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The magnetic structures of Nd2Cu04 and Ndl.97Ce0.03Cu04 have been solved at 1.6 K using powder neutron 
diffraction methods, and the magnetic cell (magnetic space group C’mm’m’) results from a v2 x V‘2 rotation of the 
basal plane of the 14/mmm nuclear unit cell, with a Cu spin direction (;,fro) parallel to the magnetic propagation 
vector k = (;,;,O); the Nd spins are also constrained by symmetry to lie in the same direction, while the Nee1 state is 
not very sensitive to electron doping in contrast to the extreme sensitivity to hole doping of the Nee1 state in 
La2Cu04, and a lower limit for the Cu ordering temperature is estimated to be 170 K. 

The discovery of superconductivity in copper oxide systems1 
has led to intensive theoretical and experimental study of their 
electronic and magnetic structures. Even the apparently 
simple alkaline earth doped derivatives of La2Cu04 display a 
remarkably rich structural and magnetic phase diagrams2 The 
role of strong electronic correlations is central to the under- 
standing of the physics of the high-T, materials together with 
the intimate relation between the magnetic and (super)- 
conducting properties of the Cu02  layers. Recently, it has 
been demonstrated that electron doping of Ln2Cu04 (Ln f 
La) also leads to superconducting  composition^,^ Ln2-,Ce,- 
Cu04.Ln2Cu044 (e.g. Ln = Nd) differs structurally from 
La2Cu04 in that the co-ordination number of Cu is reduced to 
4, with no bridging oxygen between Ln and Cu along the c-axis 
and an expanded basal plane. This leads to band narrowing 
and further increases the importance of correlations. Luke 
et a1.5 have studied the magnetic properties of these phases 
using muon spin rotation measurements and established the 
existence of magnetic order on the pSR timescale below 300 
K. There is also possible interaction of the copper with the 
rare-earth spin sublattice, a feature not present in La2Cu04 
and its hole-doped derivatives. The magnetic structure deter- 
mination for Ln2Cu04 and its electron-doped derivatives is 
thus crucial to the understanding of the competition between 
magnetism and superconductivity in any model for the high-T, 
compounds. 

Nd2Cu04 was synthesised by the citrate sol-gel technique637 
and Nd1.97Ce0.03C~04 by standard solid-state reactions.3.7 
Powder neutron diffraction measurements were performed 
using the high intensity D1B diffractometer at ILL, Grenoble, 
between 1.6 and 320 K at h = 2.52 8, using a pyrolytic graphite 
monochromator. Subtraction of 50 K and 5 K data from 1.6 K 
data revealed the presence of seven magnetic peaks which 
could be indexed on the basis of a v 2  x v 2  rotation of the 
basal plane of the I4/mmm unit cell, corresponding to the X 
point (4,4,0) of the body-centred tetragonal Brillouin zone, 
with the point group of the wave vector G(k)  as D24mmm). 
We then performed a representation analysis of magnetic 
structures by constructing transformation matrices T ,  forming 
a unitary multiplier representation of G ( k )  . Irreducible 
representations spanned by the basis functions constructed 
from magnetic moments at Nd and Cu sites are given in 
Table 1. 

The representation analysis reveals that, assuming only 
second-order invariants occur in the spin Hamiltonian, Cu and 
Nd spins are constrained to lie in the same direction. The 
absence of a (100) reflection (indexing on the enlarged 
magnetic cell) and the observation that the calculated mag- 
netic structure factor for (100) is the largest for this configura- 
tional spin symmetry imply that spin must lie parallel to the 
face on which the magnetic structure is centred. The reflection 
condition h + k = 2n + 1 on the magnetic reflections also 
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Figure 1. Magnetic structure of Nd2Cu04 at 1.6 K. 

implies C-anticentring. If the cell is A-centred then (100) is 
allowed and (010) is forbidden; hence the magnetic moment rn 
is parallel to (100) as no intensity is observed at this position. 
The model moments for an A-centred structure with Nd and 
Cu spins parallel to a were refined using nonlinear least- 
squares refinement on the four most intense magnetic peaks 
uncontaminated by nuclear or h/2 intensity observed at 1.6 K.7 
The results of the refinement are shown in Table 2. 

~ ~~~~~ 

-t The form factor for Cu was obtained by interpolation from the 
measurements of Freltoft et aZ.9 and the Nd form factor was calculated 
in the dipolar approximation from the relativistic calculations of 
Freeman and Desclaux.10 The magnetic intensity was scaled to the 
intensities of the nuclear peaks (002) and (202) and the nuclear 
structure factors were evaluated from the positional parameters 
obtained from Rietveld refinements of data obtained on the same 
samples on the D2B7 high resolution powder diffractometer. 
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Table 1.  Irreducible representations spanned by moments at Cu [2 at (a) 4/mmnz] and Nd [4 at (e) 4mm] sites in the T’ structure. 
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Figure 2. Temperature evolution of Nd and Cu staggered moments for 
Nd2Cu04: 0, Nd; 0, CU. 
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Figure 3. Variation of Cu staggered moment with formal Cu oxidation 
state in 0 (La2_,Sr,Cu04-h) and T‘ (Nd2-,CexCu04-6) systems: 0, 
0 structure: El. T’ structure. 

The magnetic space group is C’rnrn’rn’, i.e. the spins lie 
perpendicular to the unprimed oyz mirror plane, defined in the 
g 2 a  x g 2 a  x c cell. We may compare the spin structure of 
the Cu sublattice to La2Ni0411 which also displays a spin 
direction ($,+,O) parallel to the magnetic propagation vector k 
= (3,3,0), and contrast it with that of La2C~03,98512 in which 
the spin direction (i, - &,O) lies perpendicular to the magnetic 
propagation vector. The magnetic structure is shown in Figure 
1. We note, however, that the data do  not exclude non- 
collinear structures. The order of intensity of the other three 
peaks (104), (124), and (106) is correctly predicted by this 
model but their intensities are subject to greater error due to 
subtraction (in view of the existence of Cu order up to high 
temperatures) and they are not included in the final refine- 
ment. 

Table 2. Magnetic structure refinement for B3g modes at Nd and Cu 
sites in Nd2Cu04 and Nd1.97Ce~.03C~04. 

NdzCuO4 Ndl.97ce0.03c~o4 
’I 

lobs AIobs Ical Iobs Azobs Ical 

0 1 1 2.65 0.1 2.65 1.97 0.2 1.97 
0 1 3 22.30 0.5 22.25 17.6 1.8 16.6 
1 2 0 17.40 0.6 17.52 12.0 1.2 13.1 
2 1 3 7.26 0.7 7.15 5.4 1.0 6.3 

mCuIVB 0.507(3) 
mNd1VL.B 1.136(2) 
RL,,,a/% 0.6 
X 2  1.04 

0.45( 4) 
0.98(2) 
7.9 
1.02 

Refinement of the data sets collected up to 5 K shows the 
staggered moment at the Nd site decreasing with temperature, 
with the copper moment remaining constant (Figure 2), 
implying long-range order of the Cu spins above 5 K. A careful 
examination of the (103) and (101) regions of the pattern 
revealed weak magnetic intensity at temperatures up to 170 K. 
It is difficult to extract a reliable TN from these measurements 
and to evaluate any change of magnetic structure, but the Cu 
ordering temperature certainly lies above 160 K. The ordering 
temperature of the Nd sublattice is higher than in related 
systems. The coupling between the Nd3+ and Cu2+ spins, 
reflected in the moments at both sites transforming according 
to the same irreducible representation, may be important in 
explaining the contrast with the behaviour of eight co-ordinate 
Nd3+ in NdBa2C~306.8s, in which the Nd ordering tempera- 
ture is much lower (551 mK) and the moment is oriented along 
the c-axis,13 instead of in the basal plane. The observed Nd 
magnetic moment (1.136 pB) is considerably reduced below 
the free-ion value for Nd3+ with a 419,2 ground multiplet 
(3.27 pB), because of crystal field effects, being consistent with 
a Kramers ground-state doublet.14 

Study of the 1.5 K pattern of Nd1.97Ce0.03C~04-6 gave the 
same indexing of the magnetic reflections, and the results of 
the refinement with the same model used for Nd2Cu04 are 
also included in Table 2. A similar temperature dependence of 
Nd and Cu staggered moments is also obtained. 

The values of the Cu magnetic moment obtained as a 
function of oxidation state in the T’ structure$ may be 
compared with those obtained for the La2-xSrxCu04-6 
system12J5J6 (which adopts the distorted Crnca 0 structure) 
(Figure 3). The largest values of the ordered moment display a 
marked reduction from 1.14 F~ predicted from S = 4 and g = 
2.28 for Cu2+. A reduction AS = 0.18 is calculated due to zero 

$ Rietveld refinement of the profiles gives 6 = 0 for Nd2Cu04-a and 
6 = 0.02 for Nd1,97Ce0,03C~04--h. 
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point spin deviations in the 2D Heisenberg model” but 
further reduction of -15% must be due to covalency. This 
reflects the decreased transfer integral resulting from the 
much longer Cu-0 bond lengths in the T’ structure, giving a 
larger localised moment. The surprisingly small difference in 
moment despite the increased ionic character [ 1.9585 8, (T’) 
vs. 1.9036 8, (0)7,16] may reflect the increased importance of 
quantum fluctuations in the more 2D T’ structure. Further, 
the dependence of the ordered moment on doping differs for 
electron and hole dopings (Figure 3). This may be qualita- 
tively explained in terms of the non-magnetic Cul states 
introduced on electron doping, which only affect the onset of 
magnetic order at the percolation threshold. Assuming that 
the moment reduction is entirely due to the percolation effect 
without inclusion of frustration, we find that each CuI state is 
delocalised over at least four Cu sites, since 3% doping results 
in 12% reduction in moment. By contrast, the CuIII states 
which are introduced on hole doping have a vacant x2 - y2 
level available and a localisation length comparable to the 
next-nearest-neighbour distances. Thus they can frustrate the 
magnetic structure by introducing next-nearest-neighbour AF 
interactions.16 Alternatively, depending on the relative Cu 3d 
and 0 2p admixture in the B* band near the Fermi level, the 
introduction of a po hole on oxygen may also introduce 
ferromagnetic near-neighbour Cu coupling to frustrate the AF 
coupling.2 Hence we expect a much less pronounced effect on 
the magnetic order of the CulI background for electrons 
moving in the upper Hubbard sub-band (T’ structure) than 
holes moving in the (narrower) lower Hubbard band (0 
structure). This is entirely consistent with the much higher 
Ce4+ doping levels required for superconductivity18 and the 
very narrow range over which it exists since the AF instability 
must be destroyed before the onset of superconductivity. 

In conclusion, we have shown that ordered local magnetic 
moments appear at the Cu2+ sites in both Nd2Cu04 (the 
parent of the electron-doped superconductors) and La2Cu04 
(the parent of the hole-doped superconductors). Although the 
magnetic structure is different, they point to the importance 
of strong correlations in producing superconductivity in 
cuprates. A Mott-Hubbard description of the strongly cor- 
related CT* electrons in the CuO2 layers appears appropriate in 
the T’ as well as the TI0  phases. This may be contrasted with 
the strong electron-phonon coupling (Ba,K)(Pb,Bi)03 
systems where charge-density wave formation is of impor- 
tance rather than AF correlations. The effect of electron 
doping is much less marked on the antiferromagnetic structure 
than hole doping with incommensurate spin density wave 
behaviour ruled out as the peak positions do not shift with 
band filling.l6 Nd2Cu04 has a relatively high TN for Nd 
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ordering, pointing to the strong coupling between (Nd202) 
and (Cu02) layers while the Nd spin direction is constrained 
by symmetry to lie in the same direction as the Cu spin. 
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