latter as
Hi= o, (A18) the frequency difference between the central line and that of
where o, =—yB, is the Larmor frequency. To leading the first satellite:
order?® the Hamiltonian is now
0=wg. (A26)
312—1(1+1) 1 o .
H=w/l,+ meQX§<V“>' (A19) If the magnetic f!e!d is perpendicular to the Cu-O plane, we
have, for the splitting,
The componentV,, depends on the relative orientation of 5
the nuclear quantization axis and the corresponding symmet- 3eQ

. ; : .9, . 2f 3. A27
ric tensor is usually expressed in terms of the principal axis @ 1) 2im(T ) (A27)

T 21(21—

094504-7



HAASE, SUSHKOV, HORSCH, AND WILLIAMS PHYSICAL REVIEW B69, 094504 (2004

Planar oxygen-17has|=5/2 and in the p° configuration S
we have, with Eq(A10) in frequency units, e“Q(r )= 7 Bs2=329 MHz,
3 i.e., slightly different values. We average the two values
VO_ZB3/2fZJm' (A28 pased on the error bars and for the magnetic field incthe

] ) ) _direction (f,2,2=2/7) and obtain
With the hole in the Cu-Q,, orbital we have, for the split-

ting with the field perpendicular and in the bond direction, VCU’C(3d9)=94.3Oi 1.45 MHz. (A32)
3 3 For planar53Cu in the 31*%p configuration there are also
v0c=55B32:  Yop=15Bae: (A29)  spectroscopic data availabfe,*? Bg,=—28.4+0.4 MHz.
With Egs.(A10) and(A17),

respectively. Although we are not aware of experimental data _
for O, there is a recent detailed atomic many-body veue(4P) 14.250.2 MHz. (A33)
calculatior?® of Bgj,. According to this study, the constant Since one often finds values fér —3) in the literature, we

Bs,=8.174 MHz for the?Py, state. It follows that give the values that follow from the spectroscopic data re-
ported above. With nuclear quadrupole moments 169
v0c=1.225 MHz; v,=2.452 MHz.  (A30) = _0.026x10 22 m? and %3Q=—0.211x10 22 m? (Ref.

Since there is no splitting for ag configuration, we expect 33 one has, from EqsA10) and(Al1l) in SI units,

the splitting to be proportional to the hole density in the 47-rsoha% 2
oxygenp orbital: (agr*3)3,2= 70 ng/z,
Voo=0p Np, 0p =1.226 MHz, ¢, =2.452 MHz.
o PP Pe Po (A31) - Ameghal 7
(agr >5/2=W 1 Bs/o- (A34)

Planar %3Cu (1= 3/2) in the 31° configuration has two ionic
states?D5, and ?Ds, that can be used for determining the This gives with the spectroscopic constants from above the
coupling constant®=*2 However, the literature shows that numbers

B,,= 138+ 8 MHz, Bs,=188+3 MHz. With the help of

17~. -3\ _
Eq. (A11) we find O: (r°),,=+3.345 au,
8cu: (r3%,4=+6.959..4+6.636 a.u.,

5
20/r-3\— _>n
e°Q(r )=~ 3Bap=345 Mhz, (r3),,=—1.432 au, (A35)
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