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The 63Cu and 65Cu NQ R transitions in powder samples o f cuprous oxide have been in­
vestigated from 77 to 500 K and at room temperature after annealing up to 1100 K  Significant 
differences in T \ , NQ R linewidth A v, and their temperature dependences were found among the 
samples prepared in different ways. For Cu20  samples obtained in low temperatures (below  
380 K), the temperature dependence o f T\ below 380 K is o f activation character with 
Ea =  0.07 eV. These results are interpreted in terms o f an electron hopping mechanism. Thermal 
processing o f these samples permits to obtain irreversible electronic state and then the 
spectroscopic parameters are the same as for the samples obtained in high temperatures (above 
1320 K).

1. Introduction

Cuprous oxide C u 20  is known to be a metal- 
deficient p-type sem iconductor with cation vacancies 
and electron holes as the prim ary defects [1]. The 
C u 20  unit cell is cubic and contains two molecules. 
The copper atom s have two oxygen-atom neigh­
bours at equal distances; each oxygen atom  is 
surrounded tetrahedrally  by four coppper atoms.

The deviation from stoichiom etry has been 
studied as a function o f tem perature and oxygen 
partial pressure by several authors [1 -3 ] , but m ost­
ly for samples obtained at high tem peratures. The 
sem iconductor and other properties were depending 
on the therm al history o f the samples. An N Q R  
investigation was undertaken o f C u20  and high 
both at low tem peratures (L T -C u20 )  and high tem ­
peratures (H T -C u20 ) .

2. Experimental

L T -C u20  sam ples were obtained by precipitation 
o f C u 20  from an aqueous solution of cupric sulfate 
C u S 0 4 • 5 H 20  and glucose with sodium  hydroxide
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N aO H  [4, 5]. The reaction was perform ed at 307 K. 
The precip itate was dried  in vacuum  at tem pera­
tures below 380 K. H T -C u 20  sam ples were obtained 
by oxidation o f copper foil [6 ], A foil o f 99.99% 
purity and 0.1 mm thickness was obtained from 
BDH. The oxidation was carried out under atm o­
spheric pressure at 1320 K, and the foil was then 
ground in an agate m ortar.

The sam ples were subjected to an X-ray inves­
tigation using the Bragg-Brentano m ethod with 
m onochrom atized C u K a radiation. The diffraction 
patterns proved that the sym m etry and elem entary 
cell param eters o f the LT and HT samples were 
identical.

Q uadrupole relaxation tim es T \ , frequencies vQ 
and linew idths for 63Cu and 65Cu were investigated 
by a RAD IOPA N  pulse N Q R  spectrom eter PS-1-50 
[7, 8], In o rder to im prove the signal-to-noise ratio 
and signal registration, we used a two-channel 
boxcar integrator with a digital memory. High 
stability o f the pulse duration , pulse intervals and 
sequence repetition  period was ensured by a pro­
gram m ed digital generator enabling autom atization  
o f the m easurem ents.

The C u 20  sam ples to be investigated were sealed 
in glass vials and placed in the transm itter-receiver 
coil o f the spectrom eter. M easurem ents were per­
formed under atm ospheric pressure and under 
0.01 Pa. A utom atic tem perature control secured 
long-term stability  to w ithin ± 0 .1  K.

For com parison o f the results ob ta ined  by pulse- 
techniques, additional m easurem ents o f the line-
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3. Results

The N Q R  spectra o f both HT- and LT-cuprous 
oxide for both 63Cu and 65Cu consist o f a single 
line. N Q R  param eters for 63Cu in LT- and HT- 
samples are given in Table 1 together with values 
of the magnetic susceptibility x ■ The frequencies vQ 
differ only slightly for LT and HT and are linear 
functions of the tem perature (F igure 1). However, 
the linewidth as well as T x are significantly different 
for LT- and HT-sam ples (Table 1). F or LT samples, 
T ! was found to decrease rapidly w ith increasing 
tem perature up to 380 K and then to increase irre ­
versibly to just the sam e value as for HT sam ples

Table 1. NQR parameters for LT- and HT-C112O.

Parameter LT-Cu20 HT-Cu 20

Vq [MHZ] * 27.01 ±  0.02 26.99 ±  0.02
b x  104 [K -1]* 1.28 ±  0.02 1.27 ± 0 .0 2
A v [kHz] 21 ± 2 10.5 ±  1
r , (65C u ) /r ,( 63Cu) 1.28 ±  0.10 1.28 ±  0.10
[ r = 3 0 0  K]
T\ (63Cu) [ms] 27 ±  1 125 ± 4
(T = 3 0 0  K)
Xx  109 [m 3 kg-1] 1.5 ± 0 .1 -0 .1 5  ± 0 .0 4

* From the KBB equation [10] approximated in a linear 
form; vq(7) =  v0(l — bT).
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Fig. 1. Temperature dependence of the 63Cu N Q R line fre­
quency for LT-Cu20 .  o  heating, ■ cooling .
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Fig. 3. Temperature dependence o f the 63Cu spin-lattice 
quadrupole relaxation time for HT-Cu20  samples, 
o  heating, ■ cooling.
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Fig. 2. Temperature dependence o f the 63Cu spin-lattice 
quadrupole relaxation time for LT-CU2O.
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width were perform ed by a superregenerative 
spectrom eter with digital sweep o f frequency and 
antisym m etric m odulation [9].
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Fig. 4. Dependence of the 63Cu NQR linewidth for 
LT-Cu^O on the annealing temperature (annealing time 
= 0.5 h).
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Fig. 5. Dependence of 63Cu spin-lattice relaxation time for 
LT-CuiO on the annealing temperature (annealing time 
= 0.5 h).

(F igure 2). The tem perature dependence of T\ for 
HT samples is shown in Figure 3.

W hen L T -C u20  is annealed at a tem perature 
higher than 900 K, its spectroscopic param eters 
become the same as those o f an HT sample. Only a 
slight influence o f air pressure on Av  and Tx was 
observed (Fig. 4 and F igure 5).

M oreover, LT sam ples obtained below 380 K 
were carm ine in colour, those annealed above 400 K 
were dark brown, and those annealed at HOOK 
were bright pink.

4. Discussion

Although the two kinds of oxide are crystal­
lographically identical, different values and the

300 ' 400 ' 500 ' 600 ' 700 ' 800 900 
—  TlK] —

tem perature changes o f Av  and T\ have been found. 
In the case o f HT oxide, the T\ changes can be 
described by a Ram an process (7^ ~  a T ~ 2) [11, 12], 
In L T -C utO . an additional relaxation m echanism  of 
activation character w ith Ea =  0.07 eV has been 
observed (E a was calculated from T f 1 — a 'T 2 =  
b exp (— E J R T )  where the small diviation at about 
240 K was neglected). This value of Ea and the 
reproducibility  o f the T\ changes below 380 K, 
allow us to suppose that an anom alous increase in 
the quadrupole reelaxation rate with increasing 
tem perature in L T -C u20  results from therm al 
excitations of the electrons related to the charge 
states, due to autodefects in its crystal lattice. These 
defects generate local energy levels in the forbidden 
energy gap, and through them  electron hopping 
may be realized. This m ovem ent o f charge causes 
tim e dependent fluctuations o f the electric field 
gradient (EFG ) at the position o f the resonating 
nuclei and becom es an effective m echanism  of 
relaxation. A purely quad rupo la r m echanism  of 
relaxation is confirm ed by the T\ ( ^ C u ) / ! 1! (63Cu) 
ratio com parable with the ratio  o f the squares o f the 
q uadrupo lar coupling constants (Table 1), whilst for 
purely m agnetic relaxation the value o f this ratio  is 
0.88 [12. 13].

The N Q R  investigation does not allow us to 
determ ine the kind o f defects in C u 20 .  A dditional 
EPR investigations (to be published) have proved 
the presence o f centres claim ed to be C u 2 + in LT 
samples which d isappear above 430 K where an 
additional narrow  EPR line was observed. Its inten­
sity increases with tem perature reaching a m axi­
m um  at abou t 600 K; the line disappeared after 
annealing above 900 K. The line was identified as 
being due to a param agnetic centre 0~ . Thus we 
have C u 2+ 4- e -> C u +. W hen the C u2+ EPR signal 
is quenched, a transfer o f electrons from O 2- to this 
centre by therm al excitation occurs. This inter­
pretation  is clearer here because charge states o f the 
two ions can both be observed with EPR.

On the grounds of the investigations perform ed, 
we propose the following m odel o f lattice defects in 
the L T -C u20 .  At low tem peratures, in the for­
b idden energy gap there are local acceptor levels 
produced by Cu vacancies and filled electron traps 
in the form of 0 2~ ions. The excited states with 
C u :+ param agnetic centres may be obtained by 
producing cuprous oxide at low tem perature or by 
optical pum ping o f H T -C u20  at a low tem perature.
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The electron traps are stable up to 380 K. W ithin 
this range o f tem peratures electron hopping takes 
place with the electron m obility  increasing with 
tem perature (at £ a =  0.07eV, also in [1]). Above 
the characteristic tem perature o f 380 K, the centres 
are restructered, C u2+ disappears and electrons are 
partially released form the traps according to: 
0 2- - » 0 ~  +  e. As a consequence, the electron hop­
ping irreversibly disappears and the tem perature 
dependence o f T\ is described by a Ram an process.

Above 400 K, a small part o f the C u20  is oxidized 
to CuO (a change in colour o f the sam ple but not in 
the intensity of N Q R  line was observed) which 
results in great disorder in the crystal lattice. This is 
evidenced by the broadening of the N Q R  line 
(A v =  21 kHz). At 900 K (O -  centres d isappear) the 
num ber of the defects o f C u 20  lattice decreases, 
which may be concluded from  the significant 
narrowing o f the N Q R  line.

The density of states accessible for electron 
hopping necessary to produce en effective relax­

ation m echanism  was estim ated by the R eif and 
Torrey m ethod [13 -15 ] to be about 1020 cm -3. This 
value proves a significant concentration o f defects 
but is not in contradiction with the results o f the 
other studies. The results obtained, as well as the 
estim ation o f the concentration o f defects in LT- 
C u 20  are consistent w ith the results o f investiga­
tions o f the photom em ory effect [16, 17], Hall effect
[18], and diffusion o f point defects [19, 20].

5. Conclusion

The results o f the N Q R  investigations on C u 20 ,  
in the particular the nuclear quadrupole relaxation 
tim e T] and linew idth Av, allow a determ ination  of 
the charge states and their dynamics. The low value 
of the activation energy as well as the reversibility 
o f the T ] changes with tem perature in the case o f 
LT-C u20  below 380 K suggest that electron hopping 
is a reasonable relaxation m echanism.
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