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The properties of isolated Ni®* ions in the two divalent sites (X and Y) of the double-nitrate
crystals have been determined at 77 and 4.2 K for LayZng(NO3)y°24H,0 and La,Mg3(NOg)yy
*24H,0. The spectra of nearest-neighbor X-Y and X-X pairs have been identified and inter-
preted to obtain the single-ion properties of the members of the pairs and the spin-spin inter-
actions between them. To anaccuracy of 1%, the mteractlon between all pairs is described by
the dipolar interaction plus an isotropic bilinear exchange JSt Sz For nearest-neighbor X-Y
pairs, we find J(X, ¥)=0,096+0,002 cm™! (antiferromagnetic), and for nearest-neighbor X-X
pairs, J(X,X)=—0.095+0.003 cm-! (ferromagnetic). These results apply.to both the zinc and
magnesium compounds. The experimental value for J(X, ¥) agrees encouragingly well with
the value 0.100 calculated from a model for the exchange developed earlier for Co? ions in
these two sites. The measured spin-spin interaction constants for the pairs are used to pre-
dict the paramagnetic absorption spectrum of La,Niz(NOg), ¢ 24H,0, whichis found to agree with
the experiment for only narrow ranges of zero-field splittings (D) for the X and Y ions. The
spin-spin interactions and single-ion properties dictate an unambiguous choice for the ordered
state of lanthanum-nickel double nitrate. It has proved possible to calculate the total ordering
energy and the specific heatat temperatures well above and wellbelow the ordering temperature
0.393K. These detailed calculations are made possible by the fact that the zero-field split-
ting term for the ¥ ion, D(Y)[S,(¥)]?, is much larger than the spin-spin interactions, which
leads to a strong suppression of the effects of the transverse part of the X-Y interaction. We
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find that D(Y) is near — 2.25 cm-! at all temperatures and in all double nitrates that we have
investigated. The results of these calculations are in good agreement with the experimental

results obtained by other investigators.

The results obtained for J(X, X) provide additional,

but not definitive, information on exchange mechanisms for the X-X pairs.

I. INTRODUCTION

In most of the classical paramagnetic salts grown
from aqueous solutions, the density of magnetic
ions is very low. The magnetic ions are usually
clothed in a shell of water molecules and these
hydrated complexes are bound to each other primar-
ily by hydrogen bonds. Consequently, the super-
exchange interactions are quite weak, but still
larger than the dipolar interactions. The double-
nitrate crystals are typical of these materials.®
The magnetic transition temperatures are all be-
low 1 K even for full concentrations of divalent
magnetic ions.

The development of an ab initio theory for the
interaction of magnetic ions in such complex en-
vironments would be a formidable undertaking, and
one that would be impossible without extensive in-
formation from measurements of the superhyper-
fine interaction with the nuclei of the ligands.

‘is our intention to improve our understanding of
spin-spin interactions in these complex situations
through the use of a semiempirical theory in which
we postulate exchange potentials between electrons
in symmetry-adapted d orbitals. There is reason
to hope that there will be many cases in which only
a few orbitals will be importantly involved in the
exchange and that it may be possible to obtain a

|

description of many chemically different ions in the
same sites with just a few parameters.

The double nitrates have two different divalent
sites which we designate the X and the Y sites.
Culvahouse and Schinke? used pair spectra to deduce
the spin-spin interactions between Co?* in nearest
neighbor (NN) X-Y and X-X sites. They found that
the degree of anisotropy in the X-Y interaction
could be explained quite precisely if it was assumed
that only the e,-hole orbitals were involved in the
exchange between NN X-Y sites. The anisotropy
of the X-X interaction was such that the #,, orbitals
must be involved in that exchange process.

In an octahedral field, the lowest orbital states
of Co® are the triplet T, which is mostly an e%,,
configuration. The singlet A, state formed from
€2 is the parent of that part of T, which is of the
€3ty configuration.® This e? state is identical to
the ground state of Ni?* in an octahedral field if
small spin-orbit effects are ignored.® This implies
that if only e, orbitals are involved in the exchange,
there is an isotropic exchange interaction between
the ionic spins of Co?* and between the ionic spins
of Ni?*, with the exchange constant for Co?" just &
that for Ni**.* For Co? in the X and Y sites we
found the isotropic ionic exchange constant to be
0.0438 cm™. In the simple model presented here
we conclude that Ni** jons in the X and Y site
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should experience an isotropic exchange between
ionic spins

se(ex)= K,S, - S,, | (1)

with K; =+0.0986. The corrections from con-
figuration admixture in both Ni?* and Co®" lead to

a reduction of the contribution of the orbital ex-
change to the isotropic part of the ionic exchange
and cause it to appear as anisotropic exchange be-
tween ionic spins. These effects were shown to be
quite small for Co?* and are even smaller for Ni%,
The precise value of the corrections depend slightly
on how the exchange is distributed among the e,
orbitals. In the work on Co? it was assumed that
the exchange was due to the 6 orbital which pointed
toward the oxygen of that water of hydration which
was at the end of a chain of hydrogen bonds linking
the X and Y complexes (see Fig. 11 of Ref. 2).°
Pursuing this model one finds that K, in Eq. (1) is
0.100 cm™!. Other distributions of the exchange
between the orbitals yield predictions intermediate
between the two values quoted. The results ob-
tained for Co®* in the X and Y sites of the double
nitrates thus imply that the spin-spin interaction
of Ni** ijons in these sites will be dipolar plus an
isotropic exchange very near 0.100 cm™! with very
small anisotropic and biquadratic exchange.

We have undertaken the study of Ni®* pair spectra
in the double nitrates primarily to check the pre-
dicted value of the isotropic exchange interaction
for ions in the X and Y sites.. We have been able
to determine the spin-spin interaction between ions
in the NN X sites as well, and from this we have
been able to learn more about that exchange for
ions in the NN X sites. While this work was in
progress, measurements of the magnetocaloric
properties of LaNiN ! were completed at Leiden. ¢
The interpretation given to those data seemed to
contradict some EPR data obtained earlier by
Culvahouse, " which was interpreted to show that
Ni2* in the Y site of the double nitrates had a zero-
tield splitting D(S,)? of about -2. 25 cm™ in both
LaMgN and LaZnN. We have obtained additional
measurements which verify this result and show
that a similar value for D applies for the Y ion
LaNiN. We have been able to calculate a number
of the magnetocaloric properties of LaNiN using
only numbers determined from EPR measurements
and we find good agreement with the values deter-
mined at Leiden and at higher temperatures by
Fenichel and Unrine. ®

II. SINGLE-ION PROPERTIES OF Ni** IN DOUBLE NITRATES

Both the X and Y sites have trigonal symmetry
and the spin Hamiltonian may be written

e=ugH-8-S+D(S2=%). (2)

The g tensors for both ions are isotropic within
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experimental error and very close to 2.24. The
values measured for a number of different situa-
tions are given in Table I. For the X site, the
value of D is small and very sensitive to tempera-
ture and diamagnetic constituents. The values of
D are tabulated in Table I for a large number of
situations. Some of these values have been re-
ported previously and our values agree with earlier
results.

The resonance of the Y ion has been studied
much less extensively. Prior to this work, the
only report of a resonance due to the Y ion was
that by Culvahouse, ’ who observed resonances in
dilute double nitrates which were interpreted as
the forbidden transition of a spin-1 ion with a
D value of about —2.25 cm™!, This was assumed
to be due to Ni®* in the Y site for two reasons.
Firstly, the spectrum of Ni%* with the small D
value when observed in CeZnN showed spin-spin
interactions with Ce®* which corresponded to the
trivalent environment of the X site. Secondly,
the large D value correlated satisfactorily with
the large value of g, — g, observed for Co®* in the
same site. Brice® used a crystal field which re-
produced the g values of Co?* in the Y site to calcu-
late the D value for Ni®* in this site. The result
of —4.4 cm™ is in the same order of agreement
with experiment as are the D values calculated
for the X site by the same methods.

The measurements on the Y-ion spectrum have
been repeated using a magnet capable of much
higher magnetic fields than the one used by Culva-
house in Ref. 7. The measurements have been
made at 37 GHz as well as in the range of 13-16
GHz. The larger magnetic field has made it pos-
sible to observe both of the allowed transitions of
the Y ion over a considerable range of angles,
especially in the measurements at 37 GHz. In
Fig. 1, the absorption spectrum of 3% Ni in,LaZnN
is shown for several directions of the magnetic
field for a spectrometer frequency of 13. 820 GHz.
The lines arising from isolated Ni®* ions are
identified by a code which distinguishes the com-~
plex giving rise to the absorption and the order
in which the lines become visible as the magnetic
field is increased and is rotated away from the
direction of the symmetry axis. Since the for-
bidden transition of the Y ion is not visible until
the field is rotated away from the direction of the
symmetry axis, it has acquired the designation
Y3 whereas the forbidden transition of the X ion
is designated X1. It is apparent that the term for-
bidden transition is hardly appropriate for the line
Y3 when the magnetic field is perpendicular to the
symmetry axis, but we will continue to use this
term for reasons of convenience. For the field in
the direction of the symmetry axis, the line X1 is
hardly visible, but it is very narrow and becomes
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TABLE I. Spin-Hamiltonian parameters for Ni** in several double-nitrate crystals.

Crystal Site Situation T(K) D(em™) & &
LaMgN X Isolated 77 0.178 +0,002 2.242+0,004 2.242+0.003
LaMgN X Isolated 4.2 0.196 +0,002 2.243+0,007 2.238+0,004
LaMgN X X-X pair 4,2 0.260 +0.002 2.243+0.007 2.238+0.004
LaMgN X X-Y pair 4,2 0.153 0,003 2.243+0,007 2.238+0.004
LaZnN X Isolated M 0,043 £0.001 2.235+0,01 2,235+0.01
LaZnN X Isolated 4.2 0.063 £0,002 2.235+0,004 2,236+0,007
LaZnN X X-X pair 4.2 0.129 +0.002 2.235+0.004 2,236+0.007
LaZnN X X-Y pair 4,2 0.052 +0,003 2.235+0,004 2.236x0,007
LaNiN X Concentrated 77 -0.03 20.02 2.24 +0.01 2.24 x0,01
LaMgN Y Isolated Vi -2.164 +0.001 2.242+0,004 2,237+0.01
LaMgN Y Isolated 4.2 -2.217 +0,006 2.243+0.007 2.238+0.005
LaMgN Y X-Y pair 4,2 - 2,213 0,007 2.243+0.007 2.238+0.005
LaZnN Y Isolated 7 -2,212 0,01 2.235+0,01 2.236+0,01
LaZnN Y Isolated 4.2 —2,265'+0,004 2.235+0.004 2.235+0.003
LaZnN Y X-Y pair 4.2 —2.260 +0,005 2.235+0.004 2.235+0.003
LaNiN Y Concentrated 4,2 (—2.247)* 2.24 £0.01 2.24 0,01
LaNiN Y Concentrated 77 -2.20 0,02 2.24 £0.01 2.24 0,01

2Value obtained using a local-field correction for the shift of the peak of the Y transition.

quite prominent in a spectrum taken with a small
magnetic field modulation. This line and also Y3
are narrow because the transition frequency is not
sensitive to strain-induced changes in the zero-
field splitting, which is the mechanism responsible
for the width of the allowed lines. Data such as
those shown in Fig. 1 have been used to obtain the
isolated ion spin-Hamiltonian parameters listed
in Table I. The values tabulated there for mem-
bers of pairs and LaNiN have been derived from
data discussed in subsequent sections. It is note-
able that the D values for the Y ion are hardly any
different in any of the host environments and that
the D values for X ions are very similar in LaNiN
and LaZnN, a situation reminiscent of the behavior
of the g values of Co?* in the double nitrates. 2
There are several unusual features of the isolat-
ed X-ion resonance which need to be understood
to avoid confusion in the interpretation of the pair
spectra. One of these features has led to erron-
eous interpretations in the past.® The intensity
of the forbidden transition of the X ion is appreci-
able even when the field is along the symmetry
axis. In contrast, the intensity of the forbidden
transition of the Y ion appears to vanish as the
field direction approaches that of the trigonal axis,
as is expected for perfect trigonal symmetry.
The magnitude of the intensity of the X-ion for-
bidden transition and the difference in behavior for
the X and Y ions appear to be completely explained
by the presence of randem strains which destroy
the trigonal symmetry and lead to terms of the
form

7(S,S;+S.S,;+5,S ,+8S,5.) (3)

in the spin Hamiltonian. When the field is along
the symmetry axis, this term leads to an inten-

sity for the forbidden transition which is propor-
tional to

n 2 1 2
(i) (o) - @

For observations at 13 GHz, the last factor is
very small for the Y ion, but much larger for the
X ion, The term 7 is probably somewhat smaller
for the Y ion because of the smaller sensitivity
to strain as illustrated by the insensitivity of D(Y)
to temperature and diamagnetic constituents.
Experimentally, we find that the intensity of the
forbidden transition at 13 GHz and with the field
along the symmetry axis is much larger for the
LaMgN host than for LaZnN. This correlates very
well with the fact that 2D is much closer to zv for
LaMgN than for LaZnN. In fact, the absolute in-
tensity of the forbidden line is consistent with an
rms value of n that explains the width of the al-
lowed transitions for field directions such that a
distribution of values for n make a first-order
contribution to the linewidth.

The above comments on the relative intensity
of the forbidden transitions of the X and Y ions
with the field along the symmetry axis apply equally
well to measurements at 9 GHz; but when 2D> hy,
as it is for Ni?* in the X site of LaMgN observed
at 9 GHz, the forbidden transition lies at a mag-
netic field between that for the two allowed tran-
sitions. Under these conditions the angular varia-
tion is somewhat unusual, since the forbidden
transition and the low-field-allowed transition do
not cross but simply exchange their character as
the direction of the field is changed from parallel
to the symmetry axis to a perpendicular direction.
This behavior is illustrated by the measurements
reported by Mess et al.® Those authors inter-
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preted the three lines observed at fields below 10
kG as the two allowed lines of the X-ion complex
and one line of an X-X pair spectrum. There are
several theoretical and experimental objections

to their interpretation; but perhaps the most com-
pelling is that the line positions as a function of
angle that are given by them can be fitted satis-
factorily as the allowed and forbidden transitions
of a Ni®* ion with D=0.207 cm™.

The unlabeled lines in Fig. 1 are lines which
arise from pairs except for the two rather sharp
lines than can be discerned between X3 and X2 for
field directions more than 54° from the symmetry
axis. We have established that these lines are
not due to pairs. They disappear at 77° whereas
the pair lines do not. We have found no satisfac-
tory model which explains all of the characteristics
of these lines.

1II. PAIR SPECTRA
A. X-Y Pairs

A bilinear spin-spin interaction can have the

general form

o= 20 T (1, 2) T (1) Ty (2) (5)

mm'

in which we use the tensor operator notation de-
fined in Ref. 2. The spatial symmetry places no
restrictions on the form of (5) for an X-Y pair and
there are nine constants which describe the inter-
action. Three of these constants correspond to the
Moriya-Dzyaloshinski antisymmetric interaction. '°
For an orbital singlet, this interaction is of first
order in the spin-orbit interaction and can be of
the order of (g-2) times the isotropic exchange J.
However there is a near cancellation of the contri-
butions from the two ions' so that the final result
depends upon the differences of g in the two sites
and these differences are less than 0.01. This
implies that the antisymmetric exchange should
be less than 0.001 cm™, which is considerably
less than the dipolar interaction between the ions.
Since the g values for the two ions are the same,
the dipolar interaction itself is symmetric. We
assume that there are only six parameters in (5).
In terms of the notation introduced in Ref. 2 we
have '

It (1’ 2) = Jmm’ (1, 2) e“’mm , (6)

where the independent coefficients are Jyy, J;.y
X (cosP1.1), J105J11s P10, ANd Pyy.

In second order, the spin-orbit interaction leads
to anisotropic exchange terms of the order of
(g-2)%7~0.01J which have been called the pseudo-
dipolar terms. 2 In the case of Ni** ions in the
double nitrates, the magnitude of these terms is

affected only very slightly by the trigonal distribution

at the two sites, and the major part of such con-

tributions will reflect a cubic symmetry at each
site and therefore be isotropic and requirea small
correction to the isotropic exchange calculated
without considering the spin-orbit effect. Thus
the pseudodipolar part will be far less than 1% of
J. Ofgreater potential importance arethe biquadratic
spin-spin interaction terms which arise from the
second-order effect of the spin-orbit interaction.
These are the terms which Van Vleck has called the
pseudoquadrupole interaction. * Again, because

of the overwhelming dominance of the cubic sym-
metry, the major part of this interaction will be of
the form J'(S, - S,)?, with J’ of the order of 0.001
cm™,

There are two other sources of a biquadratic in-
teraction: terms of the fourth order in the transfer
integral'® and the electric quadrupole moments of
the ions. The transfer integral is so small for a
bilinear exchange of 0.1 cm™ that the fourth-order
contribution will be only of the order of 107® cm™,
Using the quadrupole moments given by Kana-
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FIG. 1. Absorption spectrum of 3% Ni in LaZnN at
13.820 GHz for several directions of the magnetic field.
The transitions X1, X2, and X3 are due to ions in the
X site; and Y1, Y2, and Y3 are due to ions in the Y site,
The numbers refer to the order in which the lines appear.
as the magnetic field is increased and rotated from the
direction of the symmetry axis. Most of the weak lines
are pair lines.
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FIG. 2. Derivative of absorption near the transition
Y1 with the field along the symmetry axis. The observing
frequency is 13.820 GHz and the temperature is 4,2 K,
The two pair lines correspond to an X-ion neighbor of the
Y ion in the states m(X)=+1. The shoulder on the res-
onance lines is due to twinning of this crystal.
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mori, **one finds an interaction less than 1075
cm™,

In view of these estimates we attempt to inter-
pret the pair spectra of the X-Y pairs with the
symmetric form of (5). Although we expect the
form to be dipole-dipole plus isotropic exchange,
our approach is to use the experimental data to
determine the parameters in the phenomenological
form, to subtract the dipolar contributions, and to
examine the character of the nondipolar part.

The experimental data overdetermine some of the
parameters in the bilinear interaction and we ex-
pect that the presence of biquadratic interactions

will be indicated by lack of consistent agreement

with experiment.

The large value of D(Y) ensures that for most
field directions, the transitions of the X and Y
ions are separated by amounts that are large in
comparison with the spin-spin interactions. In
this situation, the pair spectra associated with
X-ion and Y-ion transitions are well separated;
and the effect of the spin-spin interaction is given
to a useful approximation by a local field cor-
responding to the elements of 3¢, that are diagonal
in a product representation which diagonalizes the
single-ion Hamiltonians.

The pair spectra are also affected by strain-
induced changes in the single-ion Hamiltonians
when the ions are members of a pair rather than

PAIR SPECTRA AND MAGNETIC PROPERTIES...
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isolated. The g tensor of Ni** is extremely in-
sensitive to strain, but there will be a symmetric
quadratic spin term induced by the strain which
is of the form

Z) DaBSosz ’
aB

where the Greek subscripts refer to the coor-
dinate axes. The effect of these terms has to be
untangled from the spin-spin interaction effects.
With the field along the symmetry axis, the
transition Y1 is well separated from other single-
ion transitions as shown in Fig. 1. The pair
lines near that transition can be discerned in
Fig. 1, but the derivative spectrum in Fig. 2
shows much more detail. The slight doubling of
the lines in this spectrum is caused by a twinning
of the crystal. The pair spectrum consists of
one line 973 G above the isolated-ion resonance
and another line 935 G below. Since the Y-Y in-
teractions were shown to be dipolar for Co®* in
the double nitrates, this large splitting is due to
a NN X-Y pair, and is the transition of a Y ion
with an X ion in one of the six NN sites. The two
lines correspond to the neighboring X ion having
the spin projection + 1 along the symmetry axis.
The line due to X-ion neighbors with zero-spin
projection presumably lies under the isolated res-
onance. In first-order perturbation theory, the
separation of these lines from the isolated-ion
transition is given by

AH(m) = (gup) ™ {JooX, V)mX) +6[D(V)]}, (1)

where m(X) is the magnetic quantum number of the
neighboring X ion and §[D(Y)] is the strain-induced
change in D for the Y ion. In terms of D,; we have

8[D(Y)] =D, (Y) - 3[D,,(Y)+ Dy, (V)] . - (8)

From the separation of the high- and low-field
lines, one finds Jy(X, ¥)=0.099 cm™. It is ap-
parent in Fig. 2, that the high-field pair line is
more intense than the low-field line. The tem-
perature in that case is 4.2 K, and as the tempera-
ture is lowered the upper line grows in intensity
relative to the lower. This implies that Jyo(X, ¥)
is positive (antiferromagnetic). The dipolar con-
tribution can be subtracted with the result Ji’

(X, Y)=+0.0968 cm™, but this is not quite precise
because of second-order effects of the spin-spin
interaction which affect the spacing of the m(X)
=+1 lines. These second-order effects can be
estimated quite accurately by assuming that the
spin-spin interaction is justdipolar plus an isotropic
exchange of about 0.1 cm™!. The large off-diagonal
elements are primarily 3J[S.(X)S_(Y) +S.(X)S,(Y)].
Using this we find that the low-field line m(X)=+1
is shifted upward by 40 G, and the high-field line
m(X)=-1 is shifted upward by 80 G. Allowing for
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this correction, we find J&i* (X, Y)=+0. 095 cm™.

The calculated second-order effects predict an
upward shift of the center of gravity of the high-
and low-field lines of 60 G. The observed shift
is only 19 G. We attribute the difference to a
change in D(Y) for the pairs

8[D(Y)]=0. 005 cm™.

These results imply that the line corresponding
to m(X)=0 is shifted upward by only 75 G and
therefore is obscured by the isolated-ion resonance.
The shoulder on the low-field side of the isolated
resonance is also apparent in the pairs and is due
to crystal twinning: Data taken with other crystals
do not show this effect.

If one is willing to assume that the X-Y inter-
action is really just dipolar plus isotropic exchange,
the above data would be conclusive. We regard
this as only a reasonably accurate determination
of J,, subject to possible revision of the second-
order correction if the transverse elements prove
to be significantly different from those assumed.
The other elements of (5) must be determined from

Y3
(@)
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FIG. 3.(a) Derivative of absorption near the transition
Y3 with the magnetic field perpendicular to the symmetry
axis for LaMgN. The frequency is 13.824 GHz and the
temperature is 4.2 K. (b) Same for LaZnN at 13.845 GHz
and 4.2K. The additional lines in the LaMgN spectrum
are the result of strain produced by distant neighbors.
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measurements of the pair spectra in other field
directions. Inspection of Fig. 1 shows that for
the field in a direction perpendicular to the sym-
metry axis, the Y-ion transition Y3 is well sep-
arated from all other isolated-ion transitions.

For field directions in this plane, it is possible to
analyze the pair spectra about the transition ¥3
with a well-organized perturbation approach.
Measurements as a function of the azimuthal angle
define J,.,(cos ¢.q), Jq3, and ¢y;. ,

Examples of the pair spectra about Y3 for field
directions perpendicular tothe symmetry axis are
given in Fig. 3. The spectrum of LaZnN shows only
three resolved pair lines for the particular direc-
tion shown, but as the direction of the field is
varied in the perpendicular plane, a total of nine
jlines can be observed. The angular variations of
these nine lines are displayed in Fig. 4. The
spectrum shown in Fig. 3 for LaMgN is very sim-
ilar except for many extra lines near the isolated-
jon transition. This complication arises from the
difference in the size of the Mg and Ni ions which
causes an Ni impurity to produce considerable
strain. The extra lines near the isolated-ion res-
onance are the result of strain effects from
neighbors for which the spin-spin interaction is
very small. For both NaZnN and LaMgN there are
three groups of three lines whichwe interpret to be
pairs corresponding to the three values for m(X)-
and the three types of NN sites.

With the field perpendicular to the symmetry
axis, the eigenstates of the X ion for fields of the
order of 10 kG are very well approximated as
eigenstates of S,,, where 2’ is the direction of the
magnetic field. For the Y ion, it is necessary to
use a representation which diagonalizes both the
zero-field splitting and the Zeeman interaction.
The energy eigenvalues of these states are

E,=3D-[1D?+(gusHY]V?, (92)
E,=D, (90)
E,=3D+[1D*+ (gusHI?, (9¢)
and the corresponding wave functions are
¥,=cosT|1, 1) +sinT |1, +1), (10a)
¥v,=[1,0), (10b)
¥,=cosT |1, +1) —sinT |1, 1), (10c)
where
tanT' = E"—:l—%w ()
2D
and the states |1, m) are eigenstates of S,,. Trans-

forming (5) to a set of axes defined by the field
direction, we find"®

JIho(p, 90°) = —J;_1c080, 4 +J1, €08(2¢ +Pyy), (12)
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FIG, 4. Variation of the pair lines about ¥3 in LaZnN
with the direction of the field in the plane perpendicular
to the symmetry axis. The azimuthal angle ¢ is measured
from the bisector of one of the sides of the hexagonal
plate. Thedataweretaken under the same conditions as
in Fig. 3.

in which ¢ is the angle in the perpendicular plane
defined by the field direction and the projection of
the interionic axis X-Y onto the perpendicular plane
(there are therefore six distinct values ¢ and three
distinct values of 2¢).

The transition Y3 is between the states b and ¢
for which it is easily verified that

—GLE—g—F;—Ef) = gl cos2l . (13)
We find that the first-order prediction of the field
splitting from the spin-spin interaction is

AHD (m)=[Jho(¢, 90°)/ gz ]m(X) . (14)

It is immediately apparent from Fig. 4, that the
angular behavior of the lines is not completely
described by (14). The most noticeable effect is
a displacement of the m(X)=0 lines and the fact
that all of the lines including the m(X)=0 lines
show a large oscillation of nearly the same phase.
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The latter effect arises from strain-induced
changes in the spin-Hamiltonian of the Y ion which
is no longer axially symmetric. The line positions
are most sensitive to [ D(Y)] given by (8) and the
combination

E(Y)=3{[D,,(¥) - D, (Y)]*+4[D,,(V)]?}/2 .  (15)

The effect of 6[D(Y)] is independent of ¢ and cal-
culated from the information gained from the pair
spectra with the field in the direction of the sym-~
metry axis is found to be 9 G downward. The
contribution from E(Y) is the same for all pair
lines and is given by

AH? (m)= [E(Y)/gup cos2T] cos{2[¢ - ¢5(Y)]}, 6
: 16

where
tan2¢ x(Y) = 2D, (Y)/[ D, (Y) - D, (V)] . a7

The introduction of this term vastly improves the
description of the oscillatory part of the behavior.
The amplitude of the oscillation is higher for the
low-field lines than for the high-field lines, which
is easily explained as a result of interference be-
tween the oscillatory parts of (14) and (16).

The large remaining discrepancy is the shift of
the m(X) =0 lines from a position midway between
the m(X)=+1 lines. This effect arises primarily
from the second-order effects of the spin-spin
interaction which we again calculate assuming that
the off-diagonal spin-spin terms are given to
satisfactory precision by an isotropic exchange of
about 0.1 cm™. To make this calculation properly
one needs to know the energy levels of the X-ion
member of the pair (since this enters in the energy
denominators of the perturbation result), and thus
one must know the strain-induced changes in the
X-ion Hamiltonian. This consideration is negli-
gible in the calculation of the second-order effects
with the field in the direction of the symmetry
axis, but in the present case some of the energy
denominators are only one-half wave number.

The inclusion of this effect is also important be-
cause the presence of a term E(X) in the X-ion
Hamiltonian leads to oscillatory second-order
corrections that are indistinguishable from a spin-
spin interaction effect. The value of D(X) can be
obtained quite directly from the spectrum of the
X-Y pairs about the X ion with the field along the
symmetry axis. The identification of these lines
had to be made parallel to the analysis of the X-X
spectrum discussed in Sec. III B. The value of
E(X) was determined from a partial analysis of the
X-Y spectrum about the X ion with the field in the
plane perpendicular to the symmetry axis. The
X-X pair lines and the single-ion spectra are
axially symmetric so that the X-Y pair lines are
easily identified although frequently obscured by
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TABLE II. Spin-spin interactions and strain-induced effects for X-Y pairs of Ni®* in LaZnN and LaMgN. The spin-
spin interactions, E(X) and E(Y), are in units of cm™!,
LaZnN LaMgN
Quantity Dipolar Experiment - Nondipolar Experiment Nondipolar
Jog 0. 0022 0.0972+0. 002 0.0950+0, 002 0.0967+0.002 0. 0945 +0. 002
J1.1c08¢ 4 -0.0011 0.0946 +0, 002 0.0957 +0. 002 0.0959+0. 002 0.0970+0. 002
Jiq -0.0017 -0.0025+0.001 - 0.0008+0.001 —0.0020+0, 001 -0.0003+0.001
b1 0° 3°+43° 3°+43° 25°+49° 25° +£49°
Jio No data
(pw No data
E(Y) LR 0. 0156 +0, 0005 s 0.0182+0. 004 *oe
¢E(y) oo . 6050':1:1" .0 6031'=|:1°301 P
E(X) L 0.0329+0.003 ° . 0.073 +0.009 e
dp(x) . 16°26 +£2°30 L 18°81’ +3° e

other lines. Fortunately, the effect of the X-Y
spin-spin interaction is very small because at the
low fields where the lines are observed the Y-ion
eigenstates have a very small expectation value
for S,. We are therefore confident that most of
the oscillation is due to E(X) and that we can ob-
tain a fairly reliable value from an incomplete
analysis. The values which we obtained for the
X-ion parameters are tabulated in Table II.

' The angular variations shown in Fig. 4 were
fitted to the form

AH(m)=A,, +B,, cos2¢ +C,, sin2¢ , (18)

with the results tabulated in Table III. The sec-
ond-order effects were calculated as described in
the last paragraph and the values of J,_; cos¢,_,,
Ji, @11, E(Y), and ¢(Y) were chosen for a best
fit to the experimental constants. As a further
refinement, the calculations were repeated using
exact diagonalization of the complete X-Y Hamil-
tonian with the parameters obtained in the perturbation
analysis. The effect of small changes in the param-
eters describing the Y ion and the X-Y interaction
was then found by perturbation theory in the rep-
resentation which diagonalized the first approxi-
mation to the proper Hamiltonian. This procedure
gave only very small corrections. The final values
for all of the single-ion parameters and the spin-
spin interaction parameters are given in Table

II. The sign of J,_; cos¢,, was determined from

the temperature dependence of the relative in-
tensity of the pair lines. The agreement of the

. experimental and calculated spectra can be judged

by the agreement between the calculated values of
the constants A,,, B,, and C, in Table III and the
experimental values.

The nondipolar part of the X-Y interaction tabu-
lated in Table II is such that, within the experi-
mental accuracy of about 1% or 0.001 cm™, we
have

(nd) _ _ p(nd) nd) _
Joo =—di%y cosdy,y, Jii =0,

which is expected for isotropic exchange. The
best value of the isotropic exchange parameter is

J= 3(Jgg — 2J,.,COS0,.,) = 0. 0955F 0. 001 cm™ .

We have noinformationondyg, J o1, ¢p19, b1, and
¢4.1, but regard the measurements that we have
made adequate to conclude that the interaction is
isotropic exchange plus dipolar within an accuracy
of 1%. There could be a bilinear interaction of
the order of 0.001 cm™!, which we could not have
distinguished from other effects.

B. X-X Pairs

The X-X pairs retain axial symmetry and the
spin-spin interaction is rigorously symmetric for
the interchange of the two ions. The spin-spin
interaction contains only two parameters Jy, and
Ji.1- The only other parameter required to de-

TABLE ﬁI. Parameters for fitting the angular variation of X—¥ pairs about the ¥3 transitions with the magnetic field

perpendicular to the ¢ axis.

All units are in gauss.

Ay Ay Ay B, B, By Cy Co Cy
LaZnN
Fit to data 1027 +£10 364+21 -691+14 331+9 378+13 428 +10 93+13 94+16 76+16
Calculated 1034 367 - 683 323 377 436 96 84 82
LaMgN
Fit to data 1021 +10 381+9 —671+7 390+10 417+9 464 +6 119+15 81+16 64 +16
Calculated 1022 377 - 668 387 413 467 111 78 72




3 PAIR SPECTRA AND MAGNETIC

scribe the pair spectra is D(X) for the members
of an X-X pair.

The spin Hamiltonian for the pairs may be
written

Soxx =gusH- [S(1)+8 @]+ D) {S,(1)+S,@)F -4}

+K,S (1) S$2)+ (K- 2D(X)]S,(1)S,(2),  (19)

where Ky=-J,y and K,,=Jy+Jy.q. With the
field along the symmetry axis, the z component
of the total spin

S5:(T)=5,(1) +5,(2) (20)

is a good quantum number. The total spin itself
would be a good quantum number if K,, — 2D(X)
were 0. This latter term admixes the states with
S,(T)=0, S(T)=0and 2. 1 is, therefore, still
quite useful to use the total spin and its z com-
ponent to label the states. In terms of eigenstates
¢ and ¥, of the individual spin operators S,(1)
and S,(2), the eigenstates and eigenvalues of (19)
are

| 2, £2) = Gar¥ay,

(21a)
Ey 2=+ 2g8usH+2D+Ky+K,, ,
|2, £1) = 2'“2(%«1)10 +boPar)s (o1b)
Ey s =t gUugH-3D+K,
|1, 1) = 272,100~ o¥ay),
. (21c)
Ey 1=t gUgH — 3D - K,
| 1,0) =2"2(¢ .y — d.gy),
21d
El.0=_%D"Kn—K0: ( )
|a+) =cosy|2, 0) +sin¥|0, 0), (21e)
-)Y=-siny|2,0
|a ) m'yl , )+cosy|0, 0), (211)

Eoy= - $(Ky - 2D) - 3Ko = [GKo)* +§(K,, - 2DP]V2,

where

coty= (2/V18)(K,, — 2D)/(E,, +2D+3K,, - K,) , (21g)
2, 0) =672 20580 + (b 0.1 + .181)] , (21h)
0, 0) = 677220, = (b18.4 + d_1)] - (211)

The allowed transitions that are induced by a
magnetic field perpendicular to the applied field
are characterized by AS,(T)=+1 and AS(T)=0.
There are therefore transitions between |2, *1)
and the states | a:) which have .:tensities propor-
tional to cos®y and sin?y. If the observing frequency
is larger than any of the zero-field splittings,
there are four pairs of lines that can be observed
with each member of a pair symmetrically located
about the field hv/g.

An example of the pair spectra about the X-ion
resonance is given in Fig. 5. We expect to find
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FIG. 5. Derivative of absorption near the lines X2
and X3 in LaZnN with the magnetic field in the direction
of the symmetry axis. The observing frequency is 13.848
GHz, and the temperature is 4,2 K, The lines o’ and 8
are from X-Y pairs, the lines a’, b’, ¢/, and d’ are
from X-X pairs.

both X-X and X-Y pair lines in this spectrum.

The X-Y lines must be relatively strong and occur
in triads with a.spacing of approximately 950 G.
Further, - these lines from the X-Y pairs should _
break up into several component lines as the direc-
tion of the magnetic field is rotated away from the
direction of the symmetry axis. These criteria
led to the identification of lines &’ and g’ in Fig.

5 as components of the X-Y pair spectra. Assum-
ing that the other lines of the X-Y pair spectra are
obscured by the isolated-ion transitions, one ob-
tains a unique value for D(X) for the X-ion mem-
ber of an X-Y pair. The spectrum shown in Fig.

5 is for LaZnN. For LaMgN, more of the X-Y
pair lines can be observed because of the larger
spacing of the allowed transitions of the isolated

X ions.

The two pairs of lines (&, d’) and (b', ¢') are
four of the possible eight lines of an X-X pair.

We fitted the positions of these two pairs by the
following approach: We assumed that K, has the
value calculated from the dipolar interaction (that
there is no anisotropic exchange), and varied both
K, and D(X) to reproduce the positions of the ob-
served pairs with the added requirement that the
other four lines had to be predicted to be unob-
servable. Only two solutions can be found which
satisfy these criteria and they are related by in-
version of the signs of both K, and D(X). Added
confidence in this interpretation was gained by re-
peating the analysis for LaMgN, where four X-X
pair lines could again be isolated. In this case we
found that the same criteria could be met with the
same value of K, but a different value of D(X).

A further test of the model and a distinction be-
tween the two choices of sign is provided by the
spectrum about that of the isolated X ions with
the field in the direction perpendicular to the
symmetry axis, an example of which is given in
Fig. 6. The lines a, b, and d exhibit axial sym-
metry; a and g exhibit a variation with ¢ and are



2288

part of the spectrum of X-Y pairs. The narrow
line just below X1 and the two sharp lines between
X1 and X2 are axially symmetriclines which we do
not believe to represent pairs, but for which we
have found no satisfactory explanation. Accurate
prediction of the field positions of the X-X pair
lines for this field direction requires the exact
diagonalization of the X-X pair Hamiltonian with
the parameters obtained from the fit of the paral-
lel spectrum. A good fit was found for that choice
of signs which makes K, negative (ferromagnetic).
Subtracting the dipolar contribution to K, we ob-
tain J=—0.0938+0.003 cm™! from the LaZnN data
and —0.0958+0.003 cm™ from the LaMgN data.
The values of D(X) are tabulated in Table I for
X-X pairs in both host crystals.

As a further check on the model, the position of
the pair line d’ has been reproduced at angles of
10°, 20°, and 30° from the symmetry axis. The
position of the line d has been reproduced for a field
direction 85° from the symmetry axis. The tem-
perature dependence of the relative intensity of
the lines o', b’, ¢’, and d’ has been measured
between 4.2 and 1. 2 K and found to agree with the
predictions of the model.

IV. EPR SPECTRA OF LaNiN

A. Experimental

The absorption line shape of one of the allowed
lines (Y1) of the Y ion in LaNiN is shown in Fig. 7.
The field is in the direction of the symmetry axis,
the temperature is 77 K and the observing frequency
is 16.204 GHz. The center position of the line
corresponds to the D value tabulated in Table L.
The full width at half-maximum is 4736 G and the
shape is close to Gaussian. Because of the width
and lack of structure, the derivative signal is very
small except with very large modulation fields.

We have observed the transition ¥1 at Ni concen-
trations of 10% and 20% but in the latter case,
there are so many overlapping pair lines that the

i
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FIG. 6. Derivative of absorption near the lines X2
and X3 in LaZnN with the field perpendicular to the sym-
metry axis. The lines o and 8 are from X-Y pairs, and
the lines @, b, and d are from X — X pairs, The observ-
ing frequency and temperature are the same as in Fig. 5.
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FIG. 7. Absorption due to the transition Y1 in LaNiN
at 77K. The observing frequency is 16.204 GHz. The

full width at half-maximum is 4736 G.

observation is difficult.

The absorption spectrum of the X ions in LaNiN
with the field along the symmetry axis is shown in
Fig. 8(a). The peak at high field in Fig. 8(a) is
the transition Y1. The absorption spectrum with
the field perpendicular to the symmetry axis is
shown in Fig. 8(b). The X-ion absorption at low
fields is much more narrow than in Fig. 8(a). The
line on the high-field side is due to the transition
Y3. The X-ion absorption with the field along the
symmetry axis contains considerable structure and
the

(a) 6:0°

(b) 0:90°

02 a6 "8 10 12 1 w6 1B 20
KILOGAUSS

FIG, 8. Absorption spectrum of LaNiN at 77K and for
an observing frequency of 16,746 GHz with the magnetic
field along the symmetry axis in (a) and perpendicular to
the symmetry axis in (b). The line at high field in both
spectra is due to the ¥ jon. The low-field absorption is
due to the X ion.
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FIG. 9. (a) Derivative of absorption for the X ion in
LaNiN with the magnetic field along the symmetry axis
and an observing frequency of 16,742 GHz. The tempera-
ture is 7T7K. (b) A calculated spectrum for the conditions
corresponding to (a) and assuming spin-spin interactions
between X and Y ions as those established by the pair
spectra J(X, X)=—0,094 cm™! and D(X)=—0.03 cml.

derivative signal is still quite strong with modula-
tion fields of 50 G. The derivative spectrum for
this field direction is reproduced in Fig. 9(a).
Figure 9(b) is a calculated line shape which we
discuss in Sec. IV B.

B. Calculation of Line Shapes

The calculation of the detailed line shape for the
X ion in LaNiN when the field is in the direction
of the symmetry axis is made possible by the large
D value for the Y ion and the arrangement of the
NN of an X ion. The X ion interacts strongly only
with its one NN X ion and six NN Y ions. Because
of the large value of D(Y), the magnetic eigen-
states of LaNiN crystals are well approximated
by product states of the Y ion with the quantum
numbers m(Y)=+1,0. Structurally, the X-X pairs
are isolated by a shell of six Y ions with which
they experience an interaction that is effectively
of the Ising form Jg(X, ¥)S,(X)S,(Y). The trans-
verse terms 3 J;.; [S,(X)S_(Y)+S.(¥)S.(X)], which
are actually present in the interaction, are off
diagonal in the representation appropriate to the
Y ion, and the energy separation of the m(Y)==1
states from the m(Y)=0 states is much larger
than the spin-spin interaction for applied fields
less than 18 kG. Therefore, to be a good approxi-
mation, the absorption of the X ions is that of an
X-X pair interacting with the local fields produced
by the six neighboring Y ions.

The local fields produced at the X sites by the
Y ions are along the symmetry axis and propor-
tional to the magnetic quantum number of the Y ion.
It is convenient to consider M, the total z com-
ponent of spin for the three Y ions interacting with
X-ion number 1, and the corresponding compon-
ent Mp for the three Y ions interacting with X-ion
number 2. The average field [Jo( X, Y)(M4+M3)]/
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2gB seen by the two X ions enters the Hamiltonian
of the pair precisely as an applied field. However,
the difference in the fields seen by the two ions
(proportional to M, — M g) multiplies an X-ion opera-
tor [S,(1) = S,(2)] which is antisymmetric for the
interchange of the X ions and therefore couples the
X~ion pair states with total spin S(T)=2, 0 to those
with S(7)=1. Fortunately, S,(7) remains a good
quantum number, and the magnetic field dependence
of the energy levels is easily calculated once the
levels have been found for zero applied field. This
last problem requires the solution of numerous

9% 9 determinants and requires the use of a com-
puter. The X-Y cluster has (3) states, but the
transitions occur only between states such that
there is a matrix element of [S(1)+ S,(2)]. Our
procedure was to assume a set of spin-Hamiltonian
parameters and to calculate the matrix elements
and magnetic field position of every one of the 784
allowed transitions corresponding to an X ion.
Each of these transitions was assumed to have a
Gaussian shape with an rms width of 250 G and a
height proportional to the square of the calculated
matrix element. The derivative of these overlap-
ping Gaussians were summed and the output dis-
played by a Benson-Lehner plotter.

The line shape was calculated for a number of
values of J(X, X) and D(X) in the anticipated range,
and it was soon possible to isolate features that
were most sensitive to the two parameters. The
final fit shown in Fig. 9(b) was obtained for
J(X, X)=~0.094 cm™! , which is very close to the
values obtained from the pair spectra. The quality
of fit was fairly sensitive to D(X) and the value
~0.03 cm™ used to obtain the result in Fig. 9(b)
is precise to within 0.01 cm™. The accuracy with
which D(X) is determined is somewhat less than
this because we have ignored small corrections
from the transverse part of the X-Y interactions.
These corrections would be very difficult to include
in the calculation. The maximum effect on any
one transition can be estimated to be about 100 G.
This may account for the slightly reduced struc-
tural detail in the experimental spectrum and some
of the minor errors in peak positions. We conclude
that the error in D(X) for LaNiN is less than 0. 02
cm™ and that the value of J(X, X) is the same in
LaNiN as in dilute crystals within 0. 003 cm™.

It may be somewhat surprising that the Y-ion
transition depicted in Fig. 7 displays no structure.
If one just considers the local field of the 6 NN X
ions, the spectrum would consist of 13 lines sep-
arated by about 950 G and with a stair-step inten-
sity pattern from the outside to the center of the
line. This result depends upon the assumption
that each X ion is in a state with m(X)=+1,0. The
calculation just made for the absorption spectrum
of the X ions shows that this is not true, and the
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expectation value for »(X) shows a continuous
range of values for the different states of an X-Y
cluster.

Since the line is structureless and Gaussian in
shape, we content ourselves with the calculation
of the second moment by the Van Vleck method. '
The rms linewidth ¢ for the Y1 transition is given
by

(gne)*(o®+HY) =Tr{ic, [0, S, }*/Tr(Z; S,)?,
(22)
in which H; is the center field for the transition
Y1, and the m(X)= -1 state is understood to be
omitted from the trace operation and i runs over
all Y ions. The Hamiltonian is taken to be

o= ; {gu sHeS,(@) + D(y) S,(0)]?

+§ Joolis @1)S,(1)S (i)}, (23)
which includes only that part of the Hamiltonian
which commutes with the total z component of spin
for the Y ions and the total z component for the

X ions since the inclusion of the other parts of the
spin-spin interaction would include the second
moment of weak satellite lines far from the main
transition. The X-X interaction and the single-ion
X Hamiltonian are omitted entirely since they com-
mute with 3, S,(i). In (23), the index i runs over
all Y ions but the index o7 runs only over the

NN X ions of the Y ion labeled by i. Evaluation of
the traces leads to the result

o= ZJoo(X; Y)/gﬂ B (24)

from which one finds a full width at half-maximum
of 4467 G, in very good agreement with the observed
value at 77 K. The result (24) is precisely the

same as that calculated assuming that each X-ion
neighbor produces a local field of [Jqy/gu slm(X).
The calculation done this way shows that the sec-
ond-order shifts apparent in the pair spectra do

not contribute to the second moment and therefore
not be the linewidth to the extent that the shape is
accurately Gaussian,

When the Y-ion transition is observed in LaNiN
at 4.2 K, the line is somewhat more narrow, asym-
metrical, and shifted to higher fields. These re-
sults arise primarily from the large polarization
which the X ions attain in the fields required to
observe the transition. We have calculated the
centroid shift due to the polarization of the X ions
and obtain a value of 2256 G to higher field. This
is not necessarily the same as the amount that the
peak of the line is shifted; but there are more ex-
plicit line-shape models investigated by Dixon, !
which predict a most probable local field of 2518 G.
When the observed field position of the peak of the
Y-ion transition at 4. 2 K is corrected for this local
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field shift, one obtains the value for D(Y) tabulated
in Table I. The values of D(Y) at 77 and 4.2 K
show a change with temperature very similar to
the changes in LaZnN and LaMgN. This gives
added confidence in the model developed for the
spin-spin interactions.

V. MAGNETOCALORIC PROPERTIES OF LANTHANUM-
NICKEL DOUBLE NITRATE

The nature of the ordered state of LaNiN in zero
field and at absolute zero is quite unambiguously
determined by the measured spin-spin interactions
and the single-ion properties. The ordering is
dominated by the large negative value of D(Y),
which ensures that the Y ions will be ordered in
states which are very closely eigenvalues of S,(Y)
with eigenvalues +1. As discussed in Sec. IV, the
X-Y interaction can be treated to a good approxi-
mation as an Ising interaction. The X ions sort
into X-X pairs which are in the local field of the
six NN Y ions. The lowest state of the X-X pair
isthat with S,(T)=x2. The X-Y interaction energy
will be minimized if the six neighboring Y ions are
all ordered antiparallel to the spin of the X-X
pairs. As explained in Ref. 2, the Y ions form
layers perpendicular to the symmetry axis which
are sandwiched between two X-ion layers 3. 27 A
above and below the Y-ion layer. Each Y ion in-
teracts with three X ions in the layer above and
three in the layer below. The Y-ion layers are
separated by 11, 53 A. The NN X-X pairs contrib-
ute the magnetic bonds between the sandwiches.
The X-Y interaction favors an antiparallel ar-
rangement of the X and Y layers of a sandwich,
and the ferromagnetic X-X bonds favor a similar
orientation for all sandwiches. The result is a
ferrimagnetic structure with all of the Y ions ori-
ented in one sense and all of the X ions in the op-
posite sense.

In some ways this situation is very similar to
that for Co?* in the double nitrates. In that case
the X-Y interaction was also antiferromagnetic
and highly anisotropic so that the trigonal axis was
the preferred axis for the antiparallel orientation
of the X and Y ions of a sandwich. The total X-X
interaction was also ferromagnetic but only weakly
so., The result in that case was a very delicate
balance between a ferromagnetic and antiferro-
magnetic ordering of the sandwiches. The energy
difference is so slight that the dipolar interactions
between more distant neighbors appear to be the
decisive factor in determining the precise nature
of the long-range order. In the case of Ni%* there
is no ambiguity since the X-X interaction is strongly
ferromagnetic and the dipolar effects are somewhat
weaker than for Co®*.

Assuming the ferrimagnetic ordering pattern
with all X ions in one sense and all Y ions in the
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opposite, the total ordering energy is easily cal-
culated using the approximation discussed in the
first paragraph of this section. There are several
independent contributions. For Avagadro’s num-
ber N, of Ni ions, the energy of the X-X pairs in
their lowest energy state, ignoring X-Y interactions,
is

Ux.x = 3No[3D(X) + Joo(X, X)] = - 0. O71R.

The X-Y interaction is just the effect of the local
field 3Jg(X, Y)/gu 5 acting on each member of the
X-X pairs and is given by

Ug.y= = 2NJy(X, Y)=-0.279R.

There are additional contributions from the dipolar
interactions of more distant neighbors, and for a
nonspherical sample there are demagnetization
fields. The local dipolar field at the Y site due to
more distant neighbors is 97. 07 G, and the cor-
responding field at an X site is 51.84 G. Both
fields are opposed to the direction of the moment
and these interactions increase the energy of the
ground state by 0.005R/gion. The magnetization
of the lattice at absolute zero is 16.08 G. The re-
sulting demagnetizing fields increases the ground-
state energy of a slab by 0. 005R and decreases the
ground-state energy of a long cylinder by 0. 0017R.

As a final refinement, it is not difficult to calcu-
late the correction to the lowest energy state which
arises from the transverse parts of the X-Y inter-
action. The large transverse terms come from
the isotropic exchange and are of the form

3(J1.1 €08 11)[S(V)S (X) + S.(Y)S.(X)].

- If we assume that the ground state corresponds to.
S,(Y)=+1, then any térm containing S,(Y) will have
no matrix element to the ground state, and the op-
erator S_(Y) will connect the ground state to a state
in which the Y ion has been raised to the S,=0 state
and thus involves considerable excitation energy.

The operators S.(Y)S,(X) corresponding to a given
Y ion and its NN X ions couple the ground state to
a given excited state inwhich the Y ion is in the state
S.(Y)=0, so that all six of the neighboring X-X
pairs are in states with M 4,=2 and Mz=3. One of
the six pairs will have been raised to one of two ex-
cited states that are mixtures of S(T)=2, S,(T)=
-1, and S(7)=1, S, (T)=~1. These levels are
mixed together by the term
2o(X, Y)[S,(1) - S,(2)](M, —Mp). We find that the
ground state is coupled to six excited states 3. 07
cm™! above the ground state and six others 3. 41
cm! above the ground state. Using second-order
perturbation theory with J;_;(X, ¥)= —0. 097 cm™,
we find that the ground state is lowered by
0.0042R/g ion.

The operators S,(Y)S,(X) corresponding to a
given Y ion couple to states with M,=Mpz=3, and
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one of the six neighboring X-X pairs in the state
S(T)=2, S,(T)=-1 or the state S(T)=1, S (T)=-1.
These states lie 0.37 cm™ and 0.53 cm™ above the
ground state, but J,4(X, Y) is just 0. 0051 cm™' and
the matrix elements are only 0. 0036 cm™ so the
correction is negligible.

Adding all of these contributions we find that
for a sphere,. the total ordering energy is 0.711R/
gion. Over one-half of this arises from the zero-
field splitting of the Y ion and most of the energy
attributable to .that source is removed by cooling
to 0.7 K. The ordering energies reported by Mess
et al.® were obtained from specific-heat measure-
ments made in the temperature range 0.12-0.7 K.
In order to compare our model with their experi-
mental results without using their extrapolation
procedure we require a method for calculating

0.7 0.12 ®
AU= [, 1,CAT=U - [***CaT~ [, , CdT, (25)

where C is the magnetic specific heat in zero field
and U is the total magnetic ordering energy. It is
possible to make rather accurate calculations of
the magnetic specific heat in the range below 0. 12
and above 0.7 K.

In the higher-temperature range we have made
a calculation of the specific heat by a method which
treats the large zero-field splitting of the Y ion
exactly, but is only second order in the spin-spin
interactions and D(X). This calculation is de-
scribed in the Appendix. The result is

C _2[Dp(y))? b(T)
R" 3(kT)2 (2eD( Y)lkT+ 1)2 TZ ’

eD(Y)/kT

+ (26)
in which the first term represents the Schottky
anomaly due to the zero-field splitting of the ¥
ion. The expression for b(7) is given in the Ap-
pendix. The temperature dependence of b(7) re-
flects the change in the contribution of the X-Y
interaction to the specific heat as the populations
of the Y-ion levels change. The temperature de-
pendence of b(7) has only minor effects between
0.7 and 4.2 K. The calculated specific heat is
plotted in Fig. 10 and compared with experimental

.data from Refs. 6 and 8.

The integration of our analytical approximation
to the specific heat from 0.7 K to infinity, yields
0. 356R from the Schottky term and 0. 052R from
the second term. We believe that the sum of these
two terms, 0.408R, representstheprediction of
our model to an accuracy of 0. 005R.

Below 0. 12 K, the spin system is almost com-
pletely ordered and the specific heat can be calcu-
lated in terms of a few types of simple excitations.
The low-lying excitations are those which involve
flipping of X ions. The properties of the lowest-
lying excitations are tabulated in Table IV. The
first column contains the quantum numbers of the
Y ions of the cluster and the second column the
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FIG. 10. Magnetic specific heat of LaNiN. The solid
curve is that calculated from the EPR data. The dashed
curve represents preliminary data from Ref, 8, and the
open circles the data reported in Ref. 6.

quantum numbers of the X-X pairs. The fourth
column contains the contribution of each excitation
to the gram-ion specific heat at 0.12 K. The sum
of all contributions is 0. 1118R. This does not
appear to be in serious disagreement with the value
of 0. 15R reported by Mess et al.® The fifth column
of Table IV contains the contributions of each ex-
citation to the ordering energy between 0 and 0. 12
K. The total is 0. 00268R.

From these calculated results, we find
AUgy =0, 300R. The corresponding experimental
number can be obtained from Ref. 6, using the
tabulated data and the equation C=b/T2 with
b=0.055R in the temperature range 0. 52-0. 7 K.
The result is AUy, =0.304R

A similar calculation can be made for the en-
tropy change between 0.12 and 0.7 K. Above 0.7
K, we find an entropy change from the Schottky

term of 0.110R, and 0. 032R from the term b(T)/T2

The total of 0.142R should be accurate to within
0. 004R. The total entropy change from 0 to 0. 12
K is given by the sum of the last column of Table
IV, 0.027R. The total entropy from zero to in-
finity should be RIn3=1. 099R. We find that the
entropy change between 0.12 and 0.7 K is 0. 930R.
Using the same procedure as for the energy con-
tent, we find the experimental entropy change in
this temperature interval to be 0. 935R.

VI. CONCLUSIONS

We have established that Jy, and J,_, cos¢,., cor-
respond to the sum of the dipolar interaction and
isotropic exchange with an accuracy of about 1%
of the isotropic exchange for X-Y pairs and about
3% of the isotropic exchange in the case of X-X
pairs. We have found that J;; and ¢,, for the X-Y
pairs is given by the dipolar interaction along to
an accuracy of about 1% of the isotropic exchange.
We do not have direct measurement of J g, J 1q,
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and the corresponding phase angles for the X-Y
pairs, but we believe that the data presented jus-
tifies the over-all conclusion that anisotropic, anti-
symmetric, and bilinear exchange between Ni ions
in the double nitrates is less than 1% of the iso-
tropic exchange, This result is in accord with
theoretical expectations based on very general
considerations.

We have found the ordered state that is implied
by the measured spin-spin interactions and single-
ion properties. The magnetothermal properties
calculated with this model are in good agreement
with the extensive experimental data on lanthanum-
nickel double nitrate. This success as well as
the EPR spectra of LaNiN verifies that the spin-
spin interactions observed in pair spectra apply
to the concentrated material.

The EPR spectra LaNiN shows that D(Y) is about
2.25 cm™ in the concentrated material. The ar-
gument against this large value which was advanced
in Ref. 8 on the basis of entropy measurements
appears to be incorrect because of the extrapolation
procedures that were used. As stated in the last
paragraph, the values calculated from the EPR
measurements agree very well with the experi-
mental results in the range where the experiments
were done. The specific-heat measurements
of Fenichel and Unrine® in the higher-temperature
ranges are in agreement with the predictions from
the EPR data.

The experimentally measured isotropic exchange
for Ni®* ions in the X and Y sites is about 5% less
than the value predicted from the Co?* results. It
is tempting to conclude that this reduction arises
from the contraction of the e, orbitals in Ni%* re-
lative to Co%*, but we would prefer to delay such
speculation until data is available for other ions
in these sites. At the very least, these results
suggest that the exchange between orbitals is not
extremely sensitive to the ion configuration.

It was pointed out in Ref. 2 that the exchange

TABLE IV. Low-lying excitations of LaNiN and their
contribution to thermodynamic properties below 0.12 K.
AU and AS are the changes in the internal energy and the
entropy between 0 and 0.12 K. The labels in the first
two columns are the quantum numbers which define the
excitation, AE is the excitation energy, and C/R the
contribution to the specific heat at 0.12 K.

(M, Mp) X-ion AE C/R AU/R AS/R
state (em™Y)

3, 3 2, -1 0.371  0.0771 0.00208  0.02121
3, 3 1, —1 0.527 0.0238 0.00045  0.00437
3,3 a- 0.648 0.0085 0.00013  0.00123
3, 3 1, 0 0.854- 0.0012 0.00001  0.00012
3, 3 a+ 0.866  0.0009 0.00001  0.00009
3, 3 2, 1 0.969  0.0003 0.00000  0.00002
3,22 3 2, -2 1.164 0.0000 0.00000  0.00000
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situation is much more involved for the X-X pairs
than for the X-Y pairs. The anisotropy of the in-
teraction between Co ions implies that the ,, or-
bitals are significantly involved. The present re-
sults for Ni X-X pairs confirms this through the
drastic change in the interaction for Ni ions. The
nondipolar part of the interaction between Co ions
is antiferromagnetic, but for Ni ions it is ferro-
magnetic. This implies that the exchange between
two £, and/or the #p-e, exchange is strongly anti-
ferromagnetic while that between e, orbitals is
ferromagnetic.

One of the Goodenough-Kanmori rules summa-
rized by Anderson'® states that ferromagnetic or
potential exchange will dominate when the orbitals
are in contact but orthogonal. The rule is difficult
to apply when the situation is as complicated as
for the X-X pairs where it is probable that the
superexchange involves at least two oxygen ions.
If the molecular orbitals formed from the e, or-
bitals are orthogonal on the two ions, the corre-
sponding #,, orbitals may be also, and the strong
antiferromagnetic exchange may arise from
t;.-e, exchange. For this reason the nature of the
nondipolar interaction of Co?* and Ni®* in NN X
sites would be quite informative.
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APPENDIX: SPECIFIC HEAT OF LANTHANUM-
NICKEL DOUBLE NITRATE

Because of the large value of D(Y) it is not pos-
sible to calculate the specific heat in the range of
interest by direct expansion of ¢"*/*T, We have
J

ness of a(7)7% and B(T)T.
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made the calculation so that one part of the Hamil -

tonian,

o= D(Y) 2,[S.()]?, (a1)
where j runs over the Y ions, is treated exactly.
Defining

' =1 =3¢y, (A2)

we find that the partition function is given by'?
T -
Z= <e“c0’+f0 i’ (1y)dty

T ATy —
+f0 fol }C’(Tl)}c'('rz)d'rl d72+"'>, (A3)
in which the angular brackets imply an ensemble
average,
-1
T= *ﬁ ’ (A4)
T (1) = *omie’ g0, (A5)

Evaluating the traces, keeping only the first two

terms in the series expansion, and omitting all
but NN interactions, we find

Z=(*"y {1+ Nylw(r)r?+8(7)7]++ -}, (A8)

in which the higher-order terms contain elements
proportional to Ny and to higher powers of Ny.
The free energy is

F=1"In %0y + 770 In{L + Ny[a(r) 72+ B(7)7] +° - }.
(A7)
In the usual way it can be shown that in the series

expansion of the logarithm, the terms proportional

to powers of Ny greater than 1 cancel so that the

approximation In(1 + x)~ x depends only on the small-
These terms are of the
order- of (3¢’ 7)?, (i¢")2[r/D(Y)], and [3¢'/D(Y)]2.

b(r) = {[DOO + [Too(X X +2[Jy1 (X, X)P} + £ [To0 X, XIPHQDID(Y) T + [4+291D(Y) 7+ (2+ 47)}

- [Q(T)]a{ﬁ[b(Y)T

in which

P(r)=1-¢2O7, (A12)

+[8+8y+4yP(1)]D(Y) 7+ 8yP(1)} + [Q(T)P{8[D(Y)T +16vP(1)D(Y)7}) ,

Using
c__1~ 2R OF
E—(NX+NY)<872 pary )’ (a8)
we find
g 3[D(Y (T ™™ 1 p(1)72 (A9)
where
QM) =227 41)t LPIIT (A10)
(A11)
|
v=[J1.4X, Y)/J(X, Y)? (A13)
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IThe general chemical formula for the double nitrates
is [M(NOg)1,[M’ *6H,013°6H;0, where M is a trivalent rare-
earth ion and M’ is a divalent iron-group ion. We use the
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abbreviated notation MM’ N with the chemical symbol for
the elements M and M’.
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 The wave functions produced by a new band calculation for ferromagnetic iron are examined
by computing from them charge and spin densities both at the nuclear position and at other po-

sitions throughout the unit cell.

Excellent agreement is achieved between the measurable ex-

perimental and theoretical quantities, namely, charge and spin densities, the isomer shift, and

the hyperfine field.

It is shown that the earlier interpretation of neutron-diffraction data and

the pressure dependence of the hyperfine field in favor of a negative polarization of the 4s states
is not soundly based. From our consideration of the band contribution to the hyperfine field,
the 4s electrons are found to be positively polarized.

I. INTRODUCTION

It is unquestioned that the ferromagnetism of
transition metals reflects an unequal spin popula-
tion of the bands derived from atomic 3d states.
Naively, one would expect that the bands derived
from atomic 4s states would be polarized by the
exchange interaction with the d states to give a net
4s moment parallel to the 3d moment. To this
simple picture we have to add the effects of hybrid-
ization of s and d states which add an antiparallel
component of polarization to the s bands, ! and the

resulting moment can be either positively (paral-
lel) or negatively (antiparallel) polarized. Experi-
mentally, evidence has been found that has been
interpreted to mean that the 4s states of iron, co-
balt, and nickel are actually polarized negatively.? *
In this paper we consider the properties of the wave
functions of conduction electrons in ferromagnetic

iron as derived in a new band-structure calculation
described in a previous paper,® with particular em-
phasis on magnetic properties. We reexamine the
question of the polarization of the 4s electrons and
conclude that they are positively polarized.

The evidence cited for negative polarization is
threefold: (a) the angular distribution for the
scattering of polarized neutronsz; (b) the pressure
dependence of the hyperfine field; (c) the angular
correlation of y rays from the annihilation of polar-
ized positrons.* We do not consider here (c); how-
ever, the interpretation of the positron-annihilation
experiments in favor of a negative 4s polarization
has largely been discredited®; it is accepted that for
some momenta there is a negative polarization in
iron and nickel, but it has not been possible, so
far, to derive a net polarization integrated over
all momenta.”’

We must emphasize at this point that we do not



