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Structural and magnetization density studies of LazNi04
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Neutron diffraction experiments have been performed on single crystals of La2Ni04. Above 70 K
the structure is orthorhombic Bmab. At 70 K a first-order transition occurs to a crystal structure
that we believe to be tetragonal P4&/ncm. With our resolution we see no splitting of the diffraction
peaks that would indicate the lower-symmetry orthorhombic Pccn. A crystallographic refinement
of 307 independent reflections from two different crystals gives an R factor of 6% for the P42/ncm
phase. The refinement also shows that our crystals are stoichiometric with an oxygen composition
of 4.02+0.03. The crystals are antiferromagnetic with a magnetic structure in which the propaga-
tion and spin directions are parallel to [100), in agreement with other studies. The antiferromagnet-
ic ordered moment at T =10 K is (1.62+0.05)pz per Ni atom. According to susceptibility mea-
surements T&-—650 K on stoichiometric La2Ni04, but we have not checked this in our neutron ex-
periment. No change in the antiferromagnetic structure occurs at the 70-K transition, but we can-
not exclude the formation of a 2k magnetic structure at this temperature that would give rise to the
same diffraction pattern in the tetragonal phase. In the second part of our experiment the induced
magnetic form factor (H=4.6 T, applied parallel to the [010] axis at 5 K) has been measured with

polarized neutrons. Our object in this experiment was to search for covalency effects, in particular
evidence of interaction between the Ni d 2 2 orbital and the p, p~ orbitals of the oxygens in the

X

Ni-0 plane. We have measured 18 reflections with three different neutron wavelengths. The in-

duced moment is 7.9 mp& per molecule, which is in good agreement with bulk susceptibility mea-
surements. Surprisingly, we find no evidence for any spin transfer or asphericity in the Ni spin den-

sity in the Ni-0 planes. Instead we find new effects along the long c axis. The La + atoms develop a
positive susceptibility which we suggest comes from hybridization between the La 5d and 0 p
bands.

I. INTRODUCTION

Soon after the discovery' of superconductivity in
doped La2Cu04, neutron-diffraction experiments were
undertaken on polycrystalline material to obtain the
structural parameters, and especially the positions of the
oxygen atoms and overall stoichiometry. More recently,
the results of neutron studies of single crystals have been
reported, con6rming the space-group assignment at
low-temperature given by the powder work. These have
also led to a better understanding of the "twinning" ar-
rangement that occurs when the high-temperature tetrag-
onal (HTT) with space-group I4/mmm distorts (at 533 K
in La2Cu04) to low-temperature orthorhombic (LTO)
with space-group Bmab. (We follow the convention
throughout this paper that the long c axis of the HTT cell
remains the c axis of the LTO cell. This is consistent
with Ref. 3, but different from Ref. 2.)

La2Ni04 is isostructural with La2Cu04 and also exhib-
its a structural distortion to orthorhombic symmetry
at —700 K in stoichiometric samples. However,

Rodriguez-Carvajal et al. reported a further transition
at —80 K in polycrystalline material in which the strain
(related to the difference in length between the a and b or-
thorhombic axes) suddenly reduces in magnitude. One of
our objectives was to study this lower-temperature transi-
tion with single crystals.

Our main objective, however, was to measure the in-
duced magnetization density in La2Ni04 and compare it
with measurements that were already in progress, since
reported, on La2Cu04. These measurements can, in
principle, give information on the covalency between the
metal 3d states and the oxygen p electrons; a subject of
considerable importance in many of the theories address-
ing high-T, superconductivity in layered copper-oxide
materials. As we shall see, this comparison between the
Cu and Ni compounds is more complicated than antici-
pated. More recently, superconductivity has been report-
ed in Sr-doped La& Ni04, so this greatly increases the in-
terest in studies of the parent Ni compound. Under the
right cycling conditions, diamagnetism has also been re-
ported in LazNi04 itself.
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II. CRYSTAL PREPARATION

Single crystals of LazNi04+& were prepared by a cruci-
bleless technique involving operation of a skull melter as
described in Ref. 9. Appropriate amounts of La203 and
NiO were prereacted to form the polycrystalline com-
pound; the prereacted mixture was reground and fired for
24—36 h at 1200 C in a nickel crucible several times be-
fore loading the skull melter. After melting almost the
entire 1-kg mass in the rf field, the boule was gradually
cooled to room temperature. A single crystal was re-
moved, oriented, cut, and reannealed at 1000 C
under a controlled oxygen pressure Po2 =10 " atm in
a CQz-CO buffering atmosphere. The sample was
quenched and the surface layers removed by abrasion.
The above procedure produced a single-crystal specimen
of uniform oxygen composition with 5=0.001—0.002. 1.5—

A (08O)——C)—

III. STRUCTURAL STUDIES

A. Data collection

0-

Neutron experiments were performed on two single
crystals of dimensions -60 and 20 mm . The first crystal
was oriented with a short b axis almost vertical and the
second crystal with the c axis approximate/y vertical. In-
tegrated intensities were collected with the D1S normal-
beam dift'ractometer at the High-Flux Reactor at the In-
stitut Laue-Langevin (ILL), Grenoble. The neutrons
(~= 1.76 A) were obtained with a Cu(220) monochroma-
tor and the A,/2 contamination was —5. 10 of the pri-
rnary beam. The crystals were encapsulated in smaH A1
containers and used directly in an ILL "orange" cryostat.

Our first experiments were at T=130 K (i.e., above the
low-temperature phase transition reported in Ref. 5), and
we found a situation compatible with the strain measured
in Ref. 5. With the b axis vertical, the splitting of the
peaks due to the orthorhombic twins is in the direction
p|.rpendicular to the scattering plane. The instrumental
resolution is relatively poor in this direction so the in-
tegration usually, but not always, includes all peaks of
both possible domains. To understand this better crystal
no. 2 was used with (hk0) reAections in the scattering
plane. [Note that with the normal-beam method
rejections out of this plane, up to (hk2) in fact, can be
measured. ] The situation at the (800) and (080)
reAections is illustrated in Fig. 1(a). First, a &b so that
the 20 Bragg angles of (800) and (080) are difFerent.
Second, we find the line along which the two refIections
lie coming, respectively, from twin 3 and twin B, is
separated by 1.00+0.04. The (660) reAection is single, so
the common axis for the twinning is (110). The angle
between [100]„and [010]~ is then given by

4=arctan(a/b) —arctan(b/a) .

For the measured values of a=5.457(3) A and
b=5.546(3) A, 4=0.93+0.06, and the strain

e=2(b a)/(b+a) =—1.6X 1—0

This is in excellent agreement with Ref. 5. The twinning

0.5—

20 40 60
Temperature (K)

I

80

direction is consistent with that found in La2Cu04 and
also (perhaps by chance) with that in YBazCu307. To un-
derstand the twin rule, reference should be "made to Fig. 2
of Ref. 3, and the accompanying discussion.

Since the separation of the peaks increases with angle,
the higher-order integrated intensities will be unreliable
unless integration is over a very large volume in recipro-
cal space. Accordingly, we have not tried to perform a
structural analysis with the data collected at 130 K.
Some special sets of refIections will be reliable, e.g., those
of the form (hhl), and these are important in characteriz-
ing the low-temperature structure. Multiple-scattering
effects also give rise to intensity at positions forbidden by
the Bmab space group. A particularly troublesome prob-
lem is the possibility of multiple scattering involving the
nuclear and antiferromagnetic rejections (see below).

At 70.0+0.5 K a first-order phase transition occurs.
Referring to Fig. 1(a) the individual peaks for T&70 K
are resolution limited in their breadth. Thus, the (800) at
20=117.6' has a full width at half maximum (FWHM) of

FIG. 1. (a) Schematic of reciprocal space at 130 K. A and 8
refer to the domains in the orthorhombic state. (b) Full width
at half maximum (FWHM) of one of the (800) peaks as a func-
tion of temperature. Below T, =70.0+0.5 K the peaks in
La2Nio4 are single, but with a large F%'HM, that gradually
reduces down to -30 K. Note that it is always greater than the
experimental resolution which is 0.5'. (The reAection has
20=117.6. )
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-0.5'. At the phase transition the two-peak structure,
e.g., A (080)+B(800), collapses to one peak. With our
resolution we see no precursor of this and believe the
transition is truly first order. Thus, A (080)+B (800) are
a single peak for T& 70 K, but the breadth of this peak is
greater than the resolution. The FWHM versus tempera-
ture is shown in Fig. 1(b).

The experimental evidence presented below is con-
sistent with the low-temperature phase being tetragonal.
However, we must then explain the width of the (800)-
type peak in Fig. 1(b) as an internal strain effect. Alter-
natively, if we postulate that the low-temperature phase
is orthorhombic, then the width of the peak can give a
limit on the quantity ~a b~ ~—0.004 at 10 K, which is less
than the value of 0.007 given in Ref. 5, but diff'erences be-
tween single crystals and powders are to be anticipated
below such an abrupt transition.

B. Structural refinements
At 10 K a set of integrated intensities was measured

from each crystal. The number of independent
refIections was 165 for crystal no. 1 and 142 for crystal
no. 2. Each independent reAection was the average of at
least two, and usually four, symmetry related rejections.

The results of the least-squares refinements of the 307 in-
dependent refiections (both crystals) are given in Table I.

We may first start with the orthorhombic space-group
Bmab (fifth column) of Table I. In this case it is neces-
sary to take account of both twin domains, thus the (800)
reflection will come from both A(800) and B(080) with
possible unequal domain factors a„and o.z. We have
modified the least-squares routine to take account of this
and find a„'=a~, within statistics. Whereas the parame-
ter values are reasonable in the Brnab refinement, the g
and R values are high.

The second and third column give the result of
refinments in the tetragonal space-group P42/ncm. Com-
pared to the Bmab space group, there is a sharp reduc-
tion in both g and R, which is certainly significant.
Adding anisotropic thermal temperature factors (third
column) leads to a small improvement in the fit. We note
that the Ni-O(1) distance is 1.951 A and Ni-O(1') is 1.943
A, whereas Ni-O(2) (along the c axis) is 2.219 A, so that
large B33 parameters for the oxygen and nickel atoms
make physical sense. The similar distances in La2Cu04
are 1.894 and 2.428 A, so the octahedron is significantly
more distorted in the case of the Cu than in the Ni com-

TABLE I. Results of least-squares refinements of La2Ni04 data. g is the Becker-Coppens extinction
parameter. The refinement of La, 9Ba0 &CuO& (powder data) is from Ref. 11. The third column gives
the result of a refinement with anisotropic temperature factors, the first one being B», the second B33.
All cross terms are negligible. Scattering lengths were 0.824 for La, 1.03 for Ni, and 0.581 for 0 (all in
10 ' cm). Lattice parameters are given below the table.

Material

Space
group
T
7l

La (xxz)
xory
z
B

Ni (000)
B(A)

O(1) ( —' —,'z)
z
B (A )

O(1') {——'0)
B(A)

O(2) (xxz)
xory
z
B(A)

x'
R factor

La2Ni04

P42/ncm
10 K

0.029(3)

—0.0076(2)
0.3641(1)
0.21(3)

0.23(3)

—0.0142(2)
0.30(3)

0.32(3)

(xxz)
0.0296(3)
O. 1769(1)
0.47(3)

43
6.4%%uo

La2Ni04

P42/ncm
10 K

0.033(4)

—0.0075(2)
0.3639(1)
0.21(3)
0.25(4)

0.17(3)

0.36(4)

—0.0146(2)
0.23(4)
0.43(5)

0.26(4)
0.54(7)

0.0296(4)
0.1769{2)
0.46(4)
0.57(6)

40
5.8%

La& 98a0 &Cu04

P42/ncm
15 K

La, Ba
0.0040(3)
0.3610(1)
0.1{1)

Cu
0.1(1)

0.0079(4)
0.0(3)

0.7(4)

—0.0213{4)
0.1824(2)
0.6(1)

3.1%

La,NiO4

Bmab
10 K

0.035(14)
La (Oyz)—0.0106(9)
0.3643(4)
0.34(10)

Ni
0.34(10)

—0.0087{6)
0.42(11)

02 (Oyz)
0.039(2)
0.1770(5)
0.35(12)

582
14.6%

La2NiO&. a=5.502(3), c= 12.504(11) A
La& 9Ba0 iCu04.'a= 5.3559(2) c= 13.2381(7)
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pound. Because the octahedron is less distorted than in
La2Cu04, the angle through which the octahedron is
rocked' on distorting from the HTT I4/mmm structure
is somewhat larger in the Ni compound. This may be
determined as arctan(4zc/b), where z is the coordinate of
O(1) or arctan(yb/zc) from the coordinates of O(2). For
LazNi04 these quantities are 7.6 from O(1) and 4.2' from
O(2). For Lai 9Bao iCu04 (Ref. 11) they are 4.2 from
O(1) and 2.7' from O(2). That these angles are different
when deduced from O(1) and O(2) indicates that the oc-
tahedra are not fixed (e.g., by the use of constraints in the
refinement). Thus the refinements correspond not only to
an elongation of the octahedra along its local fourfold
axis, but also a small distortion of the faces. A slightly
more physically meaningful approach might be to consid-
er the octahedra as rigid entities.

In comparing parameters from various publications,
the reader should be aware of the possibility of errors in
the sign of z(O(1)) in some publications. This is dis-
cussed by Schultz et ah. ' We have also examined the
stoichiometry by allowing the occupation parameters to
vary in the refinement. The mean oxygen site occupation
was determined as 1.005+0.008, and no improvement in
R was obtained. Thus, the diffraction analysis confirms
that the chemical preparation technique leads to
stoichiometric samples.

A few comments may be made on the extinction and
the relatively high values of y and R. Normally, for
high-precision structural refinements we would use a
crystal no larger than —5 mm . The use of a much larger
(by a factor of —10) crystal here was prompted by the
very small signal anticipated in the polarized-beam study
(Sec. IV). To our surprise the extinction in both crystals
was a maximum of only -23%%uo, on the strong (400)
reAection. This made it possible to use the large crystal
in the polarized-beam experiment, as extinction correc-
tions of this magnitude can be reliable. We attribute the
relatively low extinction in a crystal of this size to the
strain effects already noted earlier, and demonstrated in
Fig. 1(b). However, these large crystals are bigger than
usually used on D15, which may result in failure to
correctly integrate the reAections leading to equivalences
somewhat poorer than usually obtained on this
diffractometer. Given these caveats, we believe an R fac-
tor of 6.0% represents a good fit.

C. Low-temperature tetragonal phase

The low-temperature tetragonal (LTT) phase" is a very
interesting modification of the LTO phase, in which the
buckling of the octahedra is about alternate [110] axes
rather than about a [010] axis in the LTO phase. This
modification has been proposed and discussed in detail by
Axe et al. " In the LTT phase with P4z/ncm new
reAections should appear that are systematically absent
with LTO (Bmab). In Fig. 2 we show the absolute inten-
sity (normalized by using scale factors from the least-
squares refinements) of the (111) i=even reflections as
measured at T=130 and 10 K. Because the twinning is
about the ( 110) axes the ( 1 ll) refiections are single
peaks even at 130 K, so reliable comparisons of the inten-

—110

10

10

10
10 20

I I I I

40 60 80

G(A)

FIG. 2. Variation of the (11l) i=even rejections as a func-
tion of Q for 130 K (solid triangles) and 10 K (open circles).
These rejections should be systematically absent in the Brnab
phase because h + i=odd. The level of multiple scattering and
A,/2 is —10 (the strongest Bragg reAection is 1 on this scale).
The calculated intensities in the P42/ncrn phase are given as
crosses. The dashed line gives the Q'-dependence slope.

IV. ANTIFERROMAGNETISM

The antiferromagnetic (AF) structure of La2NiO& is
well known. ' In the LTO phase the spins are parallel to

sities at 130 and 10 K can be made. In the LTO phase
these rejections should be systematically absent, and we
find values around the 10 level, which is approximately
that of the multiple scattering and X/2 contamination.
However, in the LTT phase the crosses give the calculat-
ed values, which are in excellent accord with the ob-
served values (circles). Because the difference between
the two phases is a small displacement of atoms, we anti-
cipate the new intensities to vary as some higher power of
Q; this is indeed found to be the case. In this kind of
analysis single-crystal data are much more powerful than
data from a polycrystalline sample.

Another space group that has been suggested for the
low-temperature phase is Pccn. However, as compared to
P42/ncm there are no additional new classes of
rejections. There are, of course, additional atomic pa-
rameters presents in Pccn, but since we do not observe
any splitting of the reAections we do not feel justified in
adding further parameters to our refinement.
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[100] and the propagation direction is also [100]. This
gives rise to reflections of the form Ii even, k and l odd, or
h odd, k and l even. In a single domain (LTO) phase the
intensity of the (h00) reflections would be zero because of
the q magnetic interaction vector. However, the (100)„
is close to the (010)ii so intensity is present at these
points. We can see, however, that at T=130 K only
domain 8 contributes to the (h00) reflections and domain
A to (Ok0) reflections because these peaks are single,
whereas the nuclear peaks are double. At low tempera-
ture in the LTT phase the magnetic symmetry is still or-
thorhombic so magnetic domains will be present in this
phase as well. The susceptibility measurements on a crys-
tal from the same boule as the crystals used in the neu-
tron study are reported in Ref. 8. The antiferromagnetic
transition' is at 650 K, and a small discontinuity is seen
at 70 K. We find no change in the magnetic reAections at
T, . Rodriguez-Carvajal et al. also report no change in
the magnetic intensities at the 70 K transition. A recent
study' of La2Co04 has shown that a change in the anti-
ferromagnetic structure occurs at T, in the Co com-
pound.

We have not checked T~ on our sample with neutrons
but the AF order is still present at 300 K, and little
changed from 10 K. This is consistent with a T& above
-600 K. It is remarkable how rapidly T& decreases as
one moves away from stoichiometry. ' The appearance
of additional magnetic peaks not permitted by either the
LTO or LTT phase greatly increases the possibility for
multiple scattering. This has been discussed at length by
FreltofF et al. ' in their study of LazCu04. Since we have
used a short neutron wavelength these problems are
severe. The strongest magnetic reflection, the (011) has
an intensity of 4.4X10 . Only one domain type, i.e.,
50% of the crystal volume, contributes to each AF
reAection. In principle, we could extract a AF form fac-
tor as in Ref. 16, but this would require more care in el-
iminating or understanding the multiple e6'ects. We have
not done this, but have used the two strongest rejections
(011) and (013) from the two crystals to obtain the or-
dered moment in the AF state. We obtain values of 1.67
and 1.57p~, each +0.08@~, respectively. This uses a
Ni + form factor. The Ni AF moment may then be tak-
en as 1.62+0.05pz at 10 K in stoichiometric La2Ni04.

In La2Co04 the spin direction is reported to change at
the LTO~LTT transition, which is at 135 K. The fact
that we see no change in the magnetic intensities at 70 K
is a strong indication that the magnetic structure stays
the same, but it is not conclusive. In the simplest model
we have two domains in the tetragonal phase, one with
the moments parallel to [100], the other with them paral-
lel to [010]. However, since [100] and [010] have the
same d space in the tetragonal phase we cannot separate
these domain populations (this is possible in the ortho-
rhombic phase), and it is just as likely that the two com-
ponents are combined in a 2k magnetic structure. ' In
this case, the spins would lie along the ( 110) axes in the
LTT phase. We cannot exclude such a complex magnetic
structure in the LTT phase. However, any canting of the
spins towards the c axis must be very small.

V. POLARIZED-NEUTRON MEASUREMENTS

The objective of this experiment was to examine in de-
tail the nature of the wave functions of the unpaired elec-
trons in La2Ni04 when a magnetic field is applied. A fre-
quently postulated feature' of the oxides is that the d 2

states, whose lobes point along the c axis, form bonding
and antibonding states far removed from E~, and that the
principal bonding states are formed by a mixing of the p
and p orbitals of O(1) [and O(l') in the LTT phase] and
the d 2 2 states of Ni + (or Cu + in the copper com-

pound). These states are supposed to form a broad band
with EF lying in this band, and this gives the metallic na-
ture of these systems. When a magnetic field is applied
(either an internal exchange field or an external applied
field) the spin-up and spin-down states are split in energy,
with the spin-up band lowered. In this metallic model
the spin density (or magnetization density if we suppose
that there is a small orbital moment) is representative of
the states near Ez. It is the spatial extent of this spin
density that is measured in our experiment.

The technique is relatively simple. ' A beam of polar-
ized neutrons from the ILL reactor hot source is mono-
chromatized and simultaneously polarized by a Heusler
alloy single crystal. We have used a wavelength of 0.843
A for the major data collection, but wavelengths of 0.711
and 0.545 A were used to check the extinction correc-
tions. Suitable filters reduced the A./2 component to less
than 6X10, allowing accurate A,/2 corrections to be
made. This beam of polarized neutrons, initially polar-
ized with P~~H is then Bragg diffracted from the sample.
The intensity of this diFracted beam is proportional to
(N+M) where N and M are the nuclear and magnetic
structure factors, respectively. It should be stressed that
the moment contributing to M is that aligned by the ap-
plied field. These measurements are done at nuclear
Bragg peaks. The polarization of the incident neutrons is
then changed to P~~

—H and the intensity is now propor-
tional to (N —M) . The experiment consists of measur-
ing the ratio of the two intensities, the so-called Gipping
ratio

R =(N+M) l(N —M)

from which the value of @=M/N can immediately be de-
duced. N(hkl) are the nuclear structure factors, which
are accurately known from the earlier part of this paper,
so that we can immediately determine M (hkl), the quan-
tity of interest. A Fourier transform of M(hkl) will give
us the magnetization density.

A. Measurements and corrections

We studied a total of 18 reAections from crystal no. 1

with the field oriented within 5 of the b axis. All data
were taken at 5 K with an applied field of 4.6 T. The de-
tails are given in Table II. Since these are all F-type nu-
clear reflections (h, k, I either all even or all odd), they
are relatively strong. We would not expect these N(hkl)
values to be very sensitive to the small atomic displace-
ments discussed in relation to the space-groups P42!ncm
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TABLE II. Results of polarized-neutron study of La2Ni04 at T= 5 K, 0=4.6 T, H~~b. All numbers

refer to 1 formula unit. N is the nuclear structure factor, y (column 4) is that with X=0.843 A, NL, is
the structure factor of just the La atom with a sign relative to that of the Ni contribution, MD is the di-

amagnetic correction, Mo is the observed magnetic structure factor, and M, is the calculated. (1) and

(2) both use Ni + form factors. In (1) pN;=5. 86(22) mp&, pL, =O, whereas in (2), pN;=5. 98(13),
pL, =0.95(9) mp~. When comparing Mo and M„g =4.7 for (1), and 1.6 for (2}. Standard deviations in

parenthesis refer to least significant digit.

(2)

hkl

200
400
111
311
002
202
402
113
313
004
204
115
315
006
206
117
008
208

sinO

(A )

0.184
0.367
0.136
0.293
0.079
0.200
0.375
0.176
0.313
0.158
0.242
0.236
0.351
0.237
0.300
0.306
0.316
0.366

2.565
4.503
0.441
0.377
1.246
0.989
1.403
1.304
1.633
0.256
1.921
2.528
2.371
0.760
1 ~ 572
0.462
2.404
0.533

y

X104

4.9(6}
1.4{4)

21.0(26)
13.0(40)
10.7(8)
10.7(12)
4.9(11)
9.3(11)
5.2(15)

22.9(34)
5.3(7)
3.7(6)
3.7(6)
2.8(4)
5.6{9)

11.6(28)
4.6(6)

12.0(36)

1.63
1.55

—1.08
—1.04

0.23
—0.22
—0.21

1.37
1.33

—1.58
—1.56

0.70
0.68
0.65
0.64

—1.54
1.38
1.35

MD

—0.37
—0.15

0.16
0.06

—0.03
—0.03
—0.02
—0.33
—0.17

0.25
0.16

—0.16
—0.09
—0.15
—0.11

0.10
—0.17
—0.13

Mo

(mph )

5.6(4)
2.8(6)
3.6(4)
1.6(4)
5.0(3)
4.0(4)
2.5(5)
5.4(5)
3.3{5)
3.6(4)
3.6(4)
4.3(4)
3.7(4)
4.3(5)
3.6(4)
2.6(4)
4.1(S)
3.3{6)

(mph )

4.45
2.20
5.02
3.05
5.55
4.25
4.13
4.55
2.81
4.75
3.67
3.75
2.38
3.75
2.95
2.88
2.78
2.22

M,

(mp& )

5.93
2.86
4.09
2.53
5.43
4.15
4.09
5.84
3.53
3.43
2.70
4.33
2.71
4.30
3.38
2.15
3.50
2.80

and Bmab, and indeed this is the case. Furthermore, we
are working at small Q (sing/A, (0.4 A '). Each R value
was measured from at least two, and usually four,
equivalent reAections. Fifteen of the reAections were
measured also at 0.711 A and six at 0.545 A. The y
values are small (those for A, =0.843 A are given in Table
II) so that the R values, where R —I+4y, are close to
unity. This requires long counting times and large crys-
tals. The extinction corrections were made on the basis
of the least-squares refinement described in Sec. III. The
final Mo(hkl) is a mean of all values and the sigma
represents the true sigma calculated from the distribution
of measurements. No values were rejected. Corrections
for incomplete polarization of the incident neutrons were
made in each case and are known to better than 2%.
Other corrections include spin-orbit scattering, di-
amagnetism, ' and higher-order contamination. The
spin-orbit term is negligible.

The diamagnetism of the core electrons in La2Ni04 is
—1.0X10 emu/mol. The extent to which these core
electrons are observed with neutrons is well known, and
the resulting form factor may be calculated exactly. This
contribution is listed as MD in Table II. As expected, the
dominant contribution is from the La core electrons, and
we note in Table II that the sign of MD is almost always
opposite to that of XL„ the structure factor of the La
atom. The largest diamagnetic correction is -0.4 mph,
which is about the size of the average error bar, see
column labeled Mo in Table II.

Corrections for second-order wavelength contamina-
tion are only important (i.e. , ) 10') for the (004), (117),
and (208) refiections. In the case of the (004), the A,/2
contamination arises from scattering from the (008)
reAection, which is -60 times more intense than the
(004). We have used the observed ratio of (004) to (008)
from our earlier structure refinement to obtain a A,/2
correction of 28%.

B. Magnetic form factor

The simplest way to illustrate the variation of Mo(hkl)
is to plot these values versus sing/A, . This is done in Fig.
3. If all the magnetization density was associated with a
spherically symmetric Ni atom we should expect all
points to lie on a smooth curve, which they do not. We
have drawn a Ni + form factor as the dashed curve that
extrapolates to 6.15+0.20 rnpz per formula unit. This
corresponds to a susceptibility of (0.75+0.02) X 10
emu/mol. The most pertinent question to ask about the
data of Fig. 3 is whether the deviations of the data from
the smooth curve are significant.

C. Fourier transform

As is well known the Fourier transform of the form
factor gives the magnetization density in the unit cell.
However, in our case the data set is incomplete, so that a
direct Fourier transform is unreliable. Instead, we first
calculate the magnetic structure factor for each reAection
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FIG. 3. The form factor at 10 K of the induced spin density
in the antiferromagnetic state of La2Ni04. The open (solid) cir-
cles correspond to those in which the Ni and La contributions
are parallel (antiparallel), see the text. The dashed line is a Ni +

form factor giving a susceptibility (intercept at sinO/A, =O) of
5.85 mp, i for the applied field of 4.6 T. (Q =4' sinO/A, . )

M, (hkl) based on the assumption that alI the moment is
at the Ni site and that the spatial extent corresponds to a
spherically symmetric Ni + form factor. We then form
the difference coefficient [Mo(hkl) —M, (hkl)] and per-
form the Fourier transform with these difference
coefBcients. The resulting density is averaged over a cube
of edge 0.5 A to further decrease errors due to an incom-
plete data set. The first thing we observe is that there is
no significant difference density in the Ni-0 planes, i.e.,
in the (xy0) and (xy —,') sections of the structure. What
this implies is that our induced spin density measure-
ments in La2Ni04 have failed to find any evidence for a
preferential population of d 2 2 Ni + orbital, nor any

X

strong overlap effects between the d 2 2 Ni and the oxy-x —y
gen 2p or 2p states. The Ni spin density in these planes
appears circularly symmetric. This corresponds to a
half-filled subshell of, e.g., symmetry, with the two elec-
trons forming the high-spin S = 1 state.

On the other hand, we do find evidence for unusual
effects along the c axis. The relevant section of the spin
density is shown in Fig. 4. Two features are immediately
obvious. There is a small susceptibility associated with
the La site, and there is evidence for overlap effects be-
tween the Ni and O(2) atoms. The susceptibility associat-
ed with the La atom is the dominant feature of this map,
and is so unusual that we shall discuss some qualitative

1A

FIG. 4. Difference (Mo —M, ) Fourier in La~Ni04 at 10 K.
The significance level (deduced from the experimental uncer-
tainties) is —1 contour. This cross section contains all atoms in
the structure. The difference Fourier has been averaged over a

0
cube of edge 0.5 A. Solid (dashed) contours correspond to posi-
tive (negative) regions in the difference map. The atom symbols
are ~, La; 0, Ni; A, oxygen O(1) and O(1); &, O(2).

aspect of this result before proceeding with the modeling
of the difference spin density. This susceptibility is ap-
proximately 0.8 Input/La atom divided by the field of 4.6
T, i.e., + (1.0 X 10 ) emu/La atom. This quantity,
which is —16% of the susceptibility at the Ni site, will
clearly interfere either constructively or destructively
with the signal from the Ni depending on the phase rela-
tionslgp between La and Ni in a given reAection (hkl).
La2Ni04, of course, is centrosymmetric so we may just
consider whether the La contributions add or subtract
from the Ni moment. As shown in Fig. 3 the open circles
have La adding to the Ni contribution, and the solid cir-
cles involve a subtraction. We should emphasize that this
argument comes solely from considering the crystal
structure, nor is it quantitative in the sense that the
amounts to be added or subtracted are not equal for all
(hkl). However, the excellent correlation of open (solid)
circles above (below) the Ni + form factor, is clear quali-
tative proof that the major asymmetrics in the form fac-
tor of Fig. 3 arise from a contribution at the La site, and
that it must be parallel to the Ni contribution.
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D. Modeling the lanthanum susceptibility

pN; 5.86(22) my~
PLa

4.7
0.71(3)X 10 emu/mol

5.98(13) mpii
0.95(9) mp~
1.6
0.96(2) X 10 emu/mol

The corresponding values for M, are given in Table II,
and it is immediately clear that the second column of M,
gives a far better fit (y =1.6) than the first (y =4.7).
The total susceptibility gM as deduced from the neutron
experiments 0.96(2) X 10 emu/mol, is in excellent
agreement with the value of 0.95X10 measured in the
bulk magnetization.

We have then recalculated the difference map with the
M, coefficients of the final column of Table II. As ex-
pected, the positive contours at the La site are now ab-
sent, but the pattern of negative contours between the Ni
and O(2) atoms remains. This negative oxygen contribu-

To obtain a more quantitative agreement between cal-
culated and observed magnetic structure factors we have
performed a least-squares analysis involving the quanti-
ties pN; and pL, . We should emphasize again that as the
experiment was carried out in the antiferromagnetic
state, the magnetic structure factors measured are due to
that part of the moment which is pulled parallel to the
field direction (b) by an applied field of 4.6 T. The mo-
ments to be fitted for nickel and lanthanum are really sus-
ceptibilities and their relative magnitudes will not neces-
sarily reAect the ratio of moments present in the antifer-
romagnetic structure. Before a least-squares fit to the
moment values can be carried out we need to model the
spatial extent of the atomic moment distributions, i.e.,
the form factors fN; and fL, . For fN; the Ni + form fac-
tor was used. Our first expectation was that fi, would
have a strong 5d-like character, but it is well known that
a 5d free-atom form factor falls very rapidly with
sin8/A. , having essentially zero amplitude by sin9/A. =0.2
A '. However, we can see from Fig. 3 that interference
effects are still present between (pf)N; and (pf)L, at
sin&/A, =0.35 A ' so that a free-ion 5d form factor is
inappropriate. An attempt was made to determine the
form factor experimentally using a Fourier integration
method, but this proved unsatisfactory as, due to the
limited data available, series termination effects seriously
perturb the density included in the integration sphere
around the lanthanum atom. The qualitative results of
this analysis and that of the previous section suggest that
the spatial extent of the La spin density can be approxi-
mately modeled by a Ce 4f form factor, and we have used
this for the least-squares fit. We cannot, of course, ex-
clude the possibility that both 4f and Sd-like elec-trons
contribute to the positive susceptibility at the La site.
There may also be a significant change from the free-
atom wave functions; for example, an apparent compac-
tion could be the result of overlap between La 5d elec-
trons of positive spin and s and p electrons of opposite
polarization from the ligand oxygen atoms.

Using such an fL, function we find the best fits are as
follows:

tion supports the suggestion that it is cancellation be-
tween oxygen and lanthanum which sharpens the 5d
form factor. However, these contour levels are at the
limit of our significance and with a y =1.6 in the above
model we do not feel justified in modeling further.

VI. DISCUSSION

The first part of this paper describes the structural
phase transition at 70 K in stoichiometric La2Ni0&.
Above 70 K the material has the space-group Bmab (or-
thorhombic) with the twin axis (110). Below 70 K we
believe the orthorhornbic structure transforms to a low-
temperature tetragonal form with symmetry P42/ncm.
It is also possible that the low-temperature modification
has space-group (orthorhombic) Pccn but with a strain
2(a b)/(a —+b) ~4. 10 . Higher resolution x-ray or
neutron measurements could answer this question. We
note that the systematic absences are the same for
P42/ncm and Pccn

We find the antiferromagnetic moment to be
1.62(5)pii/Ni atom. Our sample is antiferromagnetic at
room temperature; for stoichiometric La2Ni04T& -—650
K. The magnetic structure' consists of [100] planes of
parallel Ni moments with the spins parallel to [100]. No
changes are observed at 70 K.

En the second part of the experiment a 4.6 T field has
been applied parallel to [010] (or equivalently [100] in the
tetragonal P4~/ncm representation) and the spatial ex-
tent of the small induced magnetic moment measured
with polarized neutrons. Our original hope had been to
compare the results of La2Ni04 with those (then in pro-
gress) on La2CuO~ (Ref. 6). However, these latter mea-
surements were not made with sufticient precision for
such a comparison. The experiment on La2Cu04 is more
dificult than the present one because the susceptibility is-4 times smaller. A further aim was to examine any co-
valency between the Ni + d 2 & orbitals and the p„and
p states of the planar oxygen atoms. We find none, '

indeed the Ni + is almost spherically symmetric, indicat-
ing an equal population of d 2 2 and d 2, and nox —y Z '
significant covalency in the Ni-0 plane.

However, there is an unusual feature to the spin densi-
ty. We find a positiUe susceptibility at the La site. Har-
mon and Spzunar et aI. have suggested that this
arises because of mixing between the La and 0 states and
the consequent lowering of the energy of the La 5d states.
If there is minority spin density in s or p states associated
with the oxygen atoms, then overlap effects may account
for the observation that the spin density at the La site
( —16%%uo of that observed on a Ni atom) is considerably
more contracted than a free-atom 5d state. The observa-
tion of a small negative spin density at the 0, site adds
some weight to this argument. A possible contribution
from the nominally unoccupied La 4f states must also be
considered if sufticcient hybridization occurs. It seems
probable that the La spin density is directly induced by
the applied field, and as such reAects the susceptibility of
electron states at the Fermi surface; this is in contrast to
the nickel and any associated oxygen spin density which
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arises from tilting of the local moments present in the an-
tiferromagnetic states towards the applied field direction.
It is dificult for us to associate this feature with any su-
perconducting properties of either La2Cu04 or La2NiO~.
If it can be reproduced by detailed band-structure calcu-
lations, now in progress, ' then it will give considerable
confidence in those calculations.

It is known that substitution of rare-earth atoms for
lanthanum in LazCu04 strongly depresses the supercon-
ductivity, (solubility considerations limit the amount of
substitution), whereas similar substitution of trivalent
rare earths for yttrium in YBa2Cuz07 has essentially no
eA'ect upon T, . Polarized-neutron experiments on the 1-
2-3 system give no evidence of susceptibility at the Y
site indicating a closed-shell Y configuration with no Y-0
interaction. Our results for La2Ni04, on the other hand,
show that in this compound there is a path, via the La-0
hybridization, for direct interaction between the super-
conducting sheets. This may explain why any unpaired

4f electrons substituted at the La site have such a strong
depressive eff'ect on T, .

A more interesting question is what effect divalent
Sr + or Ba + substitution will have on the La susceptibil-
ity found in our measurements. We shall attempt to
answer this question with future experiments.
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