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Neutron-diffraction study of the antiferromagnetic form factor of La2NiO4
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Neutron-diffraction techniques have been used to study the antiferromagnetic form factor of a
La2Ni04 single crystal at 15 K. The antiferromagnetic form factor was obtained by measuring the in-

tegrated intensities of 16 magnetic reflections. A plateau is clearly seen at low Q(up to 3 A ) in the ex-

perimentally determined form factor, similar to those observed for La2Cu04 and Sr2Cu02C12. The mag-
netization density deduced from the experimental data exhibits strong ansiotropy in the Ni-0 plane.
The experimental data are compared with covalency models and a recent spin-polarized band calcula-
tion.

I. INTRODUCTION

Over the past few years, the magnetic properties of
high-T, superconductors have been the central focus of
many experimental investigations. Among these exten-
sively studied compounds, La2Cu04, which has a K2NiF4
crystal structure, has received special attention. Neutron
inelastic-scattering experiments have established that the
spin dynamics in this compound is similar to that of a
two-dimensional (2D) spin- —, Heisenberg antiferromagnet.
Considerably less is known about the electronic structure
of the antiferromagnetic ground state. Of particular in-
terest in this respect is information about the magnetiza-
tion density of the ordered state, which can be obtained
through a Fourier transform of the magnetic form factor
measured by neutron scattering. An early neutron-
diffraction experiment by Freltoft et al. shows that the
antiferromagnetic form factor of La2Cu04 exhibits a pla-
teau in the low-Q region (where Q is the neutron-
scattering vector), and as a result, it cannot be fitted satis-
factorily to a Cu + ionic form factor. Similar results
were reported for Sr2Cu02C12, a compound in which the
out-of-plane oxygen atoms are replaced by Cl atoms.
This similarity suggests that the main characteristics of
the antiferromagnetic form factors of these compounds
are related to the Cu-0 planes, a common feature of their
structures. In both cases the antiferromagnetic mo-
ments on the Cu + ions were found to be between
0.4pz and 0.6pz. Since the magnetic structure factor is
proportional to the square of the magnetic moment, this
relatively small moment per Cu atom limits the precision
attainable in studies of the cuprates. A much more favor-
able situation exists for the Ni compounds, where a

theoretical maximum of 2@~ per Ni atom is expected.
We are motivated, therefore, to undertake a systematic
neutron-diffraction study of the antiferromagnetic form
factor of La2Ni04, a compound which in many aspects
closely resembles La2Cu04. A brief report of this work
has been published elsewhere. In the present paper, we
present a detailed account of these experiments.

II. EXPERIMENTAL DETAILS

La2Ni04 exhibits a structural distortion at-650 K
from the high-temperature tetragonal (HTT) phase, with
space group 14lmmm, to the low-temperature ortho-
rhombic (LTO) phase, with space group Bmab. Another
transition ' to a lower-symmetry low-temperature tetrag-
onal (LTT) phase, with space group P42/ncm, takes place
at-70 K. The crystal structure parameters at 10 K have
been refined and are given in Ref. 7.

Stoichiometric La2Ni04 orders antiferromagnetically
with T&-650 K. The magnetic structure in the LTO
phase has been well established by both unpolarized and
polarized neutron experiments: The spins and magnetic
propagation wave vector are parallel to the [100]direc-
tion.

Our measurements were conducted at 15 K, i.e., with
the compound in the LTT phase. Based on the previous-
ly reported observation that there is no change in the in-
tensity of the (011)magnetic reflection through the tran-
sition temperature (-70 K), it was argued ' that the
magnetic structure remains unchanged at the LTO-LTT
transition. To verify this, we measured the temperature
dependence of the (011)and (033) magnetic reflections
and found no evidence of any change in their intensities
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around 70 K. It should be pointed out, however, that
these results do not rule out ' ' the possibility of a more
complicated double-k magnetic structure. However our
analysis of the magnetization density does not depend on
whether we have a single- or multiple-k structure. In the
former case, we measure the total magnetization density;
in the latter, we measure a particular component only.
Assuming a single-k magnetic structure, there will be two
equally populated magnetic domains with spins parallel
to [10 0] and [0 1 0], respectively, because of the tetrago-
nal symmetry in the LTT phase. Under the same as-
sumption, it is easy to show that only magnetic
reflections (hkl) with h +k =odd are allowed. Reliable
measurements of the magnetic intensities can be obtained
for the (O,odd, odd) and (odd, even, O} type of reflections,
since the nuclear structure factors of these reflections are
zero in the LTT crystal structure.

The neutron-diffraction experiments were performed at
the Intense Pulsed Neutron Source of Argonne National
Laboratory using a time-of-flight single-crystal
diffractometer (SCD} equipped with a large-area (30X30
cm ) position-sensitive detector. Detailed measurements
of the antiferromagnetic intensities were performed on a
small crystal (of approximate dimensions 1.5X 1.5X4.0
mm ) extracted from a larger specimen previously studied
in Ref. 7. The crystal was mounted on the cold block of a
closed-cycle He refrigerator installed on the sample table
of the diffractometer, and it was kept at 15 K.

The time-of-flight spectrometer used in the experiment
has three distinct advantages over diffractometers at
steady-state reactors. First, because of the white incident
beam used here, many diffraction peaks within a large
volume of reciprocal space can be measured simultane-

ously with the crystal held at a fixed orientation. To
demonstrate this, we show in Fig. 1 the diffraction pat-
tern of (0 k I) reflections measured at one crystal setting.
Second, by rotating the crystal, one can measure the same
diffraction peak over a wide range of neutron wave-
lengths. As will be discussed below, this capability is

very useful in assessing the possible contamination of the
data by multiple Bragg scattering, which is not negligible
in these experiments. Finally, there is no contamination
due to the high-order reflections.

The antiferromagnetic form factors of La2Ni04 were
derived from the integrated intensities of several magnet-
ic Bragg reflections. The measured integrated intensities,
corrected for sample absorption, the detector eSciency,
dead-time loss, and the incident neutron spectrum, are
proportional to the magnetic structure factor. To deter-
mine the scale factor, we fitted the corrected integrated
intensities of a selected number of nuclear reflections to
the nuclear structure factors evaluated using the struc-
ture parameters in Ref. 7. In Fig. 2 and Table I, the nor-
malized integrated intensities of these reflections are
compared to the calculated nuclear structure factors. In
this normalization procedure, only weak nuclear
reflections and reflections with moderate nuclear struc-
ture factors, but measured at relatively short wave-

lengths, were included. This procedure was adopted in

order to minimize the effect of the uncertainties in the ex-
tinction correction of the nuclear intensities.

Special attention was given to possible contamination
of the data from multiple Bragg scattering. This is im-

portant because the magnetic intensities in La2Ni04 are
weak compared to the nuclear ones and, as a result, can
be strongly influenced by multiple Brag g scattering.
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FIG. 1. Diffraction pattern of the LazNi04 (Ok I) plane as measured with the IPNS single-crystal diffractometer. Note that

(01 1), (03 1), (03 3), and (03 5) are purely magnetic reflections. The intensity is in arbitrary units. The strong nuclear reflections

have been truncated to promote the visibility of the weak magnetic reflections.
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FIG. 2. Normalized integrated intensity I,b, vs the calculated
structure factor ~F~ for a number of nuclear refiections used in
the normalization procedure (see text).

Multiple Bragg scattering occurs when more than one re-
ciprocal lattice point lies on the Ewald sphere and results
in an anomalous Bragg reflection intensity for a given
neutron wavelength and a particular crystal orientation.
In the experiment each reflection is repeatedly measured
over a large range of neutron wavelengths. The measure-
ments that may have been contaminated by multiple
Bragg scattering were identified by examining the wave-
length dependence of each magnetic reflection. We illus-
trate the procedure by reference to Fig. 3. Figure 3(a)
shows the intensity of the I3 1 1 J nuclear reflections as
measured at various wavelengths. It can be seen that six
of these measurements may have been contaminated by
multiple Bragg scattering, while the remaining eight mea-
surements are consistent among themselves and are in
agreement with the calculated value, which is represented
by the dashed line. Figure 3(b) illustrates the application
of this procedure to the measurements of the (0 1 9) mag-
netic reflection; measurements that may be contaminated
by multiple Bragg scattering were discarded and the aver-
age of the remaining consistent set of data [dashed line in
Fig. 3(b)] was taken as representing the magnetic struc-
ture factor for this reflection. This procedure was ap-
plied to each of the magnetic reflections, as well as the
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nuclear reflections used in the normalization process.
To estimate the extinction correction, we used the ex-

tinction parameter previously determined for this crystal
in Ref. 7. The extinction effects were found to introduce
only minor adjustments to the data: a maximum of 10%%uo

for the (0 1 1) reflection and much smaller effects for the
other reflections.

The quantity pf(Q), where p is the averaged ordered
moment per Ni atom and f(Q) the normalized magnetic
form factor, is proportional to the magnetic scattering
amplitude; for a colinear antiferromagnet, it is related to
the magnetic structure factor by the equation

F=p(q) g od exp(iQ rd)e (1)
d

FIG. 3. Wavelength dependence of the observed intensities
to demonstrate the multiple Bragg scattering effects. (a) I 3 11)
nuclear reflections. Open circles, (31—1); sohd circles, (311).
The dashed line is the calculated value. (b) (019) magnetic
reflection. Solid and open circles correspond to different scans.
The dashed line is the average of seven self-consistent data
points.

TABLE I. Normalized integrated intensities as compared to the calculated structure factors for the
nuclear reflections used in the normalization procedure (see text).

(004)
(3 17)
(1 17)
(422)
(20 10)
(052)'
(054)'

Number of
measurements

Neutron wavelengths
A, (A)

3.95—4.61
1.70—2.02
2.00—2.60
1.62-1.93
1.61-1.79
1.27-1.70
1 ~ 63-1.67

Normalized
integrated intensities

(b)

0.95+0.03
3.39+0.25
3.44+0.19
9.40+0.24
9.79+0.15

13.18+0.33
17.84+0.68

Calculated
structure factor

(b)

1.04
3.28
3.39
9.07
9.54

13.32
18.32

'These two reflections are also allowed by the magnetic structure. However, the intensities due to mag-
netic scattering are estimated less than 0.15 barn (see below), and, as a result, are insignificant consider-

ing the relatively large error bars of the observed structure factor.
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TABLE II. Neutron-diffraction results of La2Ni04, at 15 K, for 16 magnetic reflections.

(h k I)

(01 1)
(01 3)
(015)
(017)
(019)
(03 1)
(03 3)
(03 5)
(037)
(120)
(3 20)
(140)
(05 1)
(053)
(102)'
(142)'

sin 8/A,

(A )

0.0993
0.1505
0.2196
0.2943
0.3712
0.2755
0.2979
0.3381
0.3907
0.2032
0.3277
0.3747
0.4561
0.4699
0.1211
0.3831

Number of
measurements

7
5

10
11
7
7
7
6
3
8

3
10
7
3
4

13

Neutron wavelenghts
A, (A)

5.83-8.15
3.81—5.44
2.64-3.59
2.03—2.78
1 ~ 58-2.17
2. 11—2.97
1.94—2.73
1.69-2.32
1.70—2.00
2.95—3.99
1.97—2.50
1.55-2.16
1.29-1.73
1.63-1.75
5.01—6.47
1.57-2.06

Insensities
(b)

0.63+0.05
0.63+0.04
0.65+0.04
0.49+0.08
0.23+0.05
0.65+0.04
0.40+0.05
0.37+0.04
0.41+0.09
0.55+0.06
0.18+0.03
0.26+0.04
0.25+0.05
0. 16+0.05
0.28+0.05
0.34+0.08

0.500
0.500
0.500
0.500
0.500
0.500
0.500
0.500
0.500
0.400
0.154
0.471
0.500
0.500
0.219
0.472

I f(Q)
(LM& )

1.04+0.05
1.04+0.04
1.06+0.04
0.91+0.08
0.63+0.07
1.06+0.04
0.83+0.06
0.79+0.05
0.83+0.10
1.09+0.06
0.99+0.08
0.69+0.06
0.65+0.08
0.52+0.09
1.04+0.09
0.79+0.08

'These two reflections are obtained by subtracting the nuclear intensities from the total observed inten-

sities and possibly subject to larger errors.

In this expression the magnetic scattering amplitude
p= —,'youf(Q), with ye=0. 539X10 ' cm, e is the
Debye-Wailer factor, (q ) is the magnitude of the mag-
netic interaction vector averaged over all magnetic
domains, od=+1, depending on the direction of the
magnetic moment of atom d, and the sum in Eq. (1) is
over the magnetic atoms located at position rd in the
magnetic unit cell. The Debye-Wailer factor is not
significantly different from unity in the Q range covered
in the present experiment. The magnetic scattering am-
plitudes pf(Q) were calculated from Eq. (1) by assuming
the spin structure (with two equally populated magnetic
domains) described earlier in this section. The results of
these calculations are listed in Table II.

Series-termination errors were minimized by averaging
the difference density over a box of dimensions
0.5X0.5X1.0 A .

Figure 5 shows the difference magnetization density
map in the Ni-0 plane. Here all Ni atoms at the corner
positions have been defined to have positive density,
represented by solid contours. Consequently, because of
the antiferromagnetic ordering, the Ni atom at the face-
center position has negative density, represented by
dashed contours. Since this is a difference density map,
there is little density near the Ni atoms. The main
feature of this map is the appearance in the Ni-0 plane of
antiparallel densities around each Ni site. These densities
are spread along the Ni-0 bonds and disappear at the in-

III. MAGNETIC FORM FACTOR
AND MAGNETIZATION DENSITY

1.5 I I 1 1
CV A 0 A ~~ O+ +Qpj&

e4 ~ M~ CVM ~~M0 OOO AO O~O OO

The experimentally determined magnetic scattering
amplitudes pf(Q) for La2Ni04 are compared with those
of La2Cuo4 in Fig. 4 for various values of sin8/A, . For
this comparison the LazCu04 data were multiplied by a
factor of 4 to account for the difference in the magnitude
of the ordered moments of these compounds. It can be
seen (Fig. 4) that the magnetic form factors of these com-
pounds are quite similar and are characterized by a pla-
teau at low Q values. In addition, one cannot obtain a sa-
tisfactory fit to the data by using a simple ionic form fac-
tor. This can be seen by reference to Fig. 4, where the
solid line is a least-squares fit to the La2Ni04 data using
an ionic Ni + 3d form factor.

To obtain some insight regarding the origin of the pla-
teau in the measured form factor, we obtained the
difference magnetization density by taking the Fourier
transform of the observed density minus that obtained by
fitting the data to an isotropic Ni 3d form factor.

0.5-

0.0
0.0 0.1 0.4

O
O
IA

0.5

FIG. 4. La,Ni04 measured magnetic scattering amplitude vs

sin49/A, (sohd circles). For comparison, the experimental data
(Ref. 2) for LazCu04 (scaled by a factor of 4) are also plotted
(open circles). The solid curve is a fit using an ionic Ni + form
factor.



45 NEUTRON-DIFFRACTION STUDY OF THE. . . 5649

3/4

rr rp%
r

~ r \

r
r~a~
gr

A

r
% ~I

s aj
rr

1/4 A
r

r ~ ~

1/4

rrr
r~

I
s tI r

g

3/4

FIG. 5. Difference magnetization density in the Ni-0 plane

(see text). The atom symbols are circles, Ni; triangles, O. The
solid and dashed contours denote positive and negative densi-

ties, respectively. Each contour is 8X10 'p&/A. The Ni

atoms at the corner positions have been de6ned to have positive
densities.

plane oxygen sites, because the oxygen is midway be-
tween a positive and a negative Ni spin. Difference maps
in other planes reveal no additional density above the
significance level, which is about one contour
(SX10 ps/A ) in Fig. 5. As a result, the magnetiza-
tion density corresponding to the data is strongly aniso-
tropic and, in particular, is contracted along the Ni-0
bonds in the Ni-0 plane. These observations suggest that
the anomalous features of the magnetic form factor may
be attributed to covalency effects" ' in the Ni-0 plane.
Such effects were found' ' to be of significance in many
other transition-metal compounds, such as NiO and
K2CuF4.

IV. MODELING AND BAND CALCULATIONS

To assess the importance of covalency effects, we first
adopted a very simple model where we assumed that the
Ni + unpaired electrons occupy an isotropic orbital with a
radial dependence characteristic of the Ni + 3d electrons.
In the absence of any covalency effects, the magnetic
form factor would be simply the isotropic Ni + 3d ionic
form factor. The effects of covalency were introduced by
writing the electronic wave function as an antibonding
mixture of the Ni + 3d wave function with the 0 2p
(a=x,y, z) orbitals,

due to the d-p overlap and the other arising from the spin
density induced on the oxygen sites by covalency. The
d-p overlap density is negative and can account for the
plateau in the magnetic scattering amplitude at low g
values. The induced spin density on the out-of-plane oxy-
gen sites is positive and of 0 2p character and contributes
only to the innermost magnetic reflections, since it is
much more spatially extended than the Ni 3d density. It
should be noted, however, that for this antiferromagnetic
compound, the induced moments on the in-plane oxygen
atoms cancel out.

The model contains three parameters: the moment m

of a Ni ion in the absence of covalency effects and two
mixing parameters A ~l and A for the in- and out-of-
plane oxygen atoms, respectively. As can be seen from
Fig. 6, we obtained with this model an excellent fit to the
experimental data (y was reduced from 10.7 to 1.7).
Since A~I is much larger than A, this oversimplified
model suggests that covalency effects involving primarily
the in-plane rather than the out-of-plane oxygen atoms
can account for the experimental observations. Since the
induced moments on the in-plane oxygen atoms cancel
out, the ordered moment p is considerably reduced from
its value m attained in the absence of any covalency
effects. In the present case, the ordered moment is
1M= 1.03ps, a reduction of nearly 50% from its expected
value of 2pz. The model parameters are listed in Table
III.

In the above analysis, we neglected the effects of the
crystalline field on the Ni + ion, which is in a crystalline
field of tetragonal symmetry; its unpaired electrons are
distributed between d & 2 and d ~ & orbitals. As a re-

x y 32 1'

suit, the Ni + form factor is anisotropic, the anisotropy
depending on the relative population of the d 2 2 and

x —y

3 2 p orbitals. The fit to the data using this form factor

is, however, only marginally better than the one obtained
using the Ni + 3d form factor (y is reduced from 10.7 to
9.9).

To assess the effect of covalency in this case, we form
antibonding wave functions of the d 2 2 and l3 2 2 or-

x y 32 p

bitals combined with 0 2p (a=x,y, z) orbitals, noting

2

0.8

%(r) =N [d(r)+ A '~[p„(r—xoi) —p„(r+xoi) 0.4 ~ Expt. Data
Model

+p (r —y j)—p (r+y j)]
+ A [p, (r —zck) —p, (r+zck)]],

where X is a normalization constant, and A l~, 3 are the
mixing parameters for the in- and out-of-plane oxygen
atoms, respectively. In addition to the isotropic 3d distri-
bution, the spin density contains two other terms: one

0.0
0.0 0.1 0.2

sine'.
0.3 0.4

(A, ")

0.5

FIG. 6. Least-squares fit to the experimental data using a co-
valency model of a single antibonding orbital constructed from
a spherical Ni 3d mixed with 0 2p (a=x,y, x) orbitals.
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that for the d»» orbital only the in-plane oxygen atomsx —y
need to be included. The model contains five parameters:
the moments m»» and m»» and three mixing pa-

X —y 32 —1
rameters A»», A»», and A»». In fitting the ex-

perimental data, various constraints were imposed to lim-
it the number of parameters involved. In all cases the fit
to the experimental data improved over that obtained us-
ing a simple superposition of the d»» and d3»» or-

X —y 32 —T

bitals. For instance, by imposing the constraint
m»»+m»»=2. 2pz, g is reduced from 9.9 to 6.7.
The results for this particular model are given in Table
III and Fig. 7.

As a natural extension of the discussion, we used the
covalency model to analyze the antiferromagnetic form
factor data for La2Cu04. In an ionic model, the Cu +

ion has a d configuration with the only unpaired elec-
tron occupying the d z» orbital. Thus the modeling is

X y
much simpler than in the Ni compound. As shown in
Fig. 8, an excellent fit is obtained with the d»» co-

X —y
valency model. The fit leads to a moment
m 2 2=(0.61+0.03)p~ and a mixing parameter
3 z»=0. 51+0.02. The value of this mixing parameterx —y
is comparable to that obtained for the Ni compound and

1.6

m12

0.8

O
0

go ijl

IP

ii~'

0.4 — ~ Empt. Data
Model

0.0
0.0 0.1 0.2 0.3 0.4 0.5

is consistent with the results of paramagnetic band-
structure calculations, ' "which show that the states at
the Fermi level have 40% Cu d 2 2 character. It is also

X —y
consistent with the results of recent work, ' ' ' which ex-
tended the theory of covalence to include quantum spin

sine', (A }
FIG. 7. Least-squares fit to the experimental data using a co-

valency model of two antibonding orbitals constructed, respec-
tively, from a Ni d» and a d z» mixed with 0 2px y 3z r
(a=x,y, z) orbitals.

TABLE III. Least-squares fits to the experiment data of La»Ni04 with various models and band-theoretical calculations: (1)
spherical 3d; (2) spherical 3d with covalency effects; (3) d» and d»» orbitals; (4) d» and d» z orbitals, including covalen-

x —y 3z —r x —y 3z r

cy effects, with the constraint m» +m»»=2. 2p&, (5) LAPW band calculations. The band result has been scaled by a factor
x y 3z r

2.9, because the calculated moment is too small. Here m is the moment of a Ni + ion in the absence of covalency effects, as compared
with the net ordered moment p predicted by the covalency models. The standard deviations of the fitting parameters are computed
from the covariant matrix and may not reflect the actual confidence level of the fitting parameters.

(hkl)
sin 8/A,

(A ) (3) (4) (5)

(011)
(013)
(015)
(017)
(019)
(031)
(033)
(035)
(037)
(120)
(320)
(140)
(051)
(053)
(102)
(141)

0.0993
0.1505
0.2196
0.2943
0.3712
0.2755
0.2979
0.3381
0.3907
0.2032
0.3277
0.3747
0.4561
0.4699
0.1211
Q.3831

Reduced yz

Mixing parameter A

1.04+0.05
1.04+0.04
1.06+0.04
0.91+0.08
0.63+0.07
10.6+0.04
0.83+0.06
0.79+0.05
0.83+0.10
1.09+0.06
0.99+0.08
0.69+0.06
0.65+0.08
0.52+0.09
1.04+0.09
Q. 79+Q.Q8

Moment m (pz)

Net ordered moment p (p&)

1.33
1.21
1.01
0.79
0.58
0.85
0.78
0.67
0.54
1.06
0.70
0.58
0.40
0.37
1.29
0.56

10.7

p= 1.44

1.08
1.03
1.02
0.86
0.69
1.03
0.93
0.85
0.69
1.05
0.85
0.75
0.52
0.46
1.03
0.69

1.7
A II=0 34+Q Q3

A =0.13+0.04

m =1.97+0.13

p= 1.03

1.34
1.18
0.94
0.69
0.49
0.92
0.80
0.62
0.43
1.12
0.82
0.70
0.52
0.45
1.27
0.65

9.9

p z z=0.35

p 3 z z
= 1 .08

p= 1.43

1.29
1.08
0.98
0.74
0.56
0.98
0.81
0.73
0.52
1.19
0.82
0.71
0.46
0.37
1.15
0.60

6.7
A» »=0.55+0. 11

x —y

z =0.28+0.05

0. 13+0.15
3z r

m, » z =1.01+0.09

m z z=1.19
x —y

p z »=0.45

p z »=0 95

p= 1.4Q

1.38
0.94
1.03
0.80
0.51
0.96
0.62
0.68
0.51
1.34
0.98
0.78
0.50
0.32
1.08
0.56

9.3

p z »=0.52

p=1.38
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FIG. 8. Least-squares fit to the experimental data (Ref. 2} of
La2Cu04 using a covalency model of a single antibonding orbit-
al constructed from a Cu d» mixed with 0 2p (a=x,y) or-

X

bitals.

fiuctuations (3 ~ 2 was found there to be between 0.35x —y
and 0.45). A slight adjustment of the parameters also
yields a good fit to the experimental data of the
Sr2Cu02C12 compound. The ordered moment computed
from the fit to the La2Cu04 data is @=0.25pz. Thus, in
this model, covalency effects reduce the moment from
m 2 2=0.61p~ to 0.25@~. The value @=0.25'~ is,
within experimental error, the value obtained by Freltoft
et al. by fitting their data to a K2CuF4 form factor.
These data were obtained for a sample with T&=185 K.
Values of Tz and p ranging up to 300 K and 0.6pz, re-
spectively, were obtained with samples of different
stoichiometry. ' ' The values obtained by Freltoft
et al. and in our analysis are consistent with that expect-
ed for a sample with T~ = 185 K.

The above models demonstrate that the magnetization
density about the Ni sites deviates from that expected for
an isotropic Ni + ion. However, the models are rudi-
mentary. While this simplifies the quantitative analysis,
one should question the effects of the approximations of
the models. For example, the antibonding phase relation-
ship chosen between Cu and 0 orbitals is strictly only
valid for states at the Xpoint in the Brillouin zone. Also,
the radial part of the fitting functions was taken from
free-ion calculations and clearly could be adopted to the
environments in the solid to obtain a better fit.

To eliminate some of the arbitrariness, it would, of
course, be desirable to perform first-principles calcula-
tions. For calculating spin densities in many magnetical-
ly ordered crystals, first-principles spin-polarized band-
theoretical methods have proved very successful. How-
ever, in systems having strong intra-atomic Coulomb
correlations, the usual density-functional approach is
inadequate. For example, band theory is unable' "to
stabilize the antiferromagnetic ground state of La2Cu04.
For La2Ni04 an antiferromagnetic state is obtained, '

whose moment is very sensitive to structural changes. To
determine whether the magnetic ground state obtained
from the first-principles spin-polarized band theory can
provide any further insight into the measured form fac-
tor, we performed such calculations using the scalar rela-
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FIG. 9. Comparison with spin-polarized band calculations.
The band result has been multiplied by a factor of 2.9 because
the calculated moment is too small.

tivistic linear augmented-plane-wave (LAPW) method.
We used the exchange-correlation potential within the
local-density approximation (LDA) specified by Moruzzi,
Janak, and Williams. ' The calculation did converge to
an antiferromagnetic ground state, but with a moment of
only 0.45pz inside each Ni muffin-tin sphere. This is too
small and reflects the problem with the LDA in treating
the strong intra-atomic correlations. The band structure
is very similar to that obtained by Guo and Timmer-
man, ' and the large hybridization between 3d and 2p or-
bitals is similar to that obtained for La2Cu04. ' " The
large oxygen contribution to the antibonding bands near
EF results in some contraction of the Ni spin density
along the Ni-0 bond direction, which is consistent with
the picture inferred from the simple covalency models.
Thus, in spite of the small moment, one might expect the
basic shape of the electronic spin densities to be reason-
ably calculated. Indeed, by simply scaling the theoretical
spin density by a factor of 2.9, a rather good fit to the ex-
perimental data is obtained (see Fig. 9).

The comparison between the experimental form factor
and the one obtained from the band-structure calculation
also suggests the kind of improvements that are needed
for theories which go beyond band theory in treating the
strong on-site correlation. The calculated anisotropy for
the larger reflections agrees well with the experiment and
arises from a 60%—40% contribution of states with Ni
d 2 2 and Ni d 2 2 character, respectively. We be-

lieve the reason that a larger moment is associated with
the d 2 ~ orbital is that there is stronger covalent bond-

ing between the d 2 2 and in-plane oxygen orbitals thanx —y
for the d 2 ~ with the out-of-plane p, orbitals. The
stronger bonding causes a greater bandwidth, and the
magnetic interactions are less effective (a situation fre-
quently encountered in itinerant magnetisrn). Although
the anisotropy can be explained through covalency argu-
ments, we believe the band structure overemphasizes the
d-p interactions. From model calculations using the
three-band Hubbard Hamiltonian, it is clear that strong
Coulomb correlations will reduce the effective hopping
(or hybridization) between the d and p states. ' At the
same time, the magnetic moment is enhanced.
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Besides the enhancement of the moment, which is
clearly a problem for band theory, there are two other ar-
guments which suggest that band theory seriously overes-
timates the d-p interactions. First, the larger discrepancy
for the small reflections (Fig. 9) arises because the band
theory yields a moment on the out-of-plane oxygens
(about 10% of the moment on Ni). A correct treatment
of the correlation would reduce both the d-p interaction
and the oxygen moment relative to the Ni moment. The
second evidence indicating that band theory overesti-
mates the d-p hybridization derives from measurements
of the induced magnetic form factor. ' ' The induced
form factor measures the response to a uniform applied
field, and the in-plane oxygen may develop a moment. As
discussed earlier, no moments exist on the in-plane oxy-
gens in the antiferromagnetic form factor because of sym-
metry considerations Band theory suggests that the in-
plane states near the Fermi level have as much as 60%
oxygen p character and only 40% d character. The field-
induced form-factor measurements, on the other hand,
did not detect this oxygen character; however, because of
the large experimental uncertainties, a small in-plane ox-
ygen contribution cannot be excluded.

Our experiments suggest that covalency effects may be
contributing to the reduction of the ordered moment and
thus raise the question of their importance relative to
that of quantum spin fluctuations. Until recently, it was
believed that quantum spin fluctuations could ex-
plain ' ' ' the difference between the expected and ob-
served moments in these compounds, without considering
the effects of covalency. A recent three-band Hubbard
model calculation incorporating both effects obtained a
moment reduction of 17% as a result of covalency and
another 18% as a result of spin fluctuations using param-
eters appropriate for La2Cu04. ' However, until the
difference between these theoretical results is resolved, it
is diScult to make a detailed comparison with the experi-
ments, especially since the neutron experiments measure
the average moment, which, of course, depends on the
stoichiometry of the samples. It is c1ear from the above

discussion that there is need for experiments on
stoichiometric samples, presumably those with the
highest possible Tz, and further development of the
theory to resolve these issues.

V. SUMMARY

In summary, we have observed a pronounced plateau
at low Q in the antiferromagnetic form factor of
LazNi04. As a result, the observed pf (Q) is poorly fitted

by a spherical Ni + 3d form factor. Nor can a good fit be
obtained with the d 2 2 and d 2 2 orbitals whenx —y 3z

crystal-field effects are taken into account. Similar results
were obtained previously ' for the cuprates La2Cu04 and
SrzCuOzClz. The experimental results obtained in this
experiment, as well as those ' of LazCu04 and

Sr2Cu02C12, were fitted to models in which we incor-
porated covalency effects. The results suggest that co-
valency effects in the Ni-0 or Cu-0 plane may be respon-
sible for the plateau observed at low Q values in the anti-
ferromagnetic form factor of these compounds. We ar-
rived at a similar conclusion from a comparison of the
La2Ni04 data with first-principles spin-polarized band
calculations, although the band-theoretical results seem
to overemphasize the degree of d-p interaction.
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