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Abstract  

In its inherent ability to discern fight elements in a heavy-atom matrix, neutron powder 
diffraction has been used at room temperature to confirm structure hypotheses of LiCu202 
(RI = 2.189/0; Re = 4.21%) and LiCuaOa (RI = 2.19%; Rp = 5.45%), inferred from previous 
X-ray diffraction studies. LiCu202 is orthorhombic, described by the space group P n m a  
(Z=4),  as suggested from a structure determination from twin-crystal data. The cell 
parameters found were a=5.7260(4) /~, b=2.8587(2) /~ and c=12.4137(7) /~. The 
apparent tetragonal symmetry independently advocated must be definitively discarded as 
an artifact from twinning. LiCu303 was successfully refined on a tetragonal cell--with 
a=2.8142(1) /~ and c=8.8956(5) k- - in  P 4 / m m m  (Z= 1) using a single-crystal model. 
The data were insufficient to test any superstructure model. 

1. Introduct ion  

In the  cour se  of  the s tudy  of  c o p p e r - o x i d e - b a s e d  h igh - t empe ra tu r e  
s u p e r c o n d u c t o r s ,  m a n y  theor ies  have  been  pu t  fo rward  to  expla in  the  phe-  
n o m e n a  obse rved .  Magnet ic  in te rac t ions  or  the  p r e s e n c e  of  e lec t ron  holes  
have  b e e n  essent ia l  e l emen t s  of  such  a rgumen t s .  In th is  light, coppe r (H)  
ox ide  i tself  has  c o m e  into focus  wi th  inves t iga t ions  c o n c e r n i n g  s t ruc tura l  
deta i ls  [1 ], i ts m agne t i c  t rans i t ions  [2] and  the  poss ibi l i ty  o f  c rea t ing  e lec t ron  
holes  in it, for  ins tance  by  l i thium doping  [3]. In te res t  in the  s y s t e m  L i - C u - O  
also evo lved  f r o m  ano t he r  angle,  whe re  a po ten t ia l  u sage  of  Li /CuO p r i m a r y  
cel ls  was  cons ide red  [4]. Two new p h a s e s  wi th  mixed -va l ence  copper ( I , I I ) ,  
LiCu202 and  LiCu303, were  independen t ly  syn thes ized  [3, 4[. 

As pa r t  o f  the  c rys ta l lographic  charac te r i za t ion  of  LiCu202, e l ec t ron  
dif f ract ion w a s  u sed  which  indicated [3] tha t  the  X-ray p o w d e r  diffract ion 
da t a  cou ld  be  successfu l ly  desc r ibed  on an o r t h o r h o m b i c  cell, in con t r a s t  
to  the  t e t r agona l  s y m m e t r y  a s s u m e d  in an i n d e p e n d e n t  inves t igat ion [5]. 
Eventual ly ,  the  s t ruc tu re  was  so lved  f r o m  two X-ray diffract ion twin-crys ta l  
da t a  se ts  [6] on  a P r i m a  model .  The  two  r epo r t s  on  LiCuaOa [3, 5] are  
m o r e  cons i s t en t  on  ass igning  a t e t r agona l  cell. This  s y m m e t r y  is s u p p o r t e d  
by  c o n v e r g e n t  b e a m  pa t t e rn s  and  the  fact  tha t  no  devia t ion  f r o m  the  indexing  
m o d e l  w a s  found  ( such  as line spl i t t ings)  while  the  v o l u m e  changed  1% in 
its h o m o g e n e i t y  r ange  [3 ]. Hibble  et  al. [5 ] p e r f o r m e d  a s t ruc tu re  de te rmina t ion  
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where, in contrast to the situation in LiCu202, lithium and copper  partly 
occupy the same sites substitutionally. 

Since the scattering factors of the constituent elements vary widely for 
the X-ray method, it was considered worthwhile to receive a confirmation 
of the structure proposals by using neutron diffraction instead, where the 
scattering powers are more compatible and, moreover,  to perform a study 
on powder that is unaffected by twinning effects. The results are reported 
in this paper. 

2. Experimental  details 

2.1. S a m p l e  p r e p a r a t i o n  a n d  X . r a y  d i f f ract ion 
Mixtures of CuO and Li~CO3 ("Baker analysed Reagent", J. T. Baker, 

Deventer resp. Phillipsburg) according to the appropriate stoichiometries 
were ground together and compacted.  They were reacted at 900 °C for 
1 h. According to X-ray powder diffraction analysis, the phases present were 
CuO, Li2CuO2, LiCu202 and LiCu303, indicating that all lithium carbonate 
had reacted but  not to a phase equilibrium. 

2.1.1. LiCu202 
The product  was again ground, compacted and reheated, this time at 

970 -980  *C. The phase set was monitored by X-ray diffraction, and it was 
found that this process  of  homogenization and heating had to be repeated 
several times. According to the phase analysis results, some lithium loss 
occurred (to give CuO, LiCu202 and LiCu303) which was compensated for 
by adding some extra lithium carbonate to the mixture before the final heating 
stage after which the product  still consisted of three phases, now CuO, 
LizCuO2 and LiCu202. This three-phase set was considered more favourable 
than the former, for Li2Cu02 was now completely removable by treating the 
product  with concentrated ammonia. LizCuO2 reacts with water [7], but, 
instead of  obtaining copper  hydroxide as a solid, all decomposit ion products 
are water soluble in ammonia solution owing to complexation. The treatment 
was s topped when a fresh portion of  ammonia was no longer coloured dark 
blue, and powder  diffraction on the product  now showed only CuO and 
LiCu202. 

2.1.2. LiCu303 
The phase mixture was reheated a couple of  times at 900 °C including 

grinding and compacting. Phase analysis showed CuO and LiCu3Oa as main 
constituents and a trace of Li2CuO2. 

The cell parameters were determined using a Guinier-H~igg focusing 
camera with strictly monochromatic CuKexl radiation and being calibrated 
by silicon as internal standard (a  = 5.431065/~ at 25 °C). Individually weighted 
Q values were treated in least-squares refinements. The resulting cell of 
LiCu202, with a = 5 . 7 2 6 0 ( 4 ) / ~ ,  b - 2 . 8 5 8 7 ( 2 ) / ~  and c = 12.4137(7)/~,  is in 
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excellent  agreement  with previous findings [3]. (To compare with the results 
of ref. 5 the b axis must be doubled.) Refinement on LiCu303 gave a = 2.8142(1) 
/~ and c = 8 . 8 9 5 6 ( 5 ) / ~ .  A certain homogenei ty  range has been noted [3, 5]. 
The cell of CuO in that sample was also refined, yielding a= 4.6924(3) /~,  
b = 3.4151 (5) ~, c = 5.12 72 (6)/~ and fl -- 99.628 (9) °. These parameter  values, 
being intermediate between those for pure CuO and for the maximum solubility 
[3], indicate that lithium of the order  of 1% has gone into solid solution. 
Refinement of the cell parameter  values of the lithium cuprates was formally 
performed initially in the Rietveld procedure,  but the values so obtained 
were used for rescaling the wavelength until the X-ray parameters  were 
retrieved, effectuating a refinement of the wavelength. 

2.2. Neutron  dif fraction 
Neutron powder  diffraction data were recorded at the R2 reactor,  Studsvik, 

Sweden. The neutron flux at the sample position is approximately 106 cm -2 
s-1 when using the normal monochromatizat ion by Cu(220). Since the a/b 
axis ratio is 2.003 for LiCu202, we chose the copper  monochromator  (331) 
reflection to increase the resolution for these profiles but thereby decreasing 
the intensity strongly. Table 1 presents some experimental  parameters  of 
the data collection. A multidetector system with ten separate detectors 
measured the intensities in 28 steps of 0.08 ° . The sample was contained in 
a vanadium cylinder during data collection which occurred at 295 K. Absorption 
effects were later corrected for by using experimentally determined p~  values 
from transmission measurements  at 20=0. 

2.3. S truc ture  refinemvmt 
The Rietveld method [8] was applied, as implemented in the multiphase 

LHPM1 program [9]. The diffraction peaks were described as being gaussian, 
and the linewidths ( represented by the full width at half-maximum (FWHM)) 
were assumed to follow an angular dependence expressed as FWHM 2= 
U tan20 + V tan 0+ W, where 0 is the Bragg angle and U, V and W are 
refinable parameters.  The background was also described by a polynomial 
expression, where the coefficients were refined. The scattering lengths used 
were - 2 . 0 3  fm, 7.718 fm and 5.805 fin for natural lithium, copper  and 
oxygen respectively. 

TABLE 1 

Experimental parameters for recording the neutron diffraction data 

Parameter LiCu202 LiCu303 

Monochromator plane (331) (220) 
Wavelength (/~) 1.335(3) 1.469(3) 
Absorption factor p~R 0.474 0.455 
2e range (deg) 9.00-128.12 9.00-128.04 
Time per step (min) 50 30 
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2.3.1. LiCu202 
Assuming that the space group (Pnma) and structure parameters of 

LiCu202, as obtained from the X-ray determination [6], were essentially 
correct, we started the refinement by adjusting the zero-point (20) and 
background parameters, treating the data as being single phase. After refining 
the corresponding scale factor, we allowed for the presence of CuO, refining 
its scale factor but keeping the positional (oxygen in 4e with y = 0.416 [10]) 
and unit-cell parameters (from X-ray powder diffraction) constant. Eventually, 
we refined the ten LiCu202 positional parameters, three cell parameters and 
a total of three isotropic temperature factors (lithium, copper, oxygen), partly 
common for the two phases. We also allowed for a small asymmetry of the 
profiles, described by one refinable parameter, giving in total 29 parameters. 

2.3.2. LiCu303 
As starting model we used the data obtained by Hibble et al. [5] who 

had refined only copper and oxygen positions, since lithium negligibly 
contributes to the scattering from the assumed statistical distribution on the 
copper(ID sites. In our treatment we had to put in lithium also, with the 
constraints that the partial occupation by copper in lb  and 2h of P 4 / m m m  
is completely compensated for by lithium. When comparing the oxygen 
coordination taken by copper(II) and lithium in LiCu202, one observes that, 
although both metals take five neighbours in a pyramidal arrangement, the 
metal-oxygen distances are rather similar (2.07-2.11 /~) for lithium while 
copper, owing to the Jahn-Teller  effect, prefers four short distances with 
the apex oxygen further away. A corresponding pyramidal coordination occurs 
in LiCu303 where copper and lithium enter the same site. However, when 
lithium enters this site, it should adopt a slightly different position, reflected 
by an individual z parameter to adapt to its own requirements. This could 
not be taken care of in the previous X-ray work where only the copper 
parameters were refined [5]. Therefore, while fixing the sum of the occupancies 
of the 2h and lb  sites each at 100%, we allowed for different positional 
parameters for the two atom kinds on 2h. In order to avoid expected strong 
coupling between the occupancy, thermal parameter and z value, we let 
lithium have the same B factor as copper on 2h. Moreover, the stoichiometry 
obtained by Hibble et al. [5] suggested strict ionic charge rules. Therefore 
we also put in the constraint that we would obtain an Li:Cu(II) ratio of 1:2, 
leading to one refineable occupation parameter. 

3. Resu l t s  and d i s c u s s i o n  

The refinements converged satisfactorily within the models for the two 
cuprates. Judging from the scale factors, the first sample contained 66(1)% 
LiCu202, the rest being CuO. The second sample similarly contained 88(1)% 
LiCuaO3. We also found a minute (0.2%) contribution of Li2COs, a decom- 
position product of a trace of Li2CuO2 (which had disappeared during the 
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interval between the synthesis and the neutron data collection). Since the 
solid solubility of lithium in CuO amounted only to approximately 1%, any 
deviation in stoichiometry was not refinable. 

3.1. LiCu202 
The reliability indices of the profiles Rp= 4.21% and Rwp--5.52%, cor- 

respond to an excellent general fit. As regards the structure models, the 
Bragg reliability indices were R~(LiCu202)= 2.18% and RI(CuO)= 3.02%, cal- 
culated for 309 and 114 reflections respectively. The overall fit obtained 
from the refinement is illustrated in Fig. 1. 

The refined structural parameters are found in Table 2, including the 
corresponding data from the X-ray twin-crystal data refinement [6]. The 
standard deviations are larger for the powder profile data. The temperature 
factor of lithium comes out rather high and with a large spread. A smaller 
value, more in line with that obtained from the X-ray refinement, may be 
obtained if one allows for a deviation in occupation on that site. Correlation 
effects preclude a decisive interpretation, but we are rather in favour of a 
situation where we have some kind of disorder as indicated from the somewhat 
broader reflections with h odd as previously commented upon [6]. The 
covariance matrix discloses that, apart from strong correlations between the 
parameters for each polynomial expression describing the background and 
the line width, relatively large correlations ( - 0 . 7 4  and 0.77) are found 

COUNTS/IO**3 

liO 210 3'0 4'0 5'0 6t0 710 810 --910 1 0 0 1 1 0 1 2 0 
2e 

Fig. i. Neutron powder diffraction data for LiCu202--CuO: top, the observed intensities (.) 
and Rietveld-refined profiles; bottom, their difference on the same scale. 
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TABLE 2 

Comparison between the structural parameters of LiCu202, as obtained from a previous X-ray 
refinement from twin-crystal data [6] and the current neutron diffraction powder data a 

Atom x z B (/~2) Technique 

Li 0.130(3) b 0.5719(9) 0.48(8) X-ray ¢ 
0.150(7) 0.572(1) 1.5(4) Neutron d 

Cu(1) 0.1194(3) 0.25490(7) 0.67(2) X-ray 
0.128(2) 0.2548(4) 0.52(4) Neutron 

Cu(2) 0.1244(2) 0.90548(6) 0.45(1) X-ray 
0.120(1) 0.9049(3) 0.52(4) Neutron 

O(1) 0.137(1) 0.4052(4) 0.49(3) X-ray 
0.137(2) 0.4063(5) 0.25(6) Neutron 

0(2) 0.115(1) 0.1049(4) 0.61(3) X-ray 
0.113(2) 0.1058(5) 0.25 (6) Neutron 

"All atoms at 4c with y= 1/4 in Pnma. 
bStandard deviations are given in parentheses. 
qndividual thermal parameters were used in refinement, even anisotropic values for the two 
copper sites, although the values given here are the equivalent isotropic values. 
din the neutron refinement each kind of atom was assigned a temperature factor. 

b e t w e e n  the  x p a r a m e t e r s  of  l i th ium and copper ( I I ) ,  and  be tween  the  o x y g e n  
x p a r a m e t e r s ,  respect ive ly .  I t  s e e m s  too  far  f e t ched  to  d r aw  any  decis ive  
conc lus ions  f rom these  no t  too  d is turbing values.  Moreover ,  the  Dur- 
b i n - W a t s o n  d index of  1.1 ind ica tes  a ser ies  cor re la t ion  [11] to  s o m e  ex ten t  
tha t  l eaves  the  p a r a m e t e r  e s t i m a t e s  unb i a sed  but  af fec ts  the  s t anda rd  de- 
viat ions.  These  t end  to  b e c o m e  sl ightly u n d e r e s t i m a t e d  f r o m  which  we conc lude  
tha t  the  p a r a m e t e r  va lues  are  no t  s ignif icantly different  be tween  the  two 
de te rmina t ions .  

3.2. LiCu303 
The res idua ls  for  the  prof i les  we re  sl ightly h igher  here ,  R p  = 5 .45% and  

R~p = 7.10%, p r o b a b l y  ref lect ing the  d i f ference  in m o n o c h r o m a t o r  set t ings.  
The  c o r r e s p o n d i n g  Bragg  rel iabil i ty indices  we re  Ri (LiCuaOa)= 2 .19% and  
RI(CuO) = 2.679'0, ca lcu la ted  for  67 and  85 ref lec t ions  respect ive ly .  The  overal l  
fit f r o m  the profi le  re f inement ,  as  seen  in Fig. 2, is qui te  sa t i s fac tory .  

The  l a rges t  cova r i ance  b e t w e e n  the  s t ruc tura l  p a r a m e t e r s  was  0 .77,  
f ound  for  the  z p a r a m e t e r s  of  l i th ium and  c o p p e r  on  2h. The  D u r b i n - W a t s o n  
d index  was  0.70.  Again, r e m e m b e r i n g  t ha t  such  a va lue  impl ies  tha t  the  
s t anda rd  devia t ions  a re  unde re s t ima ted ,  we  see  f r o m  Tab le  3 tha t  the  m o d e l  
by  Hibble  et al. [5] is verified. P rev ious  indicat ions  f r o m  e lec t ron  diffract ion 
tha t  the  t e t r agona l  a axis  should  be  modi f ied  to  yield a l a rger  t e t r agona l  
cell  [3] were  no t  p u t  to  the  test .  W e  canno t  total ly  rule out  t ha t  the  c o m p o u n d  
a lso  changes  in the  e lec t ron  b e a m  so as  to p r o d u c e  ar t i facts .  

While  a lso  p rope r l y  t ak ing  a c c o u n t  of  the  l i th ium sca t t e r ing  which  is 
negl igible  in the  X-ray  case ,  we  a r r ived  a t  the  s a m e  dis t r ibut ion  of  c o p p e r  
and  l i thium as  tha t  ob ta ined  b y  Hibble  et al. [5]. They  r e p r o d u c e d  the i r  
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Fig. 2. Neutron powder diffraction data for LiCu303-CuO: top, the observed intensities (-) 
and Rietveld-refined profiles; bottom, their difference on the same scale. 

resu l t  on  a s econd  single crystal  while we m e a s u r e d  an average  f rom powder .  
The cell p a r a m e t e r  var ia t ion found  [3], m o re  decisive for  the c axis, could  
reflect  a homogene i t y  range  or different  Li:Cu distr ibutions.  Since the latt ice 
is spanned  by  m e t a l - o x y g e n  pyramids ,  apex  to  apex  in the c direction,  a 
la rger  f rac t ion  of  c o p p e r  on 2h might  resul t  in an  e longat ion of  the  c axis, 
fo r  ou r  re f inement  clearly shows that  l i thium tends  to  take a slightly different  
pos i t ion  within the  oxygen  pyramid  c o m p a r e d  with c o p p e r  in o rde r  to  obtain 
more  even dis tances  (4 x 2 .02 /~  and 1 x 2 .23/~)  to o x y g en  than  c o p p e r  does  
( 4 X 2 . 0 0 / ~  and 1 ×2 .41  /~). 

4. Conclus ions  

Our invest igat ion is a solid conf i rmat ion  of  the prev ious  X-ray results,  
now obta ined  with a technique  tha t  be t t e r  d iscerns  the a tomic  posi t ions and 
which  is u n m a r r e d  by  twinning effects.  Since there  are  no  fundamenta l ly  
new s t ructura l  a spec t s  gained, we ref ra in  f ro m  discussing the  s t ruc tures  he re  
bu t  r a the r  re fe r  to  the  previous  r epor t s  on  LiCu202 [6] and LiCu3Oa [5]. 
W e  in tend fu r the r  research  using n eu t ro n  diffraction for  surveying ,the low- 
t e m p e r a t u r e  magne t ic  in terac t ions  in these  l i thium cuprates(I , I I)  as indicated 
f rom the magne t i c  susceptibi l i ty  da ta  [5]. 
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TABLE 3 

Comparison between the structural parameters of LiCu3Oa, as obtained from previous X-ray 
single-crystal data [5] and the current neutron diffraction powder data, refined in P4/mmm 

Atom Site x y z G B ( / ~ 2 )  Technique 

Cu(1) l a  0 0 0 0.0625 0.82(3) a X-ray b 
0 0 0 0.0625 0.65(5) Neutron 

Cu(2) l b  0 0 1/2 0.0505(2) 0.53(3) X-ray 
0 0 1/2 0.0508(3) 0.35(5) Neutron 

Cu(3) 2h 1/2 1/2 0.2283(2) 0.0743(2) 0.64(3) X-ray 
1/2 1/2 0.2265(6) 0.0742(3) c 0.35(5) c Neutron 

Li(1) lb  0 0 1/2 0.0120(2) ¢ X-ray 
0 0 1/2 0.0117(3) ¢ 0.35 (5) ¢ Neutron 

Li(2) 2h 1/2 1/2 0.2283(2) ¢ 0.0507(2) c X-ray 
1/2 1/2 0.250(4) 0.0508(3) c 0.35(5) c Neutron 

O(1) ld  1/2 1/2 1/2 0.0625 0.9(1) X-ray 
1/2 1/2 1/2 0.0625 0.61(4) Neutron 

0(2)  2g 0 0 0.2088(6) 0.125 0.84(8) X-ray 
0 0 0.2091(3) 0.125 0.61(4) c Neutron 

"Standard deviations are given in parentheses. 
bLithium atoms were omitted from the X-ray refinement and assumed to complete the occupancies 
at the copper(II) sites; individual anisotropic temperature factors were used, but in the table 
these are replaced by their equivalent isotropic parameters, taking B as equal to the trace of 
the U~/ tensor t imes the factor 81r2/3. 
cConstrained value. 
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