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LETTER TO THE EDITOR 

Pressure dependence of the electric field gradient at the 
6JCu nucleus of Cu,O and CuO; implications for the 
analysis of NQR measurements on high T, 
superconductors 

R G Grahamt, P C Riedif and B M Wanklyn$ 
? 1 F Allen Research Laboratories, Department of Physics and Astronomy, University of 
St Andrews. North Hauah, St Andrews KY16 9SS, UK - 
d Department of Physics, University of Oxford, C1arend.m Laboratory, Parks Road, 
OxfordOX13PU. U K  

Received 17 October 1990 

Abstract. The electric field gradient (EFG) at the "Cu nucleus of Cu,O and CuO has been 
measured as a function of pressure using the nuclear quadrupole resonance frequency ( vo).  
Thevalueof(8 In vo/aP),was 1.40 t 0.02(1.33 i 0.05) Mbar-' forCu20 a1295 (77) K and 
5.4k 0.1 Mbar-'forCuOat295K.Thevalueof(Jln vola InV)forCu,Ois-1.5.showing 
that Cu,O is not a purely ionic compound, as is often assumed in the analysis of the EFG of 
high T, superconductors, The magnitude of ( J  In vo/JP), for 6'Cu in CUO suggests that 
meaningful measurements of the pressure dependence of vo in the high T, superconductors 
can be made at easily accessible pressures. 

The importance of the nature of the copper-oxygen bonds In high T, superconductors 
and related compounds has lead to renewed interest in the properties of Cu,O and CuO. 
The analysis of the bonding of the Cu(1) site in YBa2Cu30, for example frequently 
begins, e.g. Garcia and Bennemann (1989), by assuming that Cu20 is a purely ionic 
compound containing Cu' i.e. a full 3d shell. The electric field gradient (EFG) at the 
Cu(1) nucleus is then estimated by simply scaling the experimental value in Cu,O by the 
ratio of the lattice sums in the two compounds. Since this procedure leads to reasonable 
agreement with experiment it was then concluded by Garcia and Bennemann that Cu( 1) 
in YBa,Cu306 may be considered to be Cu'. At the Cu(1) site in YBaZCu30, and the 
C~(2)sitesinYBa,Cu,O,_~it isfoundthatthe EFGdonotscalewith theCu-Odistances, 
because even a fraction of a bole in the 3d shell will make a large contribution to the 
total EFG, and hence information about the valence of Cu at these two sites may be 
obtained from the measured EFG. However, different versions of such a point charge 
analysis, Adrian (1988). Garcia and Bennemann (1989) are not always in agreement as 
to the charges on the Cu sites in YBa,Cu,O,-, and also ddfer from the results of the 
first-principles calculation of Nagel (1985) and Scbwarz et a1 (1990). It is therefore worth 
investigating the bonding in Cu,O and CuO in more detail. 

In this letter we present measurements of the nuclear quadrupole resonance (NQR) 
of 63Cu in Cu20 and CuO at high pressure. The NQR frequency (va) is a measure of 
the magnitude of the EFG at the nucleus, see equations (1-3) below. In a simple ionic 
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Figure 1. Pressure dependence ofthe W u  
NOR frequency in CutO andCuO. Full lines 
represent linear least squares fits to the 
experimental data: broken lines show the 
predictionsof asimple point charge model 
using compressibility data from table 1. 

crystal a In vola  In V - - 1 while in a covalently bonded crystal containing no ions with 
unfilled shells, the value is -0 e.g. Kushida er al(1956). The value of a In ua/a In Vfor 
CuzO was found to be -1.5 and hence Cu,O is not a purely ionic compound. The 
compressibility of CuO is only known for the a and c axes, table 1, but we estimate that 
a In vo/a In V - -5 and attribute this large value to a volume sensitive contribution to 
the EFG from the partially full Cu 3d shell. 

The NQR of 63Cu in CuzO and CuO was measured using a phase coherent swept 
frequency spectrometer, Dumelow and Riedi (1987). The samples of C u 1 0  (powder) 
and CuO (single crystal) were placed in the same coil inside a liquid filled pressure lock 
cell. The cell was pressurized at room temperature and could then be cooled to 77 K in 
liquid nitrogen. The pressure was measured using a semiconductor pressure transducer. 
In the present NQR experiment the single crystal provided no more information than a 
powder but the %U linewidth of the single crystal of CuO (-100 W z )  was narrower 
than that found in powder samples, allowing a more accurate value to be found for 
(a In Y ~ / ~ P ) ~ .  The 63Cu lineshape of CuO was obtained from the integral of the spin 
echo signal as a function of frequency. The linewidth in Cu20 was sufficiently 
narrow (15 kHz at atmospheric pressure, 30 kHz at 10 kbar) for va to be obtained from 
the beats between the free induction decay and the reference oscillator. The pressure 
dependence of vo for Cu20 and CuO is shown in figure 1 and the results summarized in 
table 1. 

( I  = 3/2) is a single line at 
frequency ,,,given by, 

In a non-cubic environment the NOR spectrum of 

vo = e2QqEt(1 + q2/3)'I2/2h (1) 
where Q is the nuclear quadrupole moment (-0.211b), q: the largest component of 
the total EFG in a set of principal axes such that q: > qE > q;, and q = (qu - qvy)/ 
qzz. While first principles calculations of EFG are now being made, as will be discussed 
later, q'"'is usually considered to arise from the influence of external charges (qimic) and 
from a valence contribution if there are holes in the 3d shell i.e. if the Cu ion is not in 
the state Cui. We define, 

(2) 

(3) 

,,o = ,,ionic + ,,vd 

. .  
,,lO"lC = (1 - yc)  e z Q q F ( l  + q2 /3 )1 i z /2h  

and note that, while doni' and vVal may be of either sign, only the magnitude of yo is 
given by NQR. In equation (3) 4%" is the EFG calculated using the assumed charges at 
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Table 1. The pressure and temperature dependence of the lattice wnstants and "Cu NQR 
(uo)  of Cu20 and CuO. See equations (1)-(3) for definitions of uQ and viooiC. The values of 
the Sternheimer anti-shielding factor (7.) are discussed in the text. Note that only the 
magnitude of the EFG is obtained from experiment. 

c u , o  cuo 
T(K) cubic monoclinic 

a In(o,b,c)/aT(lO-LK-') 
J In(o,b,c)/aP(Mbar-') 
(aP/a In V),(Mbar) 

Y Q  ( M W  

(avo/ar),(kHz K - I )  
avo/aP(Hz bar-') 

a In uo/aP(Mbar-') 

a In Po/a In v 

v'""/(l - yJ (MHz) 

195295 
210 
77 

295 
0 

77 
295 
295 
77 

295 
77 

295 
77 

295 
0 

-0 

-1.10d 
-1.06 
26.80 
26.70 
25.98 , 

-3.5 
35.7 3- 1.5 
36.5 3- 0.5 

- 

1.33 t 0.05 
1.40 3- 0.21 

-1.46 
-1.48 
+4.01 

6 2  4'. -19 23- ,  -43- 4' 
0.47b, -1.2Y, -0.Zb - 
- 

20." 
- 
20.64 

2.2 - 
111 2 3 

5.4 t 0.1 - 
- 
-2.70 

a SeeForsythera1(1988), table 1. 

' Scaled from the thermal expansion data. 
Estimated, for pressures below 10 kbar, from data of Fonyth (1990). 

Hallbergand Hanson (1970). 
Antiferromagnetic state, Tsuda et 01 (1988). 

each lattice site and (1 - y=) is the Sternheimer anti-shielding factor which allows for 
the influence of q""" on the electron shells around the Cu nucleus. A discussion of the 
values of y.. for the different valence states of Cu has been given by Garcia and Benne- 
mann (1989). The theoretical values of y- are -17(Cu+), -7.6(Cu2'), -7.1(Cu3+) but 
it is difficult to verify these values by experiment. The value of y- is not expected to be 
a function of pressure. Having chosen a value of y-, the value of U"' is derived from the 
experimental vQ using equation (2). It is clear from the discussion given by Adrian 
(1988), Garcia and Bennemann (1989) and Schwarz er a1 (1990) that the value of vVa' is 
large for any configuration except Cu+ and is extremely sensitive to the relative occu- 
pation of the d orbitals. 

The crystal structure of Cu20 is cubic. The Cu ions form a fcc lattice so the Cu 
charges do not contribute to q""". The EFG at the Cu site is dominated by a linear 
arrangement M u - 0 . T h e  latticesumforOZ-leadsto v$NC/(l - y-) = +4.01 MHz, 
and q = 0, while the low temperature limit of vQ is 26.8 MHz, table 1. The temperature 
dependence of VQ of Cu20 at atmospheric pressure shown in table 1 may be understood 
as due to the thermal excitation of a transverse simple harmonic mode of the Cu+ ion 
relative to the neighbouring 02- with an Einstein temperature of 140 K, de Wijn and de 
Wildt (1966). While the thermal expansion of Cu20 is not well known it is certainly 
small, of the order ppm K-l, so the temperature dependence of vo at atmospheric 
pressure is essentially that at constant volume. 

Our value of (a In vQ/8P),for %I in Cu,O at room temperature is in good agree- 
ment with an earlier measurement due to Kushida etal(l956). However, using the value 
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of the isothermal bulk modulus (B,) given by Bridgeman (1932) for a powder compact 
of Cu20 Kushida et al(1956) interpreted their measurements near room temperature 
as J In uQ/J In V = -1 + 7.6 x 10e4T i.e. an ionic term at OK plus a term due to the 
change, with pressure, of the force constant of the Einstein oscillator at the Cu site. This 
interpretation, which has been the basis for the common assumption that Cu,O is an 
ionic compound, can no longer be sustained. The present value for (a In u ~ / ~ P ) ~  for 
CuzO at 77 K is almost identical to that at 295 K, table 1, while the model of Kushida 
and co-workers predicts a difference of some 17%. Furthermore, it appears that the 
value of BT for CuzO given by Bridgeman is in error by about a factor of two. The values 
of B,shown in table 1, derived for ultrasonic experiments on a single crystal of CuzO by 
Hallberg and Hanson (1970), leads to a In v o / a  In \'= -1.48 (-1.46) at 295 (77) K 
which is quite different from the value of -1 for an ioniccrystal. 

The experimental value of J In vo/J In Vfor CuzO may be understood qualitatively 
in terms of equations (1-3), since there must be an appreciable contribution to uQ from 
uYal if Cu is not in the state Cut. The value of uioniC is 4(1 - yx)  MHz and of vva'eoee is 
(22.8 + 4y,) MHz. Since y- presumably lies between the theoretical values of -17 for 
Cu' and -7.8 for Cuz+, as discussed earlier, it is clear that uionic is positive and u"alenCe 
negative. Taking y- independent of pressure we find auva'/JPvaries from -0 for ym = 
-8, to -32Hz bar-' for y. = -17 i.e. the valence contribution to duQ/aP has the 
opposite sign to aVionic/aP. 

In fact, there is also strong theoretical support for the view that Cu,O is not an ionic 
compound. Nagel(1985) usedaclustercalculation tofindthe~~GinCu~0andconcluded 
that the bonding was unusual, with no strong covalent bonds, but significant deviations 
from the simple ionic scheme of Cu' and 02-. The cluster calculation gave a negative 
value of uQ but both the lattice sum and the linear augmented plane wave (LAPW) 
calculation of Blaha er al (1989) lead to a positive uQ. A repetition of the cluster and 
LAPW calculations at a different volume would enable their validity to be tested against 
our value of (a in Yo/aP)r .  

The structure of CuO is monoclinic with lattice constants at room temperature Q = 
4.6837,b = 3.4226,c= 5.1288&@ = 99.54",where@istheangIebetweenaandc,see 
table 1 of Forsyth et ~ l (1988) .  The most important contribution to the ionic EFG at the 
Cu site arises from four planar 02- ions. Below 230 K CuO is an antiferromagnet of 
incommensurate structure with a transition to commensurate antiferromagnetism at 
213 K, Forsyth etal(1988). The ordered magneticstate leads to a NMR spectrum in zero 
magnetic field of three broad lines centred on 137.1 MHz (Tsuda et ~11988)  so we have 
only measured uQ for CuO near room temperature. The lattice constants of CuO are a 
weak function of temperature, see table 1 based on table 1 of Forsyth and co-workers, 
with only the value of J In bj'a Tbeing much greater than experimental error. The value 
of (a In uo/aT) ,  near 295 K is small for CuO, table 1, so we expect that, as for CuzO, 
the value of (J In U ~ / J P ) ~  will not be greatly influenced by a change in the vibrational 
spectrum of the "Cu nucleus with pressure. 

A lattice sum over the CuO structure, assuming Cuz' and 02' ions, leads to uionic = 
-23.6MHz, for %I, taking y. = -7.6 as described earlier and a value of q =  0.3 in 
fair agreement with the experimental value of 0.20, Tsuda et al (1988). While the 
magnitude of UT is reasonably close to yo, table 1, the valence contribution to the EFG 
cannot be neglected for Cu2+. Following the reasoning of Garcia and Bennemann (1989) 
for Cu2+ in YBa,Cu,O, = f44.2MHz i.e. uionic and Pi 
have the opposite sign as in YBa,Cu,0,_6. This value of vya' for CuO is only about 

we calculate uVa' = uo - 
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2 MHz different from that found for the Cu(2) sites in YBa,Cu,O, and YBa,Cu,O, but 
we note that Adrian (1988) estimates that for Cu" in an ionic lattice, uva' = 95.5 MHZ.  
In both CuO and YBa2Cu307 -6 therefore the number of boles in the Cu d shell must be 
less than one, indicating covalent bonding to the neighbouring oxygen. 

The compressibility of CuO is highly anisotropic and has only been measured along 
the a and c axes at 230 K, table 1. In the absence of other data, we apply the same values 
to the present experiment at 295 K. The value of ( 8  In b/dP)T for CuO has not been 
measured but must be negative, because [a In V / J P ) ,  is always negative and, from 
table 1, the value of ac increases under pressure. Taking the compressibility of each 
lattice direction to be proportional to its thermal expansion leads to an estimate of 
(a In b/aP),= -1.25 Mbar-' ( d ~ ~ " " ~ ~ / d t ' ) ~ =  20Hz bar-' = 0.18(duQ/dP),. 
The large positive value found for (a In v0/aP),, must therefore arise from 'the vol- 
ume dependence of U"& with ( 8  In P ' / d  In t'),= 2 Mbar-'. The large pressure'depen- 
dence of vVd for CuO can be understood from the results of the LAPW calculations of 
Schwarz er al(1990), and the point charge calculations of Adrian (1988) and Garcia and 
Bennemann (1989), forYBa,Cu30,_6 which show that P'isextremely sensitive to the 
occupation of the 3d orbitals e.g. a transfer of 0.07 electrons from the 3dX2+ to the 3d, 
zorbital was found to increase the value of vva' at the Cu(2) site in YBa2Cu30, by a factor 
of two. 

NQR measurements of Cu20 and CuO show that 
Cu20 is not a purely ionic crystal and that covalent bonding is important in CuO. The 
large value of (8  In uo/a In P)r  found for CuO suggests that meaningful measurements 
of (a In U ~ / ~ P ) ~  can be made below 10 kbar for the high T, superconductors, despite 
their greater NQR linewidths, and that such measurements will prove a stringent test of 
models of the valence states and bonding in these materials. 

We are indebted to Professor J B Forsyth for helpful conversations, and for the com- 
pressibility data on CuO in advance of publication. 

and 

In conclusion, high pressure 
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