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Structural, magnetic, and transport properties of the Nd,_,Ce,CuO,, (0 < x < 0.15) series are presented and contrasted with
the corresponding properties of the La,_ Sr,CuO,, series. High-intensity powder neutron diffraction shows that the long-range
antiferromagnetic order of the Cu sublattice persists to higher dopant levels in the Nd,_.Ce,CuQO,_, system compared to the effect
of hole doping in the La,_,Sr,CuQ,, phases. This is consistent with different physical mechanisms operating, namely percolation
upon electron doping due to the nonmagnetic Cu! states versus frustration upon hole doping due to O~ or Cu!! states. The magnetic
structure at 1.5 K remains the same for all the compositions studied, with the moment at the copper site reaching zero in the
superconducting material. A representation analysis reveals the novel feature of substantial coupling between the lanthanide and
the copper sublattices. This is manifested in the direction adopted by the Nd** moment (parallel to the CuO, basal plane), the
high Néel temperature for Nd** order (ca. 2 K), and the polarization-induced moment above T\ that is apparent in the magnetic
Bragg scattering. The importance of the Nd, Cu interaction along the ¢ axis in coupling the two sublattices at the experimentally
observed propagation vector ('/,, !/, 0) is further demonstrated by using a simple isotropic exchange model. Finally, the assumption
that the antiferromagnetic instability must be destroyed before the carriers become delocalized leads to an estimate for the transfer
integral for the motion of the electrons in the upper Hubbard subband of 0.8 eV. It also appears possible that the reported
occurrence of phase separation at high Ce dopant levels may be related to both the destruction of the Néel state and the
delocalization of the electrons, close to the onset of superconductivity.

Introduction

One of the most interesting areas of cuprate chemistry has been
the discovery of high-temperature superconductivity in formally
reduced Cu!! oxides, i.e. “electron-doped” n-type materials' con-
taining Cul. This has served to focus theoretical attention on
models which are symmetric to electron and hole doping of the
CullQ,?* layers that form the unifying structural feature of the
cuprate perovskites by drawing a chemical and physical contrast
with the p-type oxidized cuprates (La,.,Sr,CuO,, YBa,Cu 0.,
Bi,(Sr,.,Ca,)CuQOq). The initial n-doped materials were found
in the Nd,.,Ce,CuO,_; series with T, ., = 27 K, T Meissner =
20 K, and up to 60% Meissner fractions, with electron doping
suggested both by Cel¥ formation and negative thermopower and
Hall effect. This was followed by elegant synthetic work producing
the first successful fluorination? of a high-7, cuprate to give
Nd,CuO, 3,F 5 with 7, = 23 K. Apart from the contrast with
all other cuprate superconductors in the nature of the charge
carriers, another aspect of the evolution of the electronic properties
with doping of great interest is the much narrower range of dopant
concentration over which superconducting behavior is found (0.14
< X, < 0.18).135

Our initial work on this system involved refinement of high-
resolution powder neutron diffraction profiles® of Nd,_,Ce,CuO,;
(x =0, 0.01, 0.05) and the first solution of the magnetic struc-
ture’® of Nd,.,Ce CuO,; (x = 0,0.03; 5 = 0, 0.06) at 1.5 K with
fascinating preliminary conclusions, together with a more wide-
ranging study of the influence of the Cu oxidation state on the
competition between the K,NiF, (O,T) and T’ structure types in
the La,, Pr.Sr,CuO,; system5® Recently, a very careful
neutron diffraction study!®!! provided evidence for phase sepa-
ration in the Nd,_,Ce CuO,_, system, in much the same way as
in La,CuQ,4;, where phase separation results from segregation
of interstitial oxygen defects.'> However, using very high reso-
lution powder neutron diffraction, we have recently shown!? that
the lower bound on the largest value of x for which a single phase
may be prepared in this system is 0.07. Here we report a more
extensive investigation of the magnetic and structural properties
of the Nd,_,Ce,CuQ,_; phase diagram by powder neutron dif-
fraction and discuss the consequences of our results for the
transport properties of this system.
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Experimental Section

Nd,_,Ce,CuO,, compounds (x = 0.01, 0.03, 0.05, 0.07, 0.15) were
prepared by multistep solid-state reactions and Nd,CuO,; by a citrate
sol-gel route, as described before.%!> Phase purity was confirmed by
powder X-ray diffraction. Energy dispersive X-ray fluorescence analysis
performed on 10 crystallites of the x = 0.15 sample on a JEOL 2000 FX
TEMSCEM microscope indicated excellent homogeneity of the Ce dis-
tribution (Ax/x = 0.06) and gave a value for the Nd/Cu ratio of 1.87
(4), using a Nd,CuQ, sample as a standard. The oxygen concentrations
were measured by thermogravimetric reduction of 100-mg samples
(weighed to 10 ppm) in platinum crucibles in a 5% H,-95% Ar atmo-
sphere on a Stanton Redcroft STA785 thermobalance. A maximum
temperature of 700 °C was chosen to avoid reduction of CeQ, to
Ce0,,.'* Table I (supplementary material) shows the absolute and
percentage weight losses observed and the deduced compositions.
Four-probe ac conductivity measurements at a frequency of 15 Hz were
performed on pellets of typical dimensions 3 X 1 X | mm? between 4.2
and 300 K in an Oxford Instruments CF204 cryostat.

High-resolution powder neutron diffraction data were collected at the
High Resolution Powder Diffractometer (HRPD) on the ISIS spallation
neutron source at the Rutherford Appleton Laboratory; data collection
on the x = 0.07 sample has been described elsewhere.!*> The x = 0.15
data were recorded between 30000 and 120000 us (angular range of
detectors 160—176°), normalized to the incident beam profile! and re-
fined by using the TF12LS code, incorporating a Voigt function peaks-
shape description and fitting the background to a 5th order Chebyshev
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Table IIl. Selected Bond Distances, Unit Cell Volumes, and ¢/a Ratios in Nd,_,Ce,CuQ,;

T/K

compd

I

c/a

Cu-0(1)/A

Ln-0(1)/A

Ln-0(2)/A

4.2
4.2
4.2
300
4.2

Ndzcu04
Nd, 49Ce,01Cu03 45
Nd, 55Ceq 0sCu0; 55

Nd, 93Ce0,07Cu0; 96
Nd, g5Ceg15CuO; 45

188.234 (5)
188.214 (5)
188.105 (5)
187.757 (2)
186.975 (2)

3.0848 (1)
3.0834 (1)
3.0819 (1)
3.0733 (2)
3.0599 (3)

1.9685
1.9687
1.9686
1.9693
1.9694

2.3213 (5)
2.3218 (5)
23217 (5)
2.3213 (1)
23214 (1)

2.6713 (6)
2.6704 (7)
2.6693 (4)
2.6612 (1)
2.6573 (1)
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Figure 1. Arrhenius plots of the resistivity of Nd,_,Ce,CuO,;: (a, top)
x = 0.0, 0.03; (b, bottom) x = 0.05, 0.07.

polynomial.'® An absorption correction of the form (a + b)) was ap-
plied. Neutron diffraction patterns to investigate magnetic order of the
S =1/, Cu?* ions when the expected intensity is very weak were collected
on the high-intensity multidetector diffractometer D1B at the Institut
Laue Langevin over the temperature range 1.5-300 K with a mean
wavelength A = 2.52 A over an angular 26 range 10-90°. Typical
collection times were 3—4 h for the materials in which only Cu?* moments
were ordered; 30 min was sufficient if rare-earth ordering was observed.

Resuits and Data Analysis. X-ray diffraction and analytical electron
microscopy confirmed the phase purity and homogeneity of the samples.
Figure 1 displays the temperature dependence of the resistivity of the
Nd,_,Ce,CuO,; materials; the x = 0.15 compound displays supercon-
ductivity with T, = 24 K and 7% = 19 K and a negative thermal
coefficient of resistivity above T, while both the magnitude and tem-
perature dependence of the resistivities of the other samples decrease with
increasing dopant level x. In contrast to those of the La,_,Sr,CuO,,
materials, the transport properties of the ceramic samples are different
from those of single crystals; for example, superconducting single crystals
of Nd, 4sCeq15CuO, show metallic temperature dependence of the re-
sistivity!” above T.. The equation p = po(T/Tp)'/? exp[—( T,/ T)/#+']
describing d-dimensional variable-range hopping did not fit the tem-
perature-dependent conductivity for any of the Nd,.,Ce,CuO,; mate-
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Brawner, D.; Ong, N. P. Physica C 1989, 162-164, 285.

*10'
200

‘ 101
ﬁ 100 | P
i u}tw\

© R MJ |

3

10 20 30 40 50 60 70 80
2~The ta

Figure 2. Difference Xlot of the diffraction profiles of Nd,CuOj at 1.5
and 50 K (A = 2.52 A).

rials, in contrast to the hole-doped series La, ,Sr,CuQ, ;51820

Structure Refinements. The structure refinements of the diffraction
profiles of the x = 0, 0.01, 0.05, and 0.07 samples have been presented
elsewhere.5'* Further attempts to refine the data by using orthorhombic
subgroups of the tetragonal space group /4/mmm (Immm with basal
plane dimensions ag ~ bo ~ ar and Fmmm with ap ~ by ~ 2'/2ay)
were unstable as the ap and bg axes interchanged between refinement
cycles and did not differ from each other by more than one standard
deviation. Also refinement of the O-site occupanices on the axial and
equatorial O sites showed very small deviations from stoichiometry, not
exceeding the estimated standard deviations for the x = 0 and x = 0.01
samples, whereas a significant vacancy concentration, distributed almost
equally over both sites, was found for the x = 0.05 sample; in the latter
case, we obtained 6 = 0.07 (4) from the Rietveld refinement, while the
TGA measurements yielded § = 0.05 (2). The x = 0.07 sample is
particularly interesting in view of the report'®!! that in this series of
compounds single-phase materials are formed only for the undoped
compound Nd,CuO, and the optimum superconducting composition x
~ 0.165. Phase separation occurs and was rationalized by using a simple
Hiickel model with no inclusion of electron correlation effects but taking
into account the competition between the Madelung and the electronic
energy of the system as a function of d-electron count (formal Cu oxi-
dation state).?! Using data of very high resolution (5 times higher than
in ref 10) and allowing only for a small amount of sample broadening,
we have found'? no indication of a secondary phase in the x = 0.07
sample. Assuming that indeed phase separation may be occurring in this
system, our result has set a lower bound of x = 0.07 on the largest value
of x for which a single phase may be prepared.

Careful examination of selected reflections of the diffraction profile
of Nd, 3sCep5CuQ,; obtained on HRPD confirmed that this sample was
single phase.'®'! The refinement of the profile converged to x2 = 2.70,
R, = 6.30%, and R, = 3.83% (Table II (supplementary material)).
Table I1I shows the Cu~O and the two Ln—O bond lengths together with
the ¢/a ratio and the cell volume in the Nd,.,Ce,CuO,; series.

Magnetic Neutron Diffraction. We discuss now the analysis of the
magnetic neutron diffraction data of Nd,_,Ce,CuQ,.,, starting with the
analysis of the magnetic structure of Nd,CuQ, at 1.5 K. Subtraction of
the 50 K from the 1.5 K data set reveals the presence of seven Bragg
peaks (Figure 2) in the low-temperature pattern, which are absent at high
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temperature and are assigned to the onset of magnetic order. Data were
also recorded in the 1.5-6 K temperature range in small temperature
steps, and at 6 K the magnetic peaks are greatly reduced in intensity.
The scans at higher temperatures contained very weak scattering at the
(/2,'/2, 1) position up to approximately 200 K, but despite much longer
run times, it could not be measured with good statistical precision. In
view of this, subsequent analysis concentrated on the low-temperature
data.

The seven Bragg peaks observed at 1.5 K (Figure 2) may be indexed
on the basis of an enlarged magnetic unit cell with dimensions 2'/%a x
2'/2g % ¢, In view of the possible existence of magnetic moments on both
the neodymium and copper sublattices, a representation analysis of
possible magnetic structures?? was performed. The initial step involves
identification of the point group of the wavevector G(k) (i.e. the subset
of those operations of /4/mmm that leave k invariant). Here the reduced
propagation vector of the magnetic structure is k = ('/,, /5, 0), which
corresponds to the X point of the body-centered tetragonal Brillouin zone,
and G(k) is mmm (D,,). There are three Bravais sublattices, one asso-
ciated with the Cu site at (000) and two with the Nd sites at (00z) and
(002). Furthermore, in the larger body-centered crystallographic cell,
the effect of the body-centering translation = = (!/,, !/,, 1/,) is taken into
account by a phase shift S(r + 7) = S(r) exp(ik-r), where k is the
propagation and r the position vector.

We then construct the reducible representations for the Nd** and Cu?*
ions using the behavior of the axial magnetic moment vectors under the
crystallographic symmetry operations. The transformation matrices T
are defined as T = R @ A, where R is the rotation matrix associated with
the symmetry operation R of G(k) (multiplied by det(R) to take into
account the axial nature of the moment vectors). The elements of A are
given by A,y = 8,y €xp (ike[r(m) — Rr(n)]) with é,,, = 1, if m transforms
into n under the symmetry operation R and 0 otherwise. k is the wa-
vevector (*/5, '/2, 0). These matrices provide a 37-dimensional unitary
multiplier representation of G(k), which may be reduced in the usual
manner

n(k) = (1/Zx*[T(k.R)IX[(k.R)] )

where »/ is the number of times the representation I'; occurs in the
decomposition and 4 is the order of G(k). The T matrices are then used
to project out basis functions transforming as the irreducible represent-
ations, ¥p. The basis functions spanning each representation using the
x, , and z components of spins at the Cu and the Nd sites are found to
be

rCu=B1g+ B2g+ Bag
¥r m, my oy @

I'Nd = Blg + B2g + B3g + Ay + Boy + B3y

v mlm )l mbm I mlim  mlm mlml m L,

Since the spin Hamiltonian must be invariant under the symmetry op-
erations of the system, only basis functions transforming according to the
same representation are admissible to second order. The magnetic
structure is then constructed as a linear combination of basis vectors
belonging to the same irreducible representation. Hence, inspection of
the basis functions in eq 2 shows that the spins on the Nd** and Cu?*
sublattices must point in the same direction and that only the in-phase
combination of spins on the Nd** sublattice is compatible with the ex-
istence of moments on the Cu?* sites.

Since there are several well-resolved magnetic peaks in the 1.5 K
profile, we employ integrated intensity methods to solve the magnetic
structure to avoid any systematic errors arising from peak-shape as-
sumptions. The first step is to construct structure factors in the enlarged
nuclear cell with the configurational (+/-) spin symmetry corresponding
to k = (!/5, !/ 0). The condition h + k = 2n + 1 on the magnetic
reflections implies C anticentering. The calculated magnetic structure
factor for the (100) reflection is the largest in this configurational spin
symmetry. Then the absence of (100) implies that the spin must lie
parallel to the face on which the magnetic structure is centered. This
inequivalence of (hk/) and (khl) classes of reflection requires alteration
of Shirane's expression?* for the magnetic interaction term (g?) in uni-
axial systems, as, due to the centering, we can only distinguish relatively,
but not absolutely, between a and 5.

Initially we only assigned spins on the Nd** sites and calculated the
magnetic structure factors for both the in-phase and out-of-phase com-
binations of the Nd** spins. The out-of-phase combination was clearly

(22) Bertaut, E. F. Acta Crystallogr. 1968, 424, 217.
(23) Shirane, G. Acta Crystallogr. 1959, 2, 282.
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Table [V. Magnetic Structure Refinements for Nd,_,Ce,CuO,; at
1.5K

NdZCuOf Nd,‘g-,Ceo,o,CuOf

hkl Iobl Alobl Icllc Iobu Alobl Icllc
011 2,65 0.10 2.65 1.97 0.20 1.97
013 2230 0.50 2225 176 1.8 16.6
120 17.40 0.60 17.52 120 1.2 13.1
213 7.26 0.70 715 54 10 6.3
Meu/ ke 0.507 (3) 0.45 (4)
Mna/ip 1.136 (2) 0.98 (2)
R /% 0.6 79
x? 1.04 1.02

Nd, 45Ceq,sCuO, Nd, 5;Ce,7CuO4
hkl Lo Al laie Lo Al Teatc

011 2.55 0.16 2.575  1.90 0.06 1.90
013 18.96 0.46 18.72 1278 0.08 12.78
104 2.69 0.04 2.78
120 14.76 0.80 14.00 9.97 0.08 10.04
213 4.69 042 4.01 460 0.30 4.21
mey/sp 0.43 (4) 0.336 (4)
Mg/ ks 1.06 (5) 0.886 (2)
R /% 7.0 23
x> 1.90 1.50
Nd, 5Ceq,15Cu04
hkl Ton Al Tt

011 0.54 0.03 0.47

013 0.99 0.06 1.05

120 0.82 0.04 0.83

213 0.27 0.03 0.34

mey/1g’ 0.00°

Mg/ g 0.60 (2)

Rl /% 8.0

x4 2.98
2Reference 7. ®Not varied in final refinement. Rl . = 1003 ,-

(U™ = D=0 [Ty dx? = 1 /(Ropy = Mpa) Tl (I™* = [n™)/

AIMohl,k] 2,

incorrect, since it failed to predict any intensity for the (120) peak. On
the other hand, the in-phase combination predicts all the observed peaks
but their ratios of intensities do not agree with experiment. In view then
of the magnetic scattering observed at the (011) position at higher tem-
peratures, a moment was also introduced on the Cu?* sublattice along
the (100) direction of the enlarged cell. Magnetic intensities 4 are then
evaluated according to the relationship

A = Cyolyymyg/sin 0 sin 26

Iy = (1~ (@) (Fryng™Ne(@) + FunePucdna@/c@) +
Fyofa@) 3)

where q and g are unit vectors in the directions of scattering vector and
magnetic moment, respectively, the brackets indicating an average over
all equivalent reflections. C is a scale factor evaluated from the weak
(002) and {202) nuclear peaks by using the positional parameters ob-
tained from Rietveld refinements of the high-resolution neutron data to
evaluate the calculated nuclear structure factors, my,, is the multiplicity
of the (hk/) reflection, and vy, = 0.54 X 10712 ¢cm. Fy values are magnetic
structure factors for the two sublattices, Fyy = 3_;met", summed over
all magnetic atoms, m; values are the magnetic interaction terms, and f(q)
values are the form factors. The form factor for Cu was obtained by
interpolation from the measurements of Freltoft et al.? on LayCuO,. The
free ion 4f* Nd** form factor was calculated in the dipole a;fproximation
from the relativistic calculations of Freeman and Desclaux.? The model
moments for an 4-centered structure with Nd and Cu spins parallel to
a = (100) were then refined.? The results of the refinements at 1.5 K

(24) Freltoft, T.; Shirane, G.; Mitsuda, S.; Remeika, J. P.; Cooper, A. S.
Phys. Rev. B 1988, 37, 137.

(25) Freeman, A. J.; Desclaux, J. P. J. Magn. Magn. Mater. 1979, 12, 4.

(26) The refinement was performed by using the nonlinear least-squares
NAG routine EO4GEF, while estimated standard deviations were cal-
culated from the diagonal elements of the variance—covariance matrix
by using the NAG routine EO4YCF. Note that the estimated standard
deviations reflect the statistical precision rather than the absolute ac-
curacy of the measurements, which are limited by the nuclear scale
factors.
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Figure 3. Magnetic structure of Nd,_,Ce,CuO,, at 1.5 K.
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Figure 4. Temperature evolution of the Nd and Cu staggered moments
for Nd,mCeo.o,CuOH.

are given in Table [V. An extra reflection, (104), was included in the
x = 0.07 refinement to test the validity of the model; it was obtained by
subtraction of the 250 K data (unambiguously higher than 7y) from the
1.5 K data set. These results clearly show the 1.5 K magnetic structure
is well defined by the model presented in Figure 3. However, the fit to
the Nd,gsCeq,sCuO, data is significantly poorer and may indicate that
the model is no longer valid, though all attempts to introduce additional
components of the Nd spin or use of out-of-phase structure were un-
successful. In this superconducting phase, the moment at the copper site
is zero.

The magnetic space group is F,mm/m’, i.e. the spins lie perpendicular
to the unprimed a,, mirror phase (defined in the 2'/%a X 2!/2a X ¢ cell).
High-resolution powder neutron diffraction reveals the T/ phases remain
tetragonal®®!? to 1.5 K; the magnetic structure deduced here has or-
thorhombic symmetry, and as has been pointed out,”?’? noncollinear spin
structures with tetragonal configurational symmetry (coherent superpo-
sitions of the Fomm’m’structure with spins rotated through 90° to give
magnetic space group P4,/nc'm'?") are indistinguishable from the present
arrangement without a one-domain single crystal (cf. ref 29).

Refinements of data sets collected in small temperature steps up to
6 K on the x = 0 and 0.03 systems show the staggered moment at the
Nd site decreasing with temperature, while the Cu moment remains
constant. This implies long-range order of the Cu spins above 6 K
(Figure 4). Furthermore, careful examination of the (011) region of the
pattern does not reveal any magnetic intensity above 170 K, but the scans
were insufficiently long to extract a reliable 7y. On the other hand, long

(27) Cox, D. E.; Goldman, A. 1.; Subramanian, M. A.; Gopalakrishnan, J.;
Sleight, A. W. Phys. Rev. B 1989, 40, 6998.

(28) Yamada, K.; Kakurai, K.; Endoh, Y. Physica C 1990, 165, 131.

(29) Skanthakumar, S.; Zhang, H.; Clinton, T. W.; Li, W.-H.; Lynn, J. W.;
Fisk, Z.; Cheong, S.-W. Physica C 1989, 160, 124,
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Figure 5. Temperature evolution of the Cu and Nd staggered moments
for Nd,_,;CeomCuOH.

counting times were employed to study Nd, ¢3Ceq07CuQ, at 50, 100,
and 200 K; the variation of the Cu staggered moment is shown in Figure
S, and the Néel temperature lies between 100 and 200 K.

Discussion

Crystal Chemistry. The crystal chemistry of the “electron-
doped” Nd,_,Ce,CuO,_; series presents a marked contrast to that
of the “hole-doped” La, ,Sr,CuO,_; materials. The most striking
difference, the adoption of different crystal structure types, may
be rationalized by the smaller Nd** ion preferring the eight-co-
ordinate cubic site in the fluorite type Nd,0,?* layers in the T’
structure to the nine-coordinate site in the rock-salt La,0,** layers
in the K,NiF, structure. Second, the T’ materials do not undergo
the orthorhombic distortion characterized by the octahedral tilting
motion found in La, Sr,CuO,;. In the same way the tilting of
the CuQg groups in the hole-doped system may be rationalized
in terms of the perovskite tolerance factor,'® the crystal chemistry
of the T’ phase may be discussed in terms of a tolerance factor
defined by matching the Cu~O(1) to the Ln-O(1) bond length,
which by simple geometry gives an expression analogous to that
defined for perovskites, tr = ri,_ox1)/2"/*rcy-0)- For example,
tr = 0.96 for Nd,CuO, at 5 K. This perfect bond length matching
explains the absence of low-temperature tilting transitions in the
T’-phase materials. Table III clearly shows the interdependence
of the two crucial bond lengths. The absence of the axial oxygen
may also be critical. The key role of the tolerance factor in the
crystal chemistry of these phases is shown by a comparison be-
tween the copper—oxygen bond lengths in Nd,CuO, and Pr,CuO,;
the smaller Nd** cation (1.249 ‘f vs 1.266 A) requires, for the
same tolerance factor, a shorter Cu-O distance (1.9685 A vs
1.9775 A). Ce doping produces a competition between the smaller
ionic radius of Ce!V and the increased bond length required by
an increase in the number of o* electrons as reduction to Cu(I)
occurs. The decrease in the (¢/a) ratio as the doping increases
is also apparent from Table III and shows Ce is present as Ce'¥
rather than Ce™! (Ce!!! is larger and Ce'V smaller than Nd**).’!
This is also reflected in the reduced unit cell volumes, also shown
in Table III.

In comparison with the equatorial copper—oxygen bond lengths
of ~1.9 A or less in the K,NiF, phases, the equatorial bond
lengths in the T’ phases are much longer, an aspect of the crystal
chemistry of the two classes of material that may be important
in determining how they can be doped.3! The long equatorial bond
lengths put the planes under tension, which allows further
lengthening by electron doping. By contrast, the K,NiF, phases
feature short Cu—O bonds, which put the layers under compression
and allow further hole doping to compress the {CuQ,}% layers.
The tolerance factors for the two structures therefore control the

(30) Singh, K. K.; Ganguly, P.; Rao, C. N. R. J. Solid State Chem. 1984,
52, 254,
(31) Goodenough, J. B. Supercond. Sci. Technol. 1990, 3, 26.
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range of oxidation states that they are compatible with; i.e., the
T’ structure will favor lower copper oxidation states. This may
be extended to explain why successful hole and electron doping
of a single parent material, leading to superconductivity, has yet
to be achieved.

Magnetic Structures. We first discuss the magnetic structure
of Nd,CuO,. Considering initially the Cu?* sublattice, the
magnetic structure corresponds to the propagation vector k = (!/,,
1/,, 0) being parallel to the spin direction p = ('/,, !/5, 0), as is
the case in La,NiO,,3? which has the K,NiF, structure. This is
in contrast to La,CuO,,>* which has k = (!/,, =!/,, 0) perpen-
dicular to u = (!/,, /5, 0); i.e., the translation = = (1/,, !/, 1/2)
corresponds to a reversal in spin direction (phase factor ¢2**7 =
~1) in Nd,CuO, but not in La,CuO, (e**** = 1). After our
preliminary communication’ of the magnetic structure at 1.5 K,
Yamada and co-workers** have undertaken extensive neutron
diffraction experiments on Nd,CuOj single crystals. Their work
confirmed the correctness of our proposed model for the magnetic
structure. Furthermore, it revealed the presence of two spin
reorientation transitions between room temperature and 1.5 K.
Thus, the Néel temperature for Cu order is found to be ~300
K, in agreement with pSR measurements;*® the magnetic
structure is identical with the one of La,NiQ,. At T! = 120 K,
the propagation vector changes from (!/5, /5, 0) to (/2 = /2, 0);
i.e., a La;CuO,-type spin structure is adopted. This is then
followed by the second transition at T!! = 75 K back to the
La,NiO,-type structure.

The moment of 0.507 ug observed at the Cu site for Nd,CuO,
is markedly reduced from the value of 1.14 up, predicted from
S=1/,and g = 2.28. A reduction of AS ~ 0.18 may be obtained
by invoking zero-point spin fluctuations for a 2D insulator, as the
Neéel state is not the true ground state of the Heisenberg Ham-
iltonian.”” This results in an expected value for the magnetic
moment of 0.73 ug. The further reduction of ~30% must be due
then to covalency. The moment is slightly larger than that ob-
served in La,CuQ,,'8 reflecting the decreased transfer integral
resulting from the longer Cu—O bond lengths in the T’ structure.

The magnetic moment observed at the Nd** site is considerably
smaller than the free-ion value of 3.27 ug for ‘I, Nd**. This
is presumably due to the influence of the cubic crystal field as
the observed moment of 1.136 ug is consistent with a Kramers
doublet ground state (I'¢). The exact nature of the wavefunction
at the Nd** site has been probed by inelastic neutron scattering
measurements*® of the crystal field transitions in Nd,CuQ,, and
it was found that a small splitting (0.35 meV for the ground-state
doublet®®) of the five crystal field doublets exists at 1.5 K, ori-
ginating from a magnetic field parallel to (!/, !/, 0). Specific
heat measurements* on Nd,CuO, indicate that Ty = 2 K on the
Nd sublattice, yet Figure 4 shows that ordered Nd** moments
are observed at up to twice this temperature. To explain this, we
have to invoke a superexchange Jyny-c, interaction; thus the Cu
moments order at a much higher temperature than the Nd mo-
ments, since Jo,cu > Jna-Ng; then they induce a polarized nonzero
time-averaged moment along the Cu spin direction at the Nd**
site, with paramagnetic fluctuating y and z components for T >

(32) Aeppli, G.; Buttrey, D. J. Phys. Rev. Lett. 1988, 61, 203.

(33) Vaknin, D.; Sinha, S. K.; Moncton, D. E.; Johnston, D. C.; Newsam,
J.; Safinya, C. R.; King, H. Phys. Rev. Lett. 1987, 58, 2802.

(34) Matsuda, M.; Yamada, K.; Kakurai, K.; Kadowski, H.; Thurston, T.
R.; Endoh, Y.; Hidaka, Y; Birgeneau, R. G.; Gehring, P. M.; Moudden,
A. H.; Shirane, G. Phys. Rev. B, in press.

(35) Endoh, Y.; Matsuda, M.; Yamada, K.; Kakurai, K.; Hidaka, Y.; Shi-
rane, G.; Birgeneau, R. J. Phys. Rev. B 1989, 40, 7023.

(36) Luke, G. M.; Sternlieb, B. J.; Uemura, Y. J; Brewer, J. H.; Kadono,
R.; Kiefl, R. F.; Kreitzman, S. R.; Riseman, T. M.; Gopalakrishnan,
J.; Sleight, A. W.; Subramanian, M. A; Uchida, S.; Takagi, H.; Tokura,
Y. Nature 1989, 338, 49.

(37) de Jongh, L. J. Solid State Commun. 1988, 65, 963.

(38) Boothroyd, A. T.; Doyle, S. M.; Paul, D. M¢K.; Misra, D. S.; Osborn,
R. Physica C 1990, 165, 17.

(39) Staub, U.; Allenspach, P.; Furrer, A.; Ott, H. R.; Cheong, S.-W.; Fisk,
Z. Solid State Commun., in press.

(40) Markert, J. T.; Early, E. A.; Bjornholm, T.; Ghamaty, S.; Lee, B. W.;
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1989, 158, 178.
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Figure 6. Exchange constants in Nd,CuO,.

2 K, which become zero and static for T < 2 K. This gives rise
to the observed contribution to the magnetic Bragg scattering in
Nd,CuO, and Nd, ¢3Ce;;CuO, at temperatures T > T >
TyNd. The Néel temperature of 2 K and the existence of the
nonzero time-averaged component for 7 > Ty may be contrasted
with the behavior?! of eight-coordinate cubic Nd** in NdBa,-
Cu;04 35, where Ty = 0.551 K. Here, there is no moment above
Tx and the spin direction is along the c axis. The observation
that the spin direction is in the ab plane in Nd,CuO, shows the
importance of the coupling between the Nd** and Cu?* sublattices,
as initially indicated by the success of the representation analysis
in determining the magnetic structure. Furthermore, the su-
perexchange interaction Jng-c, is greater than Jyg-ng and Ing-cy
is of the order of 10 K, as it is in this temperature range that we
observe participation of the Nd>* ions in the long-range order.
The transition reported?>*? at even lower temperatures (<1 K)
may be due to a Nd spin reorientation, as the superexchange
interaction Jy4.ng becomes comparable to kgT. By analogy with
this higher temperature ordering of the Nd** moments by those
of the Cu?*, one may speculate that, below the Néel temperature
of the Nd** moments in superconducting Nd, 3sCegsCuO,,
polarization of the Cu sublattice may produce unusual critical
field behavior.

An Isotropic Exchange Model. In general, observation of
magnetic order in crystalline materials derives from the fact that
the magnetic energy, consisting of an exchange, an anisotropy,
and a dipolar term, is minimized for a particular ordered ar-
rangement of magnetic moments below some transition temper-
ature. We examine here in detail the Heisenberg isotropic ex-
change part of the Hamiltonian appropriate for the magnetic
structure of Nd,CuQ,, which governs high-temperature ordering,
in order to establish the conditions to be satisfied by the exchange
constants at the experimentally observed wavevector. In Table
V (supplementary material) and Figure 6, we define all the ex-
change constants and lattice translations that characterize the full
network of exchange pathways between copper and neodymium
atoms.

We first consider the Cu sublattice in Nd,CuQO, with exchange
constants J,, J,, and J, (Figure 6, |/,| > |/5| » |[/3]). Applying

(41) Fischer, P.; Schmid, B.; Bruesch, P.; Stucki, F.; Unternahrer, P. Z. Phys.
B 1989, 74, 183.

(42) Skanthakumar, S.; Zhang, H.; Clinton, T. W.; Li, W.-H.; Lynn, J. W,
Fisk, Z.; Cheong, S.-W. J. Appl. Phys. 1990, 67, 4530.

(43) Birgeneau, R. J.; Shirane, G. Physical Properties of High Temperature
Superconductors; Ginsberg, D. M., Ed.; World Scientific Publishing:
London, 1989.



Nd,_,Ce,Cu0,,;

Bertaut’s microscopic theory,2 we obtain the following expression
for the exchange energy of the copper Bravais sublattice:

Ecycu = 2Jy(cos 27k, + cos 27k,) +
4J, cos 2wk, cos 2wk, + 8J; cos wk, cos wk, cos Tk, (4)

Here k,, k,, and k, are the components of the magnetic propa-
gation vector. Both propagation vectors k = (!/,, 1/,, 0)
(Nd,CuO,-type) and k = (/5 =!/,, 0) (La,CuO,-type) satisfy
the energy minimization conditions. The stability condition that
the derivatives 62E/dkdk; must be positive definite?? leads to the
following conditions on the exchange constants for the two
propagation vectors:

k= (1/29 l/2’ 0)
k= (1/29 _1/2’ 0)

From (4) the exchange energies for the two wavevectors are
identical, Ecyc, = —4S%(J, - J;). Since Ec,, <0, we require
J, > J,. Simple considerations from Figure 6, however, indicate
that J, < J,, and hence, J, is negative (antiferromagnetic) and
J, is positive. The stability conditions in (5) show that the dif-
ference between the two propagation vectors lies in the sign of
the interlayer exchange constant J, (ferromagnetic for the
La,CuO,-type and antiferromagnetic for the Nd,CuO,type
structures). An upper limit for the Néel temperature may be
obtained by Ty < Twr = J, — J; by using a mean field treatment;
this is, however, a large overestimate corresponding to the onset
of long-range 2D correlations within the layers, the 3D order being
established by the weak interlayer exchange.

The Nd-Nd interaction, on the other hand, involves two Bravais
sublattices (00z, 002Z) and becomes of importance at low tem-
peratures; in the case of the superconducting compound Nd, gs-
Ceq1sCuQ,, it is actually the only exchange interaction present.
In this case the intra- and inter-Bravais exchange interactions are
given by

L)J <2
YIRS

J,<0
;>0 (5)

Jiy = Jay = 2J,(cos 27k, + cos 27k,)

Jig= T4y =
4Js exp[27i(}s — 22)k,] cos (k. + k) cos w(k, - k,) (6)

with exchange constants J, and Js (Figure 6). The stability
conditions then result in the following restrictions on the exchange
constants:

J.>0  J <0 %)

The exchange energy from eq 6 for the observed k = (!/,, 1/5,
0) is given by Engng = 45%(J, + Js). Using a mean field approach
(more appropriate in this case where the Nd>* ions form a bilayer
than the case of the strictly two-dimensional sheets of Cu?* ions),
we obtain T\ ~ 2K < Ty = Js + J, ~ |Js|, since |J5| > |JJ].

Finally, we can discuss the coupling between the Nd** and the
Cu?* sublattices by introducing the exchange constants Jg and
J, (Figure 6). Then the exchange interaction between the Nd**
and Cu?* sublattices is given by

J“ = 2‘,6 COos 21rk,z +
4J, exp[27i(z - )] [cos w(k, + k,) + cos w(k, — k,)] (B)

In keeping with the symmetry analysis of the earlier section, the
out-of-phase combination of the Nd** spins does not interact with
the Cu?* sublattice and its energy is equal to that calculated for
the Nd spins alone, even including the Nd—Cu coupling. On the
other hand, the in-phase combination of the Nd** spins and the
Cu?* spins interact strongly and their energies can be obtained
by a simple diagonalization of the interaction matrix as

Ey = (Jy + Jia + Jyg) £ Yl8J157 + (Jyy + Jyp - 13)7] 2
®)
The corresponding eigenfunctions are
¥, =cos 8 |+) +sin 8 |-)

V_=sin 8 |+) + cos B |-) (10)
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where ﬁ = 1/2 tan-l [(J“ + 112 - J33)/8|/2.,13] and I+> and I")
are the symmetric and antisymmetric combinations of the two
B,, modes. Substituting the values of Jy; ~ J;; ~ 2K, J;3 ~
10K, and J3; ~ 1000 K in eq 10, we obtain for the ground-state
wavefunction ¥, ~ 0.72|+) + 0.70}-), indicating strong mixing
of the two components. This is puzzling in view of the exclusive
observation of the symmetric combination of the B,, modes by
experiment.

It is interesting that the Nd3*—Cu?* coupling, expected to be
the strongest (J, at a separation of 3.32 A), does not contribute
to the exchange interaction between the sublattices for the observed
wavevector k = ('/,, !/, 0). Equation 8 shows that the interactions
with alternately directed Cu spins cancel, and it is the direct
Nd**—Cu?* interaction along the ¢ axis (Jg at a separation of 4.26
A) that provides the coupling. The observed ferromagnetic
coupling may be rationalized as hopping of the Cu?* spin to a
vacant f orbital on the Nd3* ion, where the interaction with the
three neodymium spins gives a ferromagnetic interaction of order
J ~ 2nacuKng/ Utngs With Knq the intraatomic exchange energy
of Nd**

Finally, we have shown that the two magnetic structures,
corresponding to the magnetic propagation vectors (!/,, 1/, 0)
and (!/,, -/, 0), have identical isotropic exchange energies as
well as identical coupling to the Nd** sublattice; this demonstrates
that the two phase transitions** observed in Nd,CuO, are not
driven by isotropic exchange. The dipolar energy is different in
the two spin structures, but whether this can drive transitions in
the region of 100 K is debatable.

Magnetic and Transport Properties of Nd,_,Ce, Cu0, ;. We
now discuss the influence of electron doping on the magnetism
and the conclusions that can be drawn about the metal—insulator
transition; we particularly refer to the contrast in the transport
properties of the electron- and hole-doped materials, i.e. the higher
doping level required to achieve superconductivity in the T’ phases
and the much narrower range over which it persists (0.14 < x <
0.17). The refined saturation staggered moments on the Nd and
Cu sublattices decrease with increasing Ce dopant concentration,
as shown in Figure 7, with no moment on the Cu sublattice at
the superconducting composition. Clearly the decrease in moment
with carrier.concentration is much less marked in the electron-
doped materials when compared with the precipitous decrease in
Cu staggered moment in the hole-doped materials.!™!#4! Also,
our Cu sublattice magnetization measurements for Nd, g;-
Ceg,07Cu0; o6 show that the Néel temperature for Cu magnetic
order lies between 100 and 200 K, while uSR34 data show that
the x = 0.10 compound has 7\°"™* = 240 K with spin freezing
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Table VI. Effective Delocalization of Electron Carriers over Cu Sites
in Nd,_,Ce,CuO,,

Ce reduction in size of carrier
concn/% moment/% (no. of Cu sites)
3 1 3-4
5 15 k!
7 1 4-5
15 100 7/band

in the entire sample at 150 K; both experiments indicate that Ty
too falls much less rapidly than in the hole-doped case.

The rapid decrease in Ty, ordered moment, and antiferro-
magnetic correlation length in the CuQ, layers has been attrib-
uted*3# to frustration of the antiferromagnetic Cu-Cu superex-
change by 2po holds in oxygen, producing very strong ferro-
magnetic near-neighbor Cu—Cu coupling, which rapidly reduces
Tw. Similar frustration can be induced if next-nearest-neighbor
hops are considered by the presence of Cu(III) d® states with a
vacant d,22 level.”#1® By virtue of the double-exchange interaction
mobile Cu(III) holes will also favor ferromagnetic Cu—Cu bonds.
The radically different behavior of the moment and Néel tem-
perature on electron doping (Figure 7) suggests a different physical
mechanism, namely that the localized nonmagnetic Cu! states
introduced on electron doping before the metal—insulator transition
will only affect the onset of magnetic order at the percolation
threshold. The metal-insulator transition seems to occur at a value
of Ce! doping level very close to the onset of superconductivity,
implying that the loss of antiferromagnetic order must be asso-
ciated with the delocalization of the carriers. The kinetic energy
of the electron carriers is minimized by allowing band motion from
site to site in the Cu(II) background, which causes a loss of
exchange energy as a “wrong” spin is left behind by the carrier
motion. The metal-insulator transition will then occur when the
carrier kinetic energy, W, and background exchange energy are
equal, W, = 8t,[x(1 — x)/2] = 4J44. Hence, for Jgy ~ 0.1 V4
and x, ~ 0.14, the transfer integral may be estimated as ty ~
0.8 eV. This is physically reasonable as it is of the same order
of magnitude as the transfer integral calculated for La,CuQO, (0.5
eV),% and the Cu(I) states that are the electron carriers will have
a larger radius. Thus, carrier delocalization can occur for a
physically reasonable value of the bandwidth at an appropriate
carrier concentration. The reduction of the Cu moment at lower
values of x, before the delocalization occurs, may be used to place
an upper bound on the radius of the localized states by estimating
the number of Cu sites over which the carrier is delocalized from
the percentage reduction in moment (Table VI).

The result from Table VI may be interpreted as an almost
constant reduction at low Ce concentration due to dilution without
significant enhancement of delocalization by intercarrier overlap.
However, the latter is enhanced at higher carrier concentrations
possibly also reinforced by spin polaron formation. Approximately
20-25% of carriers are needed to suppress fluctuating local mo-
ments at the Cu sites within the dilution formalism. Hence, in
the concentration rage 14-17%, local moments will still be present
and slowly fluctuating to produce a local correlation splitting that
allows “correlation bags” to form over a length scale £,¢. This
may be larger than £g¢ and allow resonating valence bond or
spin-bag*’ pairing mechanisms to operate.

In our previous discussion, we have assumed phase purity for
all the compounds in the Nd,_,Ce,CuQ,_; series. However, there
is a lot of evidence for multiphase behavior in these systems. The
introduction of O vacancies*® by Ar annealing at 400-700 °C
seems to produce two phases in the electron diffraction patterns
of Nd,CuO,_F,, Nd,_.Ce,CuO,,;, and Nd,CuO,,,, one of the

(44) Birgeneau, R. J.; Kastner, M. A.; Aharony, A. Z. Phys. B 1987, 68, 427.
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(48) Chen, C. H.; Werder, D. J.; James, A. C. W. P.; Murphy, D. W;
Zahurak, S. M.; Fleming, R. M.; Batlogg, B.; Schneemeyer, L. F.
Physica C 1989, 160, 375.
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phases displaying a q = (/4 !/4, 0) superlattice modulation of
the undistorted T’ structure adopted by the other phase. This
behavior was used to explain why superconducting samples were
semiconducting in the normal state in contrast to the metallic
behavior of non-phase-separated superconducting single crys-
tals>!”#° of the same composition. Furthermore, Jorgensen and
co-workers!®!! have elegantly shown from high-resolution powder
neutron diffraction that phase separation is widely present in
Nd,_,Ce,CuO,_; the two phases identified are an x = 0.165 phase,
whose fraction is sharply increased in the superconducting region,
and a second phase, whose ¢/a ratio decreases with increasing
x. This was used to explain the higher dopant levels required to
achieve superconductivity in the T’ phases and the much narrower
range over which it persists (0.14 < x < 0.17). Such arguments
could also explain our observed decrease in the Cu staggered
magnetic moment upon electron doping if we take it as a weighted
average of the Cu magnetic moments in the two components. The
solid-solution component could presumably also produce the re-
duction in the Ty observed both in the uSR experiments and in
our neutron measurements of Nd; 93Ceq¢7CuO,.

However, we found!? no evidence for such behavior in our x
= (.07 sample using very high-resolution powder neutron dif-
fraction measurements, a result that restricts the composition range
for which phase separation is encountered but does not rule out
its occurrence at higher dopant levels. What is of utmost im-
portance is the physical origin of the phase separation. It may
be due to nonequilibrium conditions in the sample preparation,
as suggested in refs 10, 11, and 20. However, it may also be
related to the metal-insulator transition, which occurs very close
to the onset of superconductivity as x increases. Indeed phase
separation is well-known to occur close to metal-insulator tran-
sitions. Also the Cu antiferromagnetic order is destroyed before
the carriers are delocalized, suggesting that the appearance of
phase separation may coincide with both the destruction of the
AF order and the occurrence of the metal—insulator transition.
uSR measurements®®*° (the only technique as yet not to show
evidence of phase separation) on x ~ 0.15 samples before
(nonsuperconducting) and after (superconducting) Ar annealing
show that magnetic order on the Cu sublattice is present in the
nonsuperconducting but removed in the superconducting samples.

Conclusions

The structural variation of the T’ phase with dopant concen-
tration and temperature can be explained in terms of the matching
of bond lengths in the copper and rare-earth coordination envi-
ronments producing a tolerance factor close to 1 with no conse-
quent requirement for structural distortion on cooling. Cerium
is introduced in the +IV valence state, as shown by the increased
Cu-O bond lengths and reduced c/a ratios and cell volumes.
Antiferromagnetic order is the common feature of all the parent
materials of the high-T, compounds, in contrast to the variation
of subtle structural features such as the buckling of the CuO,
layers in orthorhombic as opposed to tetragonal symmetry.
However, the dependence of the magnetic order on doping shows
important differences between the electron- and hole-doped series.
Magnetic neutron diffraction has revealed that antiferromagnetic
order on the Cu sublattice is much more robust to electron doping
in the T’ system than to hole doping in the K,NiF-type phases.
This is qualitatively explained in terms of the contrast between
dilution due to nonmagnetic Cu(I) states and frustration due to
holes on either the oxygen or copper sublattices. The change in
the ordered moment on doping is used to estimate the average
radius of a carrier which compares with that in the hole-doped
O phases derived from an analysis of the localization lengths.!”
Analysis of the competition between electron kinetic energy and
antiferromagnetism produces an estimate of ¢ = 0.8 eV for motion
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of the electron in the upper Hubbard subband. Symmetry analysis
of the magnetic structure reveals the possible importance of
coupling between the Nd and Cu sublattices, which is reflected
in the spin direction of Nd**, the high Néel temperature (2 K),
and a polarization-induced moment above Ty. A simple isotropic
exchange model for the magnetic structure at high temperatures
with explicit consideration of the coupling between the neodymium
and copper sublattices constrains the relative values of the various
exchange constants and further amplifies the importance of the
interaction between the Nd and Cu sites along the ¢ axis in
coupling the two sublattices at the experimentally observed wa-
vevector. This simple model also demonstrates that isotropic
exchange interactions are not responsible for the observed spin
reorientation transitions at high temperatures.
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The binding of mixed-ligand complexes of the type Ru(bpy),L** (bpy = 2,2’-bipyridine and L = aromatic diimine) to calf thymus
DNA has been investigated by absorption, emission, and circular dichroism spectroscopy and equilibrium dialysis binding studies.
Resolved spectral features of the ligand L simplify interpretation of the spectra regarding intercalation. When L is 4/,7-
phenanthrolino-5,6’:2,3-pyrazine (ppz), evidence of intercalative binding is provided by hypochromicity in the visible MLCT band
associated with the ppz ligand as well as greatly increased emission. CD spectra of dialyzates indicate enantioselectivity associated
with binding. Binding constants are comparable to those measured for Ru(phen),2* under similar conditions. For the structurally
related ligand 2,3-di-2-pyridylpyrazine (dpp), which is incapable of assuming a completely planar conformation, no evidence of
intercalative binding is observed. Overall binding constants for the dpp complex are too low to measure. When a metal site (—PtX,)
is incorporated into the complexed ppz, intercalative binding is still evident with no significant change in binding constant, but
an increase in the site size (/ parameter of the McGhee and von Hippel equation) was required to fit the data. We interpret this
as due to increased disruption of the double-stranded DNA structure upon intercalation of the ppz ligand with the coordinated
platinum. For a series of complexes when L is quaterpyridyl (qpy), or its mono- or dimethyl quaternary form, all complexes show
evidence of binding strongly to DNA. The binding constants show the following ordering: Me,qpy?* > qpy ~ Meqpy*. Circular
dichrosim spectra of DNA dialyzates indicate that only the Me,qpy?* complex binds enantioselectively. Hypochromicity is observed
for the visible MLCT bands of only the qpy complex, and a hyperchromic effect, accompanied by a red shift, is observed for the
Me,qpy?* complex. This complex is also the only member of the series to show increased fluorescence (also accompanied by a
red shift) in the presence of DNA. All of the data suggest a distinctly unique mode of binding for the Me,qpy** complex, possibly
induced by electrostatic interaction of the charged quaternary methyl groups with a pair of DNA phosphates on either chain of

the double-stranded structure.
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