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Measurements of the nuclear magnetic resonance of the F19 

nucleus in single crystals of NiF2 have been made at temperatures 
between 4.2°K and 298°K. In the paramagnetic state at 298°K, 
for arbitrary directions of Ho two resonances were observed, while 
for Ho in a (100) plane only one resonance was observed as ex­
pected from the crystal symmetry. The shift of the resonances 
from the normal resonance field co/yN allows one to calculate three 
independent parameters of the hyperfine interaction between the 
F19 nuclei and the magnetic electrons. In conjunction with meas­
urements made in the antiferromagnetic state, it was possible to 
determine the individual components of the hyperfine interaction 
in units of 10~4 cm"1 as As

l = 36A±:l.S, ^ S
I I = 42.1±2.1, A<T

l^9.1 
±0.9, and -4ff

n = 9.9db0.9. Superscripts refer to the two different 
bonds with Ni+ + and subscripts 5 and a refer to isotropic and 
anisotropic contributions. From these we calculate that the frac­
tions of unpaired spin in the corresponding fluoride ion 5 and p9 

orbitals are / . i = (0.46±0.02)%, / . " = (0.54±0.03)%, A I =(4 .1 
±0.4)%, and f(T

ll= (4.5±0.4)%. Since geometrical considerations 

almost completely forbid magnetic p* interactions in N1F2, there 
is a negligible cancellation of pa interactions by the pw so that, 
unlike the case for M11F2 and FeF2, the admixture of magnetic 
electrons into fluoride ion orbitals is almost completely determined. 

At temperatures just above the antiferromagnetic transition 
TN=73.2°K, the resonance shifts with Ho in the (001) plane 
change rapidly with temperature. Between 75.7°K and TN the 
susceptibility of one sublattice becomes negative while the other 
remains positive. This has been correlated with the sublattice 
susceptibility derived by Moriya from the spin Hamiltonian 
3C = g(3H+DSz

2+E(Sx
2-Sy

2). By fitting the theoretical suscepti­
bility we have determined the sign of E in this Hamiltonian. 

Below 73.2° the nuclear resonances are consistent with Moriya's 
model in which the spins are antiparallel along [100] and tipped 
^1.3° towards [010]. Ericson's description of the magnetic 
ordering is shown to be incorrect. In the antiferromagnetic state 
the F19 resonance broadens as Ho is lowered below 5000 gauss. 

INTRODUCTION 

PREVIOUS1,2 nuclear magnetic resonance studies of 
the fluorine nuclei in iron group fluorides have re­

vealed the existence of strong hyperfine interactions 
between the fluorine nuclei and the magnetic electrons. 
These resonance experiments have been interpreted so 
as to provide information about the distribution of mag­
netic electrons in fluoride orbitals and these interpreta­
tions have yielded particularly detailed information 
when the magnetic ion has been M n + + in the two 
crystals MnF 2 and3 KMnF3 . I t was clear that similar 
experiments on NiF2 would contribute to our knowledge 
of the electron-nuclear interactions but these experi­
ments had to await single crystals of NiF2. Recently 
Guggenheim4 has succeeded in growing large single 
crystals and has kindly placed them at our disposal. In 
addition to exhibiting the anisotropic nature of the 
hyperfine interactions, the single crystals have also 
made it possible to study the anisotropy of the magnetic 
properties. Since NiF2 is antiferromagnetic5 below 
73.2°K and has a small ferromagnetic6 component, the 
magnetic properties are really quite anisotropic. 

Our results can be described in the following general 
fashion. In the paramagnetic region, well above the 
transition temperature, the nuclear resonances observed 
are similar to those obtained in other1-3 paramagnetic 
fluorides. In this region the resonances were shifted 
from the normal field value of co/y^ by several percent 

1 R. G. Shulman and V. Jaccarino, Phys. Rev. 108, 1218 (1957). 
2 J. W. Stout and R. G. Shulman, Phys. Rev. 118, 1136 (1960). 
3 R. G. Shulman and K. Knox, Phys. Rev. 119, 94 (1960). 
4 H . Guggenheim, J. Phys. Chem. 64, 938 (1960). 
5 E. Catalano and J. W. Stout, J. Chem. Phys. 23, 1284 (1955). 
6 L. M. Matarrese and J. W. Stout, Phys. Rev. 94, 1792 (1954). 

to lower fields. From these shifts we have obtained 
quantitative values of the hyperfine interactions using 
the analysis previously1,2 presented. These parameters 
are discussed in terms of the same parameters of the 
ionic bond measured in other crystals, particularly 
MnF2 , FeF2, and KMnF8 . 

As the temperature is lowered to within a few degrees 
of the antiferromagnetic transition very unusual effects 
are observed and are described below. 

Finally, the F19 resonance is observed in the anti­
ferromagnetic region and the antiferromagnetic ordering 
is determined to be quite different from the previously 
published results of neutron diffraction7 studies. The 
ordering is shown to consist of spins aligned in the (001) 
plane almost exactly along the [100] or [010] directions 
in accordance with the analysis of magnetic ordering in 
NiF2 by Moriya.8 During the course of our experimental 
study of NiF2, a theoretical investigation of the mag­
netic properties has been made by Moriya.8 At the same 
time that our nuclear resonance studies were indicating 
that the magnetic ordering could not be as previously 
described, Moriya showed by considering the conse­
quences of the spin Hamiltonian for NiF2 in light of the 
susceptibility measurements already available6,9 that 
[100] rather than [001] would be the direction of 
antiferromagnetic alignment. This has explained our 
measurements and has been confirmed by them. 

CRYSTAL PREPARATION AND STRUCTURES 

As mentioned above, the single crystal of NiF2 was 
prepared by Guggenheim. Previously, small crystals had 

7 R. A. Ericson, Phys. Rev. 90, 779 (1953). 
8 T. Moriya, Phys. Rev. 117, 635 (1960). 
9 W. J. de Haas, B. H. Schultz, and J. Koolhaas, Physica 7, 57 

(1940). 
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(a) (b) 

FIG. 1. Schematic diagram of unit cell of NiF2. Black circles are 
Ni + + ions and white circles F~ ions. The origin of the crystal 
coordinate system (a,b,c) is chosen at the lower left corner, at Ni + + 

ion on site A. The positive x direction of the right-handed coordi­
nate system (x,y,z) based on the Ni + + ions shown in Fig. 1 (b) is 
indicated for A and B sites by a plus sign, while the positive z 
direction always coincides with the positive c axis. The [110] 
direction in our convention coincides with the positive x direction 
on the A site. The [110] has been chosen along the negative x axis 
of the B site. The [001] coincides with both z and c. Dimensions 
are taken from references 11 and 12. The two Ni + + ion sites A 
and B differ from each other only by a 90° rotation about the z 
axis. 

been obtained by Matarrese and Stout6 who used them 
to measure the magnetic anisotropy. Stout10 had pointed 
out that the difficulty in growing large single crystals of 
NiF2 from the melt undoubtedly arose from the high 
vapor pressure of NiF2 at its melting point. The vapor 
pressure was probably greater than one atmosphere and 
a closed system was, in his opinion, desirable. Guggen­
heim4 achieved this condition with a platinum crucible 
8 in. long, 1-in. diameter, tapered to a point over 1 in. 
The walls were 0.030-in. thick platinum and the entire 
assembly, once loaded with NiF2, was closed by welding 
the platinum. 

NiF2 is isomorphic with MnF2 , FeF2, CoF2, and 
ZnF2. These crystals have the rutile structure which is 
tetragonal belonging to space group D^—P\/mnm as 
shown in Fig. 1(a). The crystal structure has been de­
termined by the x-ray studies of Stout and Reed11 and 
more recently refined by Baur.12 As can be seen from 
Fig. 1 (a) the metal ions at (0,0,0) and (J,J,J) are each 
surrounded by six fluoride ion neighbors at zk(u,ufi) 
and ± ( |+w, J—u, §). Unit cell dimensions are given in 
Fig. 1(a) while the value of ^=0.304=1=0.002 has been 
given by Stout.2 Each N i + + ion has four neighboring 
fluorides in the yz plane of the octahedron at 2.010 
±0.015 A shown in Fig. 1(b) and two differently placed 
fluorides at 1.999±0.02 A along the x axis. Following 
Tinkham,13 who first studied electron spin resonance of 
iron group elements in ZnF2, we shall designate the four 
fluorides in the yz plane as type I and the two along the 
x axis as type II . Furthermore, it can be seen that the 
fluoride ion environment of a body-centered N i + + ion 

10 J. W. Stout (private communication). 
11 J. W. Stout and S. A. Reed, J. Am. Chem. Soc. 76, 5279 

(1954). 
12 W. H. Baur, Naturwiss. 44, 349 (1957). 
13 M. Tinkham, Proc. Roy. Soc. (London) A236, 535, 549 

(1956). 

differs from that of a corner N i + + ion by a 90° rotation 
about the z axis, which in both cases coincides with the 
[001] crystallographic direction. Each fluoride ion is 
surrounded by three N i + + ion near neighbors. One-half 
of the fluorides have their three neighbors in a (110) 
plane and the other half have their neighbors in a (110) 
plane, which of course is perpendicular to the first. I t 
has been shown1,14 that anisotropic interactions between 
fluoride ions and nickel ions will result in two different 
fluorine nuclear resonances for arbitrary directions of 
the external magnetic field H0. However, for Ho in the 
(100) or (010) planes only one resonance will be ob­
served. When Ho is along [110] and [110] it will 
coincide with the principal axes of the fluoride ions 
interactions with the nickel. The two different fluoride 
sites, however, will provide two different interactions, 
and it will be necessary to use additional information to 
decide which site is responsible for a particular inter­
action with the neighbors. This is discussed in more 
detail below, where the experimental results in the 
paramagnetic state, antiferromagnetic state, and transi­
tion region are presented separately. 

RESONANCE SPECTROMETER 

Two different nuclear magnetic resonance spectrome­
ters were used during the experiments on NiF2. One was 
a conventional Varian Associates F-4311 fixed-fre­
quency induction spectrometer operating at 60.000 
Mc/sec. Although this equipment was designed for use 
as a high-resolution spectrometer, it has several at­
tractive features when used to observe the F19 resonance 
in paramagnetic salts. The high frequency affords high 
resolution of the F19 resonances in the paramagnetic 
state because the fluorine resonance shifts are pro­
portional to Ho. In our experiments the shifts are 
megacycles rather than cycles but the resolution is still 
necessary because the lines are correspondingly broad. 
A second advantage of this spectrometer is the large 
value of rf field, which can be obtained at the sample 
without introducing additional noise. In our spectrome­
ter the maximum value of rf field was #1=0.17 gauss, 
where Hi is one of the two rotating circularly polarized 
components of the rf field. This means that the linearly 
polarized component was 0.34 gauss maximum. This is 
about a factor of eight larger than the value of Hi we 
obtain with marginal oscillators operating at their point 
of optimum signal-to-noise. Since the fluorine resonances 
are not saturated, the signal is proportional to Hi and 
the large value was most helpful. A third attractive 
feature of this spectrometer is that the receiver coil is a 
plug-in unit so that for a given single crystal one can 
select a receiver coil to give the maximum filling factor. 
This spectrometer was used for all the 298°K measure­
ments of the fluorine resonance. 

The second spectrometer was a marginal oscillator 
whose frequency could be varied continuously from 20 

14 N. Bloembergen and N. J. Poulis, Physica 16, 915 (1950). 



N M R A N D M A G N E T I C O R D E R I N G I N N i F 2 127 

Mc/sec to 200 Mc/sec. This spectrometer was designed 
and built by H. R. Moore and H. Hopper at these 
Laboratories. In designing a spectrometer to cover this 
frequency range, our first approach was to try raising the 
upper frequency limit of a Pound-Knight-Watkins15~17 

type marginal oscillator. During the course of our 
efforts, Benedek informed us of the good performance 
of a push-pull marginal oscillator designed and built by 
Kushida which they were using to observe18 the pressure 
dependence of the F19 nuclear resonance in antiferro-
magnetic19 MnF 2 in the vicinity of 160 Mc/sec. The final 
form of the spectrometer used in our experiments 
follows the Kushida-Benedek model. The balanced line 
reduced shunt and stray capacity, and the circuit shown 
in Fig. 2 has been operating from 20-200 Mc/sec in a 
very sensitive fashion. The oscillator tube, a double 
triode Western Electric 396A, has the tuned circuit 
containing the sample connected to both grids. Away 
from the resonance frequency of the parallel tuned 
circuit the two grids are effectively shorted together so 
that push-pull oscillation only occurs at the parallel 
resonance frequency. The level of oscillation is regulated 
by the cathode bias level control. One important feature 
is the external rf amplifier, a Spencer-Kennedy chain 
amplifier model 202.D, which gives 20-db gain from 100 
kc/sec to 200 Mc/sec. This amplifier provides auto­
matic level control by feedback to the oscillator grids, 
provides amplification of the rf signal for continuous 
frequency monitoring with a Hewlitt-Packard type 
5245 electronic counter and also after demodulation 
provides the audio envelope of the nuclear resonance. 
The demodulated output is also supplied to a micro-
ammeter through a dc cathode follower to monitor the 
rf level. The spectrometer sits directly on top of the 
double glass helium Dewar. Plug-in line stretchers allow 
one to keep the line approximately an odd integral 
multiple of X/2. Plug-in shunt coils at the tube end of 
the line also help in the tuning, allowing selection of 
different frequency ranges. Different combinations of 
line and coil break up the range of 20-200 Mc/sec into 
seven separate regions. Continuous tuning within these 
overlapping regions is obtained by clock motor drive of 
either of two variable air condensers. A calibrator cir­
cuit, installed primarily to check sensitivity and allow 
proper adjustment of the audio lock-in phase, has also 
proved useful in cancelling amplitude modulation arising 
from frequency modulation. The best way of supplying 
frequency modulation was a back-biased silicon diode 
acting as a voltage sensitive capacitor. Mechanical 
shaking introduced by a mechanically varied condenser 
is eliminated by the junction diode. Magnetic field 

15 R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 
(1950). 

16 G. D. Watkins, thesis, Harvard University, 1952 (unpub­
lished). 

17 J. M. Mays, H. R. Moore, and R. G. Shulman, Rev. Sci. Instr. 
29, 300 (1958). 

18 G. B. Benedek and T. Kushida, Phys. Rev. 118, 46 (1960). 
19 V. Jaccarino and R. G. Shulman, Phys. Rev. 107,1196 (1957). 

modulation has also been used with this spectrometer. 
One particularly valuable kind of magnetic field modu­
lation for resonances observed in zero magnetic field is 
obtained by putting a germanium junction diode in 
series with a sine-wave modulation generator and the 
modulation coils. This automatically gives a half-wave 
rectified signal based on zero. 

PARAMAGNETIC STATE MEASUREMENTS 

Two single crystals were cut into approximately 
spherical shapes and mounted on sapphire rods. Both 
spheres were about 7 mm diameter. One crystal was 
mounted with its [001] axis parallel to the rod axis, so 
that the crystal could be rotated around [001] with H0 

in the (001) plane. The other crystal was mounted with 
its [110] axis parallel to the rod. Upon rotating this rod 
Ho could be set parallel to [001] and [110]. In Fig. 3 
we have presented the results of rotating the crystal 
about the [001] direction while observing the resonance 
at a frequency of 60.0000 Mc/sec and r = 2 9 8 ° K . At 
this frequency the normal F19 resonance field, OJ/JN, is 
14 979.4 gauss. The experiments show the resonances to 
be displaced to lower fields by several percent, the dis­
placements being functions of the angle between H0 and 
the crystalline axes and also of the temperature and 
frequency. The two different F19 resonances observed 
with Ho||[110] correspond to the two different fluorine 
positions in the unit cell. As discussed previously1 for 
MnF2 where the pattern of experimental results at 
298°K is the same (the only difference being the 
numerical values measured for the resonance shifts) for 
Ho in the {100} planes only one F19 resonance is ex­
pected in the paramagnetic state. For Ho in any other 
direction two fluorine resonances are expected. All our 
observations at T=77°K and T=298°K are in accord 
with these symmetry considerations. One of the main 
purposes of measuring these resonances in the paramag­
netic state is to measure the hyperfine interaction be­
tween the fluorine nuclei and the magnetic electrons. 
The three principal axes for this interaction are labeled 
x, y, and z in Fig. 1(b). As can be seen from this illus­
tration of the crystal structure, these axes coincide with 
the [001], [110], and [ l l O ] crystalline directions. The 
two N i + + ion sites differ from one another by a 90° 
rotation about the z or [001] axis. Because of this for a 
particular (110) plane one-half of the F~ have their 
three nearest N i + + ions in the plane while the other half 
of the F~ ions have their three nearest N i + + ions perpen­
dicular to this plane. However, the three crystal direc­
tions [001], [110], and [110] do coincide with three 
principal axes of the fluorine hyperfine interaction. 
Measurements of the nuclear resonance shifts with Ho 
along these three directions allow us to determine the 
three independent hyperfine interaction parameters 
which can be obtained from nuclear resonance studies in 
the paramagnetic state. For the purposes of analysis, the 
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FIG. 2. Circuit diagram of variable frequency NMR spectrometer built by H. R. Moore and H. Hopper. 
All condensers are in units of 10~6 farad. 

experimental results are conveniently represented by the-different temperatures at. which measurements have 
been made. This table contains the same information 

v=(grfWh)(l+<*)Ho (1) presented in Fig. 3, i.e., no corrections have been applied 
where the different values of a are given in Table I for to the values of a calculated from Eq. (1). 
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ANALYSIS OF PARAMAGNETIC STATE 
RESONANCE SHIFTS 

The Hamiltonian for the nuclear interactions in NiF2 

is 

0 C = - ^ M - ( H 0 + H ^ ) + 2 S I - A I . I + S I I . A I I . I , (2) 

where I is the nuclear spin with g factor gx, and (3N is the 
nuclear magneton. H0 is the external magnetic field, S1 

and S n the spins of N i + + ions which are type I and type 
I I neighbors of the fluoride ion in question and A1 and 
A11 the hyperfine interaction tensors with the two types 
of N i + + ions. The dipole field of all i Ni+ + .atoms at the 
fluorine site is 

3(rr2Ct-H)r». 2CrH 
H * = £ — — , (3) 

Nr? Nri 

where r* is the vector from the fluorine atom to the iih 
nickel ion, 2C* is the second-order tensor representing the 
molar susceptibility of a Ni~H" ion, N is Avogadro's 
number, and H is the field at the N i + + ion sites. In the 
paramagnetic region for our special samples, the error 
introduced by setting H = H0 is negligible. 

Writing this equation in terms of the nuclear reso­
nance transitions observed for H0 along the principal 
axes, we have 

gNfal aooi J = (Sz)(2Az
l+A 

V Ho / Ho 

( HuoD\ 1 

V Ho / H 

( Hm
D\ 

gN^N\ «1I0 I 
A Ho / 

Ho 

1 

(4) 

(2(S/)Ay*+(S*u)A*u),(5) 

W^W + WW1), W 

where the a's represent the fractional resonance shift 
along the principal axes designated by their subscripts 
and listed in Table I and (Sz) is the expectation value of 
the zih component of spin with similar nomenclature for 
the x and y components. In these dense paramagnetic 
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FIG. 3. Magnetic field required for resonance of the F19 nuclei 
as function of the angle between Ih and [100] at a frequency of 
60.0000 Mc/sec and at r=298°K. 

TABLE I. Experimental values of a= (ca/yN-—Ho)/Ho at different 
temperatures and orientations. The ratio of a to the temperature-
dependent part of the susceptibility in the last column is seen to 
depend upon temperature for Ho in (001). 

Direction 
' of H„ 

[001] 

[110] 

a in percent 

2.247=b0.02 
•4.187±0'.01 
4.292=fc0.01 • 
1.429±0.02\ 
2.676±0.02/ 
2.36 ±0 .03 \ 
4.95 ±0 .03 / 
1.450±0.03\ 
5.560±0.02/ 

Temper­
ature °K 

298° 
90° 
77.3° 

298° 

90.3° 

77.3° 

a 

r W(2-g)~\ 
Xm 

^ J 
7.15 
7.36 
7.26 
4.42 
8.28 
4.03 
8.46 
2.39 
9.16 

salts with large exchange interactions between the spins 
we cannot calculate (S) from energy considerations as 
we could if the spins were independent. However, it can 
be related to the measured value of the susceptibility. 
The molar susceptibility is defined as 

i Ho 
(7) 

where (/^) is the expectation value of the moment of the 
iih site. The general expression for (Se) including the 
high-frequency or temperature-independent contribu­
tions to the susceptibility has been shown to be2 

rx.-tf/!p<2-*.)A] 
(Sz)= — = Ho, (8) 

where X is the spin-orbit coupling whose value for N i + + 

is —300 cm-1, /? is the Bohr magneton, and gz is the 
electronic g factor in the z direction. Since N(32(2—gz)/\ 
is the temperature-independent contribution to the 
susceptibility, it can be seen that one obtains (S) by 
subtracting the temperature-independent contributions 
from the measured susceptibility and including the tem­
perature-dependent orbital contributions in the meas­
ured value of the g factor. 

In order to determine the components of the tensor A 
in Eqs. (4)-(6), it is first necessary to measure the 
fractional shifts a of the resonances, with H0 along the 
principal axes. As we will show in the next section, near 
the antiferromagnetic transition, which has been shown 
by specific heat measurements to be Tiv=73.20K, the 
susceptibility exhibits some unusual properties. To 
avoid these complications, we have decided to base our 
determinations of the ̂ 4's upon the nuclear resonance 
shifts measured at 298 °K. In addition to the measured 
values of a, it is necessary to have numerical values for 
the dipole sums of Eq. (3). Since off-diagonal contribu­
tions will be important in the antiferromagnetic state, 
we shall present the dipole sum in a general fashion and 
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subsequently select the proper values for the particular 
directions used in Eqs. (4-6). The coordinates chosen 
are illustrated in Fig. 1(a). The dipole sum is performed 
over the coordinates of the tetragonal unit cell a, b, and 
c or [100], [010], and [001]. Consider the origin of this 
coordinate system at the lower left-hand corner nickel 
ion. We shall calculate the dipole sum at the fluorine 
located at u, u, 0. For generality we present this sum in 
terms of the separate contributions from the Ni++ ions 
at the corner position which we designate sublattice A 
and from the Ni++ ions at the body-centered position 
designated sublattice B. The sum is calculated on an 
IBM 704 to be 

<• 

'0.0624 
HD = | 0.1582 

0 

( -0.0876 
0.1334 

0 
(9) 

where (na
A) is the component of the expectation value 

of the magnetic moment of the Ni++ ion on the A 
sublattice along the a or [100] direction, etc. The 
numbers are in units of 1024 cm"3. In the paramagnetic 
state the directions of interest are [110], [110], and 
[001] which are principal axes of the hyperfine inter­
action. These axes coincide with the right-handed x, y, 
and z axes of the individual Ni++ ions shown in Fig. 1 (b) 
but not with the crystal axis of Fig. 1 (a) and our dipole 
sum. We arbitrarily have set the [110] direction to 
coincide with the radius from Ni++ ion A to the F~ ion 
at (u,u,0). For these directions we have the following 
components of y in terms of the components at the 
individual sites: 

W)=-0**A)-W)), 
y/2 

(MaB) = --((M/)+<M/)) I 

\?2 

W>=-«^>+Gi/» , (io) 

( M ^ ) = 7 ( - { M / ) + ^ / » , 

The magnetic moments at the Ni++ ion sites are 
written in components along the x, y, and z axes of these 
sites. In the paramagnetic state these individual com­
ponents can be related to the corresponding component 
of the molar susceptibility through Eq. (7). For the 

particular cases of H0 along the three principal axes, we 
have the following components of /z: 

[110} 
\<M,A)= (Ih/N)xx, 

[<M/>= (Ho/N)Xy, 

[G*/>= (H0/N)Xy, 

|>x*>=-tfW., 
[001] (M/) = (M^)=(/Z„/yV)X„ 

[Ho] 

(ID 

(12) 

(13) 

while all other components are zero. In the antiferro-
magnetic state, where spontaneous sublattice mag­
netizations exist, the nonvanishing components of 
magnetic moment are quite different and to a first ap­
proximation are independent of the external magnetic 
field. Substituting the values of Eqs. (11-13) into Eq. 
(9), we obtain the following values for the components 
of the dipole fields along H0 in the paramagnetic state: 

H110
D = [0.366X,+0.076X2/]#0, (14) 

#1T0£= [-0.159X,-0.367X Jffo, (15) 

HooiD = Q.0837xzHo. (16) 

The differences between Xx and Xy can be calculated 
as follows. Using Moriya's8 expression for the suscepti­
bilities, we have 

2NgflP A7/32(2-£*) 

= + , 
3k(T+@) A 

(17) 

with similar expressions for y and z. Of course, XL 

— (Xx+Xv)/2 and Xn = Xg, while 6 is the paramagnetic 
Curie point. 

During the course of this investigation, it became 
evident that more accurate values of the susceptibility 
were required than previously available. Cooke and 
Lazenby20 have measured XL in the paramagnetic region 
on one of our single crystals. Their measurements extend 
from 73.4°K to 287.4° and can be extrapolated accu­
rately to 298°K where X1=3.53X10-3 cm3 mole"1. This 
value has been corrected for diamagnetism by the addi­
tion of 32X10-6 per mole. We shall use this value of XL 

in preference to the value of XJL=3.36X10~3 cm3 mole-1 

obtained from the measurements of de Haas ei a/.9 on 
powdered NiF2 by use of the magnetic anisotropy values 
of Matarese and Stout6 of Xi-XJ1 = 0.1102Xl0-3 cm3 

mole"1 at 301.5°K and XJ.-XH-0.1890X 10~3 cm3 mole-1 

at 90.07°K. The extrapolated value at 298°K is 0.110 
X10-3 cm3 mole-1, so that at this temperature Xn = 3.42 
X 10~3 cm3 mole-1. Now it can be shown2 by a perturba­
tion treatment that 

«,=*.v+i0A=2.323g8, 

« ,=«« - ( i 0 -£ )A=2 .33=«„ 

j?.= S .v - ( ia+£)A = 2.34=gs, 

(18) 

(19) 

(20) 

20 A. H. Cooke and 1R. Lazenby (private communication). 



N M R A N D M A G N E T I C O R D E R I N G I N N i F 2 131 

in which gh g2, and g3 are the g factors as denned by 
Moriya and where we have taken g a v =2.33; D=4.18 
cm - 1 and E~ 2.67 cm™1 fi*(3m Peter's21 paramagnetic 
resonance data on Ni+'4 in ZnF2. The various terms are 
•defined by the spin Hamiltonian 

^D{S2-\S{S+l)^+E{S2-S2)+m-&-§- (21) 

The variations in the temperature-independent con­
tribution to x can be determined to be small. We can 
evaluate Np2(2-gx)/\ = Q.29XlO-\ and the corre­
sponding expressions for y and z are 0.28X10"3 and 
0.27X 10~3, all in units of cm3 mole-1. Since the first term 
of Eq. (17) predominates, X ^ X ^ ( ^ / ^ ) 2 = 1.01, or 
Xx= 1.005XX and X2/=0.995x i. Substituting these values 
in Eq. (8), we get 

[3.42 X 1 0 - 3 - 0.27 X10-3] 
<S.> = = Ih 

6.03 X1023X0.927X10-20X 2.32 

= - 0.243 XlO-fi/7o, (22) 

[ 3 . 5 1 X l 0 - 3 - 0 . 2 8 X l 0 - 3 ] 
(Sv)= rHQ 

6.03 X 1023X0.927 X 10~20X 2.33 
= -0.248XlO-6£To, (23) 

[3.SSX 10-3~0.29X10-8] 
( 5 , ) = Ho 

6.03 X1023X 0.927 X10-20X 2.34 

= -0.249XlO-fljgr0, (24) 

where the values of X-C==3.55X10~3 cm3 mole"1 and 
X2/=3.51X10~3 cm3 mole"1 have been used for 298°K. 
The experimental uncertainties in the value of X298° are 
greater than the differences of (S) for the different 
directions. The purpose in calculating these individual 
components so carefully was to keep the anisotropic 
part of the calculations as accurate as possible. How­
ever, since the uncertainty in the susceptibility is larger 
than the difference between (Sx) and (Sy) and since this 
makes the dipole correction uncertain, we shall ignore 
the differences and use (Sx) = (Sv) = 0.2485 XM*-6#0. 
Substituting these values along with those listed in 
Table I and Eqs. (14)-(16) into Eqs. (4)- (6) we obtain 
the following two alternative sets of values for the 
hyperfine interactions. 

2 ^ I + ^ I I = 1 2 1 . 7 X 1 0 ~ 4 cm"1, 

2AV
l+Ax

ll= 135.3X10-4 cm"1, (25) 

2.4 J+A y
u = 86.8X 10-4 cm"1, 

or 

24* I +4» I I =121.7X10- 4 cm"1, 

1A y
l+A x

u = 68.3 X10-4 cm"1, (26) 

2 ^ / - M 2 / I = 1 5 3 . 7 X l O ~ 4 cm-1. 

21 M. Peter and J. B. Mock, Phys. Rev. 118, 137 (1960). 

The alternative sets of values for the x and y combi­
nations result from the impossibility of deciding a priori 
which resonance line is caused by a particular hyperfine 
interaction. The dipole contributions to a fluorine posi­
tion only depend upon the position of Ho with respect to 
that site. However, there are two different fluorine posi­
tions which differ from each other by a 90° rotation 
about the [001] axis. Once H0 is fixed with respect to a 
particular fluoride ion site, then the particular hyperfine 
interactions of that site are fixed. This means that if we 
tentatively identify one of the observed resonances as 
being due to a particular hyperfine interaction, i.e., 
2Ax

1+2Ay
11, then the dipole correction to that shift a 

is fixed as H[u0]
D using the conventions of Fig. 1. When 

we consider the possibility that the other resonance may 
be from the same combination of hyperfine interactions, 
then its dipole correction is the same. In Appendix A, 
Eq. (25) is shown to be the correct alternative by con­
sidering the atomic origin of the hyperfine interaction. 
Tinkham13 has written the hyperfine interaction for the 
rutile lattice in the form 

AiN = A8
N+(Av

N-Av>
N)(3cos%,v-l) 

+ (AT
N-A^)(3cos%,ir-l), (27) 

where i=x, y> or z; iV=I or I I for type I or type I I 
bonds, and the isotropic interaction is . 4 ^ . The 
anisotropic hyperfine interactions measured represent 
the differences between spin density along two direc­
tions and the third. Isotropic interactions are associated 
with unpaired spins with s electron character and 
anisotropic interactions with p electrons. The direc­
tional properties depend upon the angle between the 
spin density and the external magnetic field. This angle 
is designated 0*> and QitV for H0 along the ith axis and 
the unpaired spins along the a or w bond direction. In 
the notation of Eq. (27) the x axis is chosen perpen­
dicular to the plane containing a fluoride ion and its 
three nearest neighbor nickel ions. Both the a and x' 
directions lie in this plane, and in Tinkham's con­
siderations the a direction coincides with the fluorine-
nickel internuclear radius. This, of course, is the usual 
definition of a bonding, i.e., no angular momentum 
about the internuclear radius. However, it has been 
mentioned22 that the d orbitals as split by the cubic 
crystal field into a doublet and triplet are not arranged 
so as to have the directions of greatest electron density 
coincide with the directions of the fluoride ligands in the 
yz plane. Rather, the d electrons make right angles with 
each other in this plane (being z2—y2 in their directional 
dependence) while the F—Nr1"4"—F angle bisected by 
the z axis is 79.8° in NiF2. Of course, by hybridization it 
is possible to create linear combinations of z2—y2 and yz 
with the same orthorhombic symmetry as the ligands. 
However, the energy required for promotion and 
hybridization will only be available when the bonds 

22 A. M. Clogston, J. P. Gordon, V. Jaccarino, M. Peter, and 
L. R. Walker, Phys. Rev. 117, 1222 (1960). 
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formed are strong and comparable with the crystal field 
splitting so that they provide enough energy to stabilize 
the hybridized configuration. Since our measurements 
indicate a small degree of covalent character, the 
hybridized configuration should be negligible. This same 
conclusion was reached by Keffer et alP for the fluorine 
orbitals, where they showed that hybridization of the 
fluorine orbitals would give results inconsistent with the 
measurements made of separate bond interactions by 
paramagnetic resonance studies of Mn + + in ZnF2. We 
shall disregard the small departure from octahedral 
symmetry required of the orbitals for the moment and 
calculate the atomic origin of the hyperfine interactions 
as if the a bonds pointing along the internuclear radius 
include only the eg orbitals of the metal ion, and the T 
interactions only the t2g orbitals. Both of these classi­
fications refer to the levels found after splitting by a 
cubic field. Under this assumption, Eq. (27) is con­
siderably simplified. The 3d8 configuration of N i + + 

means that in a cubic field only the eg orbitals have 
unpaired electrons and only the a bonds will have non-
vanishing values of hyperfine interaction. Therefore, we 
put Av

N = Ar>
N=0 for N=I and I I and Eq. (27) be­

comes in component form 

Ax
1I = As

u+2.000A<r
l\ 

^V-^+^cos^-lM,1, 
Ay

u = A8
u~1.000A<r

1\ 

Az
1 = As

I+(3sm20P>ff~l)A(T\ 

Az
11 = As

1I~1.000Aa
1\ 

(28) 

where dVl<T is the angle between the y axis and the 
unpaired spin in the fluorine pff orbital. Departures 
from octahedral symmetry are included in the calcula­
tions in Appendix A by allowing this angle to be an 
experimental parameter. The four components of A plus 
the angle require five experimental determinations. As 
discussed in Appendix A, we have included two meas­
urements from the antiferromagnetic state. From these 
data the best fit is obtained for the following values of 
the hyperfine interaction in units of 10~4 cm - 1 : 

AS
J = 36.4=1= 1.8, 

^ s
H = 42.1=h2.1, 

0( /.,= 54.O°. 

Aff
u=9.9±0.9, (29) 

The angle 6y>(T= 54.0° differs slightly from the structural 
angle between the y axis and the a bond which is 50.1°. 
We shall include all departures from the Oh symmetry 
in this parameter, so that it is only necessary to discuss 
the a bonds formed by the dy electrons and it is possible 
to neglect any unpaired spins in w bonds. 

THE IONIC BOND 

The hyperfine interactions measured can be converted 
into unpaired spin- density in fluoride ion orbitals. The 
method followed has been to compare the measured 
hyperfine interactions with those expected when an 
unpaired spin is in a 2s or 2p state of the fluoride ion. 
The ratio of the hyperfine interactions (corrected to the 
same value of spin) then gives the fractional occupancy 
of fluoride ion orbitals. These relations are 

f,N=2SA,N/A28=2SA8
N/l.S7, 

fff
N= 2SAff

N/A2p= 2&4/70.044, 
(30) 

in which fs
N and fff

N are, respectively, the fraction 
unpaired 2s and 2p electrons on the fluoride from one 
bond of type N=l or 2. The hyperfine interactions of 
2s and 2p electrons are represented by A2iy and A2p and 
the numerical values (in units of cm""1) have been 
derived from calculations by Hartree24 and by Barnes 
and Smith.25-26 

As mentioned previously,13 these measurements can 
only determine the difference in occupancy of two of the 
fluorine p orbitals as compared with the third. In MnF2 

the 65f state of the Mn + + ion described for the 3d5 con­
figuration a half-filled shell of d electrons equally capable 
of forming bonds with the fluoride ion p orbitals 
pointing towards the manganese (the pa bonds), and 
with p orbitals not directed along the internuclear 
radius (the pv bonds). In NiF2 the 3d8 configuration of 
the nickel ion in the approximately octahedral field 
means that the two unpaired spins are essentially con­
fined to the dy orbitals which can only form a bonds 
with the fluoride ions. In Appendix A the small de­
partures from this approximation because the nickel 
site has orthohombic symmetry are included in the 
variable 0Vi<rm These effects are included in the possible 
errors listed in Eq. (29). In MnF 2 we were only able to 
determine that the difference in occupancy of the pff and 
pir orbitals was a small number as shown in Table II . In 
NiF2 the values shown in Table I I come from the best-
fit values of Eq. (29). The large amount of pff bonding 
is outstanding, particularly when compared with the 

TABLE II. Comparison of the percent unpaired 2s and 2p 
character between MnF2 and NiF2. All values are in percent 
unpaired electron arising from each bond. The large amount of pff 
character in NiF2 indicates that the small value of fa — fr in MnF2 
arose from the cancellation of pa by pr. 

MnF2 NiFs KNiF3 

z.1 

U11 

0.49±0.02 
0.52±0.02 
0.2 ±0.3 
0.4 ±0.3 

0.46±0.02 
0.53±0.03 

4.1 ±0.4 
4.5 ±0.4 

0.50±0.04 

4.9 ±0.6 

23 F. Keffer, T. Oguchi, W. O'Sullivan, and J. Yamashita, Phys. 
Rev. 115, 1553 (1959). 

24 D. R. Hartree, Proc. Roy. Soc. (London) 151, 96 (1935). 
25 R. G. Barnes and W. V. Smith, Phys. Rev. 93, 95 (1954). 
26 T. Moriya, Progr. Theoret. Phys. (Kyoto) 16, 23, 641 (1956). 
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small amount of p^—p* bonding in MnF2 . The ines­
capable conclusion is that pv bonding, when allowed, is 
much, larger than previously considered, and is, in fact, 
almost as important as the pff bonding. This has been 
discussed more completely in our report27 on the bonding 
in KNiF3 and K2NaCrF6 where the Oh symmetry of the 
metal ions simplified the discussion. 

PARAMAGNETIC STATE LINEWIDTHS 

In the paramagnetic region the linewidths were meas­
ured with HQ along the three principal directions of the 
hyperfine interaction at 298°K and 77.3°K. The lines 
were Lorentzian in shape while the intervals between 
extrema of absorption derivatives, dH, which depended 
somewhat upon temperature, are listed in Table III . 
Converting these widths into T2 by the relation 1/T2 

— (^/2)y5H, we have the values listed in column three 
of Table I I I . Moriya26 has calculated the widths ex­
pected for exchange narrowed nuclear resonance lines 
and this mechanism has been shown2'3 to be responsible 
for linewidths in other paramagnetic salts. The equation 
for the spin-spin relaxation time T2 is 

T2 \2/ 

T\*s(s+iy 
3h2t 

'Z(cos2di+ism26i)B2, (31) 

where S is the electron spin, 0* is the angle between the 
zth principal axis of the hyperfine interactions and the 
direction of the external magnetic field, and B{ is the 
ith component of the magnetic interaction between 
electrons and the fluorine nuclei. The electronic ex­
change frequency is coe. Since the nuclei react the same 
regardless of whether the origin of the interaction is 
hyperfine or dipolar, it is necessary to include both 
contributions in B{. The most straightforward way of 
calculating these values of Bi is to ignore the dipole 
corrections in Eqs. (4)-(6). Doing this and substituting 
the values in Eq. (31), we obtain theoretical relative 
widths without knowing coe. These relative widths are 

1 

T2 

1 
= 0.91— 

2AJ + AZK T2 

1 
= 1.19— 

2Ayl + Ax" T2 

(32) 
2AX1 + Ayll 

while the experimental results at 298 °K are 

1 

T2 

1 
= 0.85— 

2AZ*+AZU T2 

1 
= 1.09— 

2Ayl + AxU T2 

. (33) 
2Axi + AyU 

TABLE III. Linewidth of the F19 resonance in the 
paramagnetic state. 

Hyperfine 
interaction 

Temperature T2 (seconds 
(°K) X10-6) 8H (gauss) 

2AZ^+AZ
11 

2AZ*+AZK 
2Ay*+Ax™ 
2AV*+AX™ 
2Axi+Ay™ 
2Aa}+Ay™ 

298 
77 

298 
77 

298 
77 

1.88 
2.54 
1.61 
2.68 
2.05 
3.16 

24.2±1 
17.9dbl 
28.3 ± 1 
17.0=1=1 
22.2=bl 
14.4=1=1 

TABLE IV. Comparison between the exchange frequency, oje) 
calculated from nuclear resonance linewidths and from the Ne'e! 
temperature in transition element fluorides. Units are 1012 radi­
ans/sec. 

NiF2 'MnFs KMnFa 

a)e (Linewidth) 
coe (Ncel temperature) 
o)e (Antiferromagnetic 

resonance) 

16 
9.3 

7.0 
4.3 
7.0 

6.2 
6.6 

These experimental ratios at 298°K agree with theory 
when the experimental accuracy of ±1.5 gauss is in­
cluded, introducing a ten percent error in the ratios. 
However, calculating ooe from the 2Az

1JrAz
11 line we find 

coe= 1.6X1013 sec-1 while calculating it from28 

k®/ 6 \ * 

h V 25(5+1)/ ' 
(34) 

r R. G. Shulman and K. Knox, Phys. Rev. Letters 4, 603 (1960). 

where z is the number of neighboring nickel ions on the 
opposite sublattice and 0 is defined by x=C/(T+@). 
We find coe=9.3Xl012 sec-1, which is too small by a 
factor of 1.7. In MnF2 , calculations of the anisotropy 
field29 and antiferromagnetic resonance measurements30 

could be combined to give a value of o>e which was in 
perfect agreement1 with experiment, namely, o>e=7.0 
X1012 sec-1. If we calculate we from Eq. (34) for MnF2 , 
we find it to be 4.3 X1012 which is again too small by a 
factor of 1.6. In Table IV we have listed the values of 
o)e calculated from the exchange narrowing formula and 
from the molecular field approximation for the nickel 
and manganese compounds which we have reported. I t 
can be seen that the exchange narrowing gives a larger 
value of ooe than does the molecular field. A possible 
cause of this difference is that exchange interactions 
contributing to the magnetic ordering are responsive to 
the sign of the interaction so that the near neighbors 
along [001] tend to cancel the other sublattice, whereas 
all exchange interactions narrow the nuclear resonance 
line. If this is the only explanation of the discrepancy, 
the rather large factors of 1.6 between the two values of 
co e would indicate very large contributions from the 
nearest neighbors. 

ANTIFERROMAGNETIC REGION 

When we started this study, it was known from 
susceptibility6 and specific heat5 measurements, coupled 
with a neutron diffraction7 investigation, that NiF2 
became antiferromagnetic at 73.2°K. A chronological 
description of our first experiments on NiF2 in the 
antiferromagnetic state might clarify some of the un­
usual features of this state. Our original plan for at-

28 T. Nagamiya, K. Yosida, and R. Kubo, Advances in Physics, 
edited by N. F. Mott (Taylor and Francis, Ltd., London, 1955), 
Vol. 4, p. 1. 

29 F. Keffer, Phys. Rev. 87, 608 (1952). 
30 F. M. Johnson and A. H. Nethercot, Jr., Phys. Rev. 104, 847 

(1956). 
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tacking the antiferromagnetic state of NiF2 was similar 
to the approach previously taken in MnF2,19 FeF2,31 and 
CoF2.31 From the measurements in the paramagnetic 
region the hyperflne interaction constants could be de­
termined as has been done for NiF2 in the last section. 
With the values of the hyperflne interaction, it had been 
shown19-32 that it was possible to predict the nuclear 
resonance frequency in the antiferromagnetic state by 
the expression 

1 M{T) yN 

v=-[2A1 • S1 - A11 • S 1 1 ] ^ ] + _ [ j y o + f f 0 ] , (35) 
h M(0) 2TT 

where the degree of alignment in the antiferromagnetic 
state at r = 0 is33 

0 = 1 -
zS 

(2*5-1) 2 
(36) 

where z is the number of near neighbors. For NiF2, 
0 = 0.964. The sublattice magnetization at any tempera­
ture T is M(T) while the dipole field I P given by Eq. 
(9) is also a function of sublattice magnetization. In our 
discussion we shall ignore any dependence of the 
hyperflne interaction A upon the temperature (one obvi­
ous origin of this would be the thermal expansion of the 
lattice). Compared to the paramagnetic state where, as 
shown in Eqs. (22)-(24), <S> = 0.247X10~6#0=0.35 
X10~3 for # 0 =14X10 3 , in the antiferromagnetic state 
| S | (0) is close to unity. This shows that in the antiferro­
magnetic state, where the expectation value of the 
individual spin is essentially the absolute magnitude of 
the spin, the time-averaged fields at the nuclei approach 
the instantaneous fields which are very large. The 
nuclear resonance frequency predicted depends mark­
edly upon the direction of the spin alignment because of 
the anisotropic nature of the hyperflne interactions and 
dipole fields. The neutron diffraction7 data available at 
the beginning of this investigation indicated that the c 
axis was the direction of spin alignment for the two 
sublattices with a tipping of a few degrees towards the 
ab plane. If we ignore the tipping and consider the spins 
along the c axis, then substituting the best values of the 
A's obtained from the paramagnetic state measure­
ments into Eq. (35), we find that for H0=0, J > ~ 2 0 0 
Mc/sec with the internal field along the [001] direction. 

However, the fluorine resonance was found in a com­
pletely different frequency region. I t was first observed 
with the 60.000-Mc/sec fixed-frequency Varian induc­
tion spectrometer at 20.3°K with i?o||[001], where the 
external magnetic field was ~ l l j ) 0 0 gauss. Obviously 
these conditions were not created until a number of 
more likely experiments had been tried. Since the 11 000 
gauss corresponded to ^-44 Mc/sec, then upon the as-

31 V. Jaccarino, R. G. Shulman, J. Davis, and ] . W. Stout, Bull. 
Am. Phys. Soc. 4, 41 (1958). 

32 B. Bleaney, Phys. Rev. 104, 1190 (1956). 
33 J. C. Fisher, Bull. Am. Phys. Soc. 4, 53 (1959). 

sumption that the internal field was also parallel to 
[001], we searched at zero field with the variable-fre­
quency spectrometer in the region of 104 Mc/sec and 16 
Mc/sec but without success. Although we were not able 
to observe the F19 resonance in zero external field with 
the variable-frequency spectrometer, we were able at 
r = 4 . 2 ° K to observe the resonance at 48 Mc/sec and 
#0=^7000 gauss. As will be shown below, by measuring 
the magnetic field strength required for resonance at 
two different frequencies, it is possible by the law of 
cosines to calculate the strength of the internal field and 
the angle it makes with the external field. When this 
was done with # 0 | | [001] , it was found that the angle 
between [001] and the internal field was 90°. At the 
same time, Moriya8 had concluded from his analysis of 
the torque measurements that the direction of antiferro­
magnetic ordering was essentially [100], not [001]. At 
this point we shall discontinue the chronological de­
scription of the experiments and go to a discussion based 
upon the separate measurements made and their 
interpretation. 

The direction and magnitude of the internal magnetic 
field at the fluorine nucleus were determined by a series 
of measurements made of resonance frequency vs ex­
ternal magnetic field. To the extent that the internal 
magnetic field, Hi, is independent of the external mag­
netic field Ho, the magnitude of Hi and its angle relative 
to Ho can be calculated by the law of cosines. For the 
sake of simplicity we have kept # 0 | | [100] in these 
measurements so that only one line was observed. (It 
will be shown that for other orientations two resonances 
were observed.) Then if we picture the vectorial addi-
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FIG. 4. Measurements of H0 vs frequency with #o||[100] at 
r = 20.3°K and T = 4.2°K. The solid lines are best fits of the law of 
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tion of Ho and Hi, we have 

(CO/YW)2=HJ+HZ+lHoHi caatpi, (36) 

where <pi is the angle between Ho and Hi. The measure­
ments made at 4.2°K and 20.3°K are shown in Fig. 4. 
We shall consider the data of 4.2°K. By taking these 
points in pairs it is possible to solve for <pi and Hi. As a 
result of choosing seven pairs, we determined that 
i74-=10 075 gauss and ^=101.3°. We shall not attach 
limits of error at this time but only say that the average 
deviations were 27 gauss and 0.2°, respectively. The 
angle of 101.3° indicates that for H0 along a [100] axis 
Hi has a component which points in the opposite direc­
tion from H0. 

In another series of experiments a single crystal was 
mounted with £?o||[001] and at 4.2°K similar measure­
ments were made of H0 vs resonance frequency. Both 
sets of data are shown in Table V. If we take several 
pairs of these measurements with #o||[001], we de­
termine that for this orientation of Ho, <pi= 90° and 
Hi—10 070 gauss, where the average deviation in the 
angle is 0.5° and in the field is 25 gauss. Both sets of 
data will be analyzed more carefully below but the 
consequences at this point are inescapable. The internal 
field Hi lies in the (001) or ab plane and is about 101.3° 
away from the [100] or [010] direction along which Ho 
is directed. These results are in good qualitative agree­
ment with the model8 of spin alignment in which the 
spins lie in the ab plane as shown in Fig. 5. They clearly 
show that Ericson's model is wrong since there is no 
component of Hi perpendicular to the (001) plane as his 
model requires. In Moriya's model, two different sub-
lattices of N1++ ions exist of which the B sublattice is at 
the body-centered position and the A sublattice at the 
corners. The spins are approximately antiparallel along 
the a or b directions. They are not perfectly antiparallel, 
however, being rotated from this axis by a small angle so 
as to create a small ferromagnetic component perpen­
dicular to the direction of antiferromagnetic alignment. 
In order to compare the proposed spin alignment with 
the experimental observed fields at the fluorine nuclei, 

TABLE V. Measurements of frequency vs HQ at r=4 .2°K 
or 20.3°K for the two cases of H0|I[100] and tfolpOl]. 

#o||[100]; 
v (Mc/sec) 

49.900 
48.126 
46.040 
44.355 
43.810 
43.012 
42.520 
42.060 
41.966 
41.514 
41.000 
40.748 
40.452 

T=4.2°K 
Ho (gauss) 

9539 
8808 
7852 
6985 
6676 
6182 
5848 
5511 
5428 
5063 
4584 
4203 
3928 

#o||[001]; 
v (Mc/sec) 

56.375 
56.209 
55.864 
55.611 
55.061 

T=20.3°K 
Ho (gauss) 

9826 
9767 
9643 
9559 
9371 

FIG. 5. Model of spin ordering in NiF2 proposed by Moriya and 
confirmed by these measurements. 

it is necessary to have a quantitative expression for the 
spin alignment as a function of H0. In Fig. 5 the direc­
tion of the spins is shown for H0 and the ferromagnetic 
moment along a [100] direction is designated as the b 
axis. The angles between the b axis and JJLA and HB are 
labeled BA and 0#, respectively, and we define 

SB—OA^T—% 

^(6B+0A)/2, 
(37) 

where r\ is the total departure of the spins from being 
perfectly antiparallel and £ is one half of the angle be­
tween the ferromagnetic component and the [100] 
direction. Both rj and £ are very small angles. The ex­
ternal magnetic field is considered to be in the (001) 
plane, making an angle 8 with the b axis. From the spin 
Hamiltonian approach, Moriya8 has shown that 

£= (P/8a) sin0+ • 
r)=2a+l3cos0, 

m 
where by using the numerical values discussed above we 
have 

E 2.67 cm"1 

a = — = =0.028, 
JZ 95 cm"1 

gfxBHo 2.16XlO-20#o 

" JSZ 1.89X10"14 
= 1.14X10-^0. 

We shall compare the internal fields computed from this 
model with those calculated from the data of Table V 
for Ho\\b> or 0=0. Under these conditions £=0 and 

h(eB-6A) = £TT- (a+iP) = [JTT- (0.028 
+0.57XlO-6flro)](180°/7r). (39) 

For the antiferromagnetic ordering along the a axis of 
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TABLE VI. Values of 6 B as a function of Ho for Ho along the b 
axis, and the calculated values of the dipole fields along a 
and b. 

Ho 

0 
4000 
5000 
6000 
7000 
8000 
9000 

10 000 

0B 

88.40 
88.28 
88.24 
88.20 
88.17 
88.14 
88.10 
88.07 

Hb 

-530.2 
-531.4 
-531.9 
-532.1 
-532.5 
-532.7 
-533.1 
-533.3 

Ha 

-2952 
-2939 
-2934 
-2931 
-2927 
-2923 
-2920 
-2917 

Fig. 5, the values of the magnetic moments at the sites 
are 

(fJLb
A)= COSd B\fJ.A\, 

(»cA)=0, (»cB)=0, 

••sinOB\fJLB\ 

cos6B\fMB\ (40) 

in which we have set 6B=—6A^ Table VI gives the values 
of BB for different values of Ho. The value of sin0£ is 
0.9995 and changes negligibly over this range of H0. The 
dipole fields have been calculated by substituting the 
values of Eq. (40) into Eq. (9), from which we obtain 
the following components of I P along a, b, and c from 
sublattices A and By respectively: 

HP= 
0.0624 
0.1582 

0 

0.1582 
0.0624 

0 

0 
0 

-0.1248 

-0.9995 
+ COS0J5 

0 

+ 
-0.0876 

0.1334 
0 

0.1334 
-0.0876 

0 

0 
0 

+0.1752 

r 0.9995 
+ COS0£ 

0 

X10%i>, ' 
(41) 

or 

ff> = 
-0.1500 +0.2915 cosdB 

-0 .0248 -0.0252 cosdB 

0 
(JU)XIO24 gauss. (42) 

Now the total moment of Nr4"1- in'this crystal, including 
orbital contributions, is g/3S— 2.16X10 -20 erg/gauss, 
plus a small temperature-independent contribution 
which can be neglected in the antiferromagnetic region. 
I t is necessary to assume a degree of alignment of each 
sublattice and, as mentioned above, we shall follow 
Fischer's33 calculation of 0=0.964. This gives <ju'> = 2.08 
X 10~20 erg/gauss. The components of the dipole fields 
along a and b calculated from Eq. (42) are presented in 
the last two columns of Table VI. I t is noteworthy that 
by aligning the ferromagnetic components along the 
positive b axis there is a net dipole field at the fluorine 
sites which is negative or opposed to the ferromagnetic 
moment and to H0. Another interesting point is that, 
although decreasing the angle cp by increasing # 0 
changes n 5 more than #a, still the off-diagonal terms in 
the dipole sum change the field component along a more 
than along b. 

Using the same model of spin alignments we shall 
calculate the contributions of the hyperfine interactions 
to the internal magnetic field at the fluorine nuclei. For 
the fluorine site which we have considered at (u,ufi), the 
type I hyperfine interactions are with the B sublattice of 
Ni44" ions at the body-centered position in Fig. 1 (a) and 
the type I I interaction with the A sublattice of Nr 4 4 

ions at the origin. Referring to Eq. (10), we now trans­
form the spins into their components along the x, y, and 
% directions and have, using /J,— —g(3S and setting B=I 
and 4 = 1 1 , 

^ , I I = ~ ( 5 a
I I + 5 &

1 1 ) , Sj^-iSjSt), 
v2 v2 

1 1 (43) 
5 y i i = _ ( _ S a i i + S 6 i i ) , Sf^-iSJ+Sf), 

v2 v2 
c 11 _ e II 

>J2 *J C 

Writing the hyperfine interactions out in terms of the 
tensor A, we have 

I > A * . S = 2 | ( A 1 
SI xx 

: 

( ' 

0 
A I 

-fi yy 

±AZy 

0 
i -<4 yz 

A 

XX 

0 
0 

A u 

Siyy 

0 

•"XS) 
(44) 

We shall substitute the values of (S) into this equation 
which are consistent with the values of (JJL) used for the 
dipole sum calculation, remembering that both orbit 
and spin contribute in some way to the dipole sum while 
in our approximation only the spin contributes to the 
hyperfine interaction. The ± signs in front of the off-
diagonal yz terms in the first tensor reflect the fact that 
the two type I interactions are with two Ni4*4 ions above 
and below the xy plane whose off-diagonal interactions 
will cancel22 at the fluorine site. Also, by symmetry 
considerations, all the other off-diagonal terms vanish as 
can be seen by inspecting Fig. 1(a). We can show from 
Eq. (44) that the hyperfine interactions expressed in 
terms of the moments and equivalent fields are 

H h f * = -
4:ir(fj)c 

H h f
n = 

2ir{yt)c 

"J2g$yN 

AJ(§mdB—cosdB) 

A y1 (sin0js+cos0.B) 

0 

A x
u (—sinflu+cosfls) 

A j , 1 1 (SU10B+COS0B) 

0 

(45) 

where now, having shown that the. off-diagonal terms of 
the hyperfine interaction vanish, we have returned to 
the single subscript. By taking the components along 
a and b, introducing the numerical values of (/x) 
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(46) 

= -0.964g/3, 7iv=2.52X104 sec-1 gauss"1, and rear­
ranging, the hyperfine interactions can be expressed as 
effective fields: 

ff«=-3.60X lO2[sin0*(2,4 J+2A J-A,11-A y
11) 

+COS0B(-2A J+2AJ-A n+A„n)], 
Hb= 3.60X 102[sin^(- 2A X

l+2A f-A X
u+A v

u) 
+cos6B(2A J+2A f+A X

u+A Z1)]. 

In these equations the A's are in units of 10~4 cm-1. The 
experimental values of £Tf-= 10 075 gauss and <p=* 101.3°, 
in which <p is the angle between Hi and the [100] 
direction, can be reduced to 23^=9870 gauss and 
Hib= —1974 gauss. Since the dipole fields are given in 
Table VI, it is possible to calculate two parameters of 
the hyperfine interaction from the two relations in Eq. 
(46). By inspecting these relations it is obvious that the 
main contribution to Ha comes from the coefficient of 
sin0B. Furthermore, the most important term in this 
coefficient is 2AS

1—As
n, so that the experimental value 

of Ha is used to derive the values of As
l and A8

U in 
Appendix A. The value of Hb, on the other hand, is very 
sensitive to small changes in A J and Aff

n. When these 
parameters are determined, as described in Appendix A, 
we obtain the perfectly reasonable values for the hyper­
fine interaction listed in Eq. (29) and compared with 
KNiF3 in Table II. The values determined for KNiF3 

are unambiguous because of its cubic symmetry. It has 
been shown3 that KMnF3 agrees within experimental 
error with the values measured in MnF2. Therefore we 
conclude that the values of the hyperfine interaction in 
NiF2, which are determined from the spin ordering of 
Fig. 5, are the correct values. Consequently, we show 
that the limit of error of the spin ordering is ±1° . 

Another confirmation of the magnetic ordering is 
obtained when HQ is rotated away from the [100] direc­
tion in the (001) plane. The resonance splits into two, 
one going to higher field and the other to lower, as 

FIG. 6. Splitting of 
the F19 resonance at 
r=20.3°K as # 0 is ro­
tated away from the 
[100] direction in the 
(001) plane. 
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FIG. 7. (a) and (b) The calculated variation of the spin angles 
0A and BB defined in Fig. 5 as H0 is rotated in the (001) plotted as a 
function of angle 0 between # 0 and [100] under the same experi­
mental conditions as Fig. 6. In all four parts of this figure, the 
solid curve corresponds to the smaller value of HQ and the dashed 
curve to the larger, (c) Calculated variation in the angle <p be­
tween Hi and the [100] direction as a function of the angle 0 be­
tween Hi and the [100]. (d) Calculation variation in the magni­
tude of Hi with 0. 

illustrated in Fig. 6 for ?=44.110 Mc/sec at r=4.2°K. 
Two different curves have been calculated with different 
assumptions. The solid line assumes that the spins do 
not move as H0 is rotated—it assumes that Hi—10 070 
gauss and that the angle cp between Hi and the b axis 
remains constant during the experiment at 100.8° which 
is the angle calculated for 0=0 in Eq. (38). The dashed 
line represents the H0 expected for resonance if the spins 
move as the angle $ between H0 and the b direction 
changes. By substituting the experimental values of HQ 
and 6 into Eq. (37) and Eq. (38), it was possible to 
calculate the changes in 6A and 6B. The new values of 
spin orientation were then substituted into Eq. (42) and 
Eq. (46) in order to evaluate the new value of Hi and 
the angle <p. In order to show the dependence of Hi upon 
6y we have plotted in Fig. 7 the calculated values of the 
magnitude and angle of Hi as H0 is rotated with respect 
to [100], These values were computed for the experi­
mental values of H0 displayed in Fig. 6 under the condi­
tions T=4.2°K and ?=44.110 Mc/sec. Included in 
Fig. 7 are the dependences of 6A and 6B upon HQ and its 
angle 0. It can be seen that 6A and 6B each varies by one 
half of a degree in this range. The concomitant variation 
of the angle <p is about twice as great. In Fig. 6 we see 
that the lack of agreement between the calculated 
curves and the experimental points is on the average 
equal to the differences between the two calculated 
curves. For i7o~100 from the [100] direction, this 
difference reflects a little less than 1° difference in the 
angle <p. This is an independent confirmation that the 
internal field is as calculated from the data of Table V. 
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ol 
0 

NLF 2 

T = 4 . 2 ° K 
H 0 IN (001) 

HollDoo] 

6 7 8 

H 0 IN GAUSS 

10X103 

FIG. 8. The observed intervals between derivative extrema, 5H, 
at r=4 .2°K with #0 | | [100] are plotted as circles. The angle 
between Ho and the resultant field at the nucleus varies, as shown 
in the text, as Ho is changed so that the corrected widths are 
plotted as crosses. 

LINEWIDTHS IN ANTIFERROMAGNETIC STATE 

In the paramagnetic region the observed linewidths 
have been explained by the exchange narrowing mech­
anism previously observed to be responsible for line-
widths in other paramagnetic iron group fluorides. In 
the antiferromagnetic region the observed linewidths 
shown as circles are functions of Ho as shown in Fig. 8 
and Fig. 9. Figure 8 shows the separation between 
extrema of the derivative of the single absorption line 
observed for # 0 | | [100] at 4.2°K at different values of 
Ho. The same measurements for the two separate lines 
observed at the same temperature, but with Ho just far 
enough away from [100] in the (001) plane so that the 
two lines are well resolved, are shown in Fig. 9. Both sets 

of measurements were made with magnetic field modu­
lation. I t is evident from these plots that, as #0 is de­
creased from ^5000 gauss, the individual resonances 
broaden rapidly. By extrapolating to zero field the 
resonances would be more than a thousand gauss wide. 

This measured increase of the linewidths, in gauss, as 
Ho is decreased is caused by the resultant field at the 
nuclei being far from parallel to H0. In fact, by differ­
entiating Eq. (36) we can show that 

dHr Ho-1974 

dHo O)/JN 
(47) 

in which Hr is the resultant field at the nuclei. If we 
correct the data for these geometrical considerations, we 
obtain the true values of 8H shown as crosses and hollow 
squares in Fig. 8 and Fig. 9. The crosses and squares in 
the latter distinguish between the resonances observed 
at higher and lower fields, respectively, for the same 
orientation. As zero field is approached, the resonance 
decreases in strength because magnetic field modulation 
was used. The modulation field is parallel to H0 and is 
attenuated in the same way as H0. The resonance was 
not seen at zero field with magnetic field modulation 
consisting of a clipped sine wave based on zero. This led 
to the conclusion that either most of the ferromagnetic 
moments were aligned by the modulation field which, 
during the half cycle it was on, averaged ten gauss; or 
second, it was possible that the broadening noticed in 
the corrected data of Fig. 8 indicates a trend and the 
resonance is really very broad at low fields. 

From Fig. 9 the average width of the individual 
resonances is seen to be ~ 2 5 gauss. Nakamura34 and 
Suhl35 have explained nuclear resonance linewidths in 
ordered magnetic substances by indirect exchange inter­
actions. Nakamura34 has shown that the width of the 
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34 T. Nakamura, Prog. Theoret. Phys. (Kyoto) 20, 542 (1958). 
35 H. Suhl, Phys. Rev. 109, 606 (1958). 

FIG. 9. Dependence of 8H upon 
H0 with Ho 2.1° from the [100] 
direction in the (001) plane. Open 
circles refer to measurements of 
the lower field line, solid circles to 
the line which is displaced to higher 
fields. The corresponding corrected 
values are shown as crosses and 
squares, respectively. 
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F19 resonance observed19 in MnF 2 can be explained by an 
indirect coupling of nuclear spins via the excited spin-
wave states. This is analogous to the Ruderman-
Kittel,36 Bloembergen-Rowland37 indirect exchange 
mechanism. The main difference in the results obtained 
is that in antiferromagnetic materials the broadening 
only occurs as a result of interactions between identical 
nuclei. For MnF2 , Nakamura has calculated the second 
moment, AH2

2, of the F19 resonance to be 

A#2 J = = ( T - ) X ^ / + 1 ) ( — / - A (48) 
\ 2 7 r / \2hcoe/ 

in which A is the hyperfine interaction per bond, coe is 
the exchange frequency, and / and JN refer to fluorine. 
The factor f for the case of small anisotropy is given by 

/ ' ^ 4 0 / T T A , (49) 

in which A=(2HA/HE)^, where HA is the anisotropy 
field and HE is the exchange field. We have reduced / ' 
by a factor of two because only one of the two spin-
wave branches in NiF2 is contributing. Notice that if 
the anisotropy is small then / ' is large and the line is 
broadened. We can evaluate A by using Moriya's8 ex­
pression for the antiferromagnetic resonance frequency 
as follows: 

a)2=2A&>8=0.06yHE = y(2HAHE)*. (50) 

Since from the torque6,8 measurements 4̂ 2=0.03, then 

A = 0.06. (51) 

Calculating the exchange energy from the Neel temper­
ature in the same way as was done34 for MnF2 , and 
substituting in Eq. (48), with the relation for Gaussian 
lines that 

AHf^ldBP, (52) 
we calculate that 

8H=33 gauss. (53) 

This is a good fit to the experimental value of ^ 2 5 
gauss, considering the simplifications of both theory and 
experiment. The indirect coupling predicts larger widths 
in NiF2 than in MnF 2 because in the former the 
anisotropy is smaller and the hyperfine coupling to the 
fluorides is larger. The anisotropy is small because the 
90° symmetry of the sites in the (001) plane would give 
zero anisotropy for a 180° spin alignment in that plane, 
while the ordering observed differs from 180° by 
only ^ 3 ° . 

TRANSITION REGION 

In this section, the nuclear resonance results obtained 
as the temperature is lowered from 298 °K through 
TV = 73.2° will be discussed. The experimental values of 
the fractional resonance shifts a^AH/Ho at 298°K, 

78 77 76 75 74 73 7 2 71 70 69 68 

TEMPERATURE IN DEGREES KELVIN 

36 M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954). 
37 N. Bloembergen and T. J. Rowland, Phys. Rev. 97, 1679 

(1955). 

FIG. 10. Measurements of H0 vs temperature for three different 
orientations. The dashed line represents the calculated values of 
the shift as described in text. 

90.3°K, and 77.3°K are listed in Table I. In the last 
column of the table are listed the values of a divided by 
the spin-dependent portion of the susceptibility as de­
fined in Eq. (8). This number should be a constant since 
it is proportional to the spin-independent factors of the 
hyperfine interaction and dipole sum. I t can be seen 
from Table I that it is constant, to within experimental 
accuracy, for #o| | [001]. However, it is not constant for 
iTo||[110] as can be seen from those data. In fact, as the 
temperature is lowered close to TV, some of the nuclear 
resonance shifts begin to vary very rapidly with temper­
ature as shown in Fig. 10. In this figure the magnetic 
field required for resonance at the constant frequency of 
44.874 Mc/sec is plotted vs temperature. 

Let us first consider the results obtained with 
ffo11 [001] since these are the least anomalous. In the 
region from 77.3°K to 73.2°K, the single resonance 
stays constant at # 0 = 1 0 742 gauss. The resonance is 
17.9 gauss wide in this region and the width was con­
stant between 77.3°K and 73.2°K. The measurements 
shown in Fig. 10 taken with # 0 | | [001] show less than 
one gauss variation of AH with temperature. Actually 
a change in AH of about nine gauss is expected over this 
temperature range because of the change of suscepti­
bility with temperature. However, the displacement is 
very sensitive to the error made in aligning the crystal. 
When small errors in alignment were made, the reso­
nance was observed to shift to higher fields as T —> TV, 
indicating some admixture of the perpendicular com­
ponents which does shift to higher fields. Disregarding 
these small orientation effects, the results with jffollpOl] 
were very similar to our previously1 reported measure­
ments in MnF 2 where a followed the susceptibility right 



140 R. G. SHULMAN 

EX PERIMEN T - ^ 

^ M O L E C U L A R 
F IELD 

NLF2 

0.1 0.2 0.5 1.0 2 5 10 20 50 100 

( T N - T ) IN DEGREES KELVIN 

FIG. 11. Calculated values of Hi vs temperature as a result of 
measurements made near TV and at 20.3°K and 4.2°K. The fit 
was made to a Brillouin function. 

down to TV and in which the susceptibility was a well-
behaved gently varying function of temperature. At 
73.2°, corresponding to TV, the resonance field begins to 
change rapidly with temperature. The reason for this is 
that the internal field Hiy following the sublattice 
magnetization, is growing rapidly as the temperature is 
lowered in this region. The first interesting point, as 
shown in Fig. 10, is that the resonance field is continuous 
across TV. The resonance did not disappear as the 
temperature was cycled through TV. This is to be ex­
pected as Xn should be continuous across TV. Just 
below TV the resonance became a little narrower and 
more intense, but several degrees below TV it broadened 
and disappeared. Since the internal field Hi is known 
from our measurements at T<£TN to lie in the (001) 
plane, it can be measured in this temperature region in 
the following way. With Fli±H0, Eq. (36) reduces to 

H^+H0
2 = (co/7^)2= (11 203.1)2, (54) 

at the conditions of the experiment. The values of Hi 
calculated are plotted in Fig. 11 along with the values 
measured at 20.3°K and 4.2°K. An attempt has been 
made to fit these points with the Brillouin28 function 
which is plotted as a solid line in Fig. 11. I t can be seen 
that the agreement is not bad but that a more detailed 
comparison would be afforded by measurements of Hi 
at intermediate temperatures. Unfortunately, below 
71.5°K the lines broaden and disappear. First we shall 
consider the possibility that they disappear because of 
temperature inhomogeneities across the sample broaden­
ing the resonance. Differentiating Eq. (54), we have 

dHQ Ho dHi 
= - . (55) 

8T Ht dT 

Substituting measured values of Hiy H0 and setting 
AHi/AT—dHi/dT gives a maximum value of dH0/6T 
^500gauss/degree at r - 7 2 , 8 ° K . At 7 ^ 7 1 . 5 % where 

the resonance disappears, the value is dHo/dT~160 
gauss/degree. These effects will not explain the decrease 
in fluorine resonance intensity unless one assumes that 
the temperature gradients across the sample increase 
enough as tne temperature is lowered to overcompensate 
the decreasing value of dH0/dT with decreasing tem­
perature. Since there is no reason to expect this, we 
must look for another reason. 

The line disappears at 71.5° with # 0 | | [001] in a way 
that is consistent with the disappearance of the reso­
nance in the antiferromagnetic region for £To||[100]. As 
is shown in Fig. 8, as the magnetic field parallel to [100] 
is reduced and magnetic field modulation is used, the 
resonance begins to broaden until it becomes too broad 
to observe. With JETollCOOl] it is perpendicular to H% 

which is in the (001) plane. As Hi increases, the effect of 
the modulation field upon the resultant decreases and 
the resonance becomes apparently broader and steadily 
weaker as described in Eq. (47). 

I t can be seen from the last column of Table I that 
although a/x is well behaved for TT0||[001], it is not well 
behaved for Ho in the (001) plane. These results for the 
temperature region just above TV are shown in Fig. 10. 
The rapidly varying shifts of the fluorine resonance 
could be explained by a rapidly varying susceptibility in 
this region, which would be similar to the variations in a 
ferromagnetic substance just above its Curie tempera­
ture. Stimulated by these results, we gave a single 
crystal of NiF2 to Cooke and Lazenby to measure the 
susceptibility in this temperature region. Their measure­
ments20 of Xx show a rapid increase as the temperature is 
lowered towards TV. Measuring the molar susceptibility 
along the direction of maximum susceptibility in the 
(001) plane, they find that Xi=6.17Xl0- 3 cm3/mole at 
90.0°K and 6.37X10"3 cm3/mole at 77.05°K, after 
which it rises rapidly to 8.23X10"3 at 73.4°K. The 
susceptibility of NiF2 has been calculated by Moriya8 

from the spin Hamiltonian. Moriya has extended his 
calculations so as to include enough separate contribu­
tions to the susceptibility to explain these results. With 
his encouragement we present the salient features of the 
derivation. 

In place of his Eq. (3.1) for Xx we can write the 
temperature-dependent part of Xx for the two different 
sublattices labeled A and B in Fig. 1. Along the [110] 
direction these are 

A 1 2gmi 
X [ i i o ] A - X o o A = 

F D-E 

xli-^(^-/,))-x--<56) 

1 2g^h 

F D+E 

x\i-£&-r)}mv-<57) 
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in which we have denned the quantities Xx° and X„° to 
be the temperature-dependent parts of the suscepti­
bilities along the x and y directions of Fig. 1(b). 

The total susceptibility in the (001) plane is 

« i fi f . 
Fl D-E D+E 

-Kgi-itW+J') 

•(gi2+g2
2) ( / - / ' ) ] 

5l§2 

Z>2-£2 
(58) 

in which 

- F=1+2J 

and 

/ h 82 \ 

\Z>-E D+E/ 

8182 

D2-E? -E D+E 

J=8Jh 

j'=2J2+4:Jh 

where J\ is the exchange coupling between a nickel ion 
on one sublattice and its eight near neighbor nickel ions 
from the other sublattice. This is the predominant 
antiferromagnetic coupling while the couplings with 
other nickel ions on the same sublattice are described by 
J\ and J%. In this expression, 

h 1 r 
— = — 1 

D+3E D2+3E2 

D-E 3kTl 6kT 2(3kT)2 •} 
and 

~Ui D-3E D2+3£2 

D+E 3kTl 6kT 2(3kT)2 

(59) 

(60) 

Now upon denning TN as the temperature at which 
F~0, we find that 

X° = 
2g£P 

3k V 3kT / 

X-
T-Tx 

(T-TN)(T+e+v/T+---) 
(61) 

3k 

in which 

V 3kT / 

T-T2 
X-

(T-TN)(T+d+V/T+---) 
(62) 

and 

T2= TN+—\ +1 J+— ) 
3£L \ g2 4 / 

3DE 9E?-] 
1 (64) 

-/') 32/J and 
8 ( 7 - / 0 

6=TN+4J'/3k, (65) 

r,= (2/3knD/2)(J+J')+---. (66) 

In addition to these relations for the individual sub-
lattices, we also have for the perpendicular susceptibility 

Xi—Xxoo—-
3k 

Y1+^+-) 
V 3kT / 

T-To 
X-

in which 

r0=r. 

, (67) 
I 

2 [9& SEZ IE?J 1 
W —+—-+ + • • • . (68) 

3kl32J 2 X X2 J 

(T-TN)(T+d+r)/T+---) 

2 r9£2 3E2 2E?J 

Hence, we see that there are four temperatures neces­
sary to describe the susceptibility in this region. 
Furthermore, gi and g2 are the g factors defined 
as gi=giiio}A = gumB=gx and g2=g[iw]B=g[imA=gv 
There is an ambiguity left because from the electron 
spin resonance results21 we do not know the sign of E in 
the spin Hamiltonian; we only know its magnitude. 
This ambiguity is removed by the present measurements 
by which it has been determined, as shown below, that 
the sign of E is negative using the coordinate system of 
Fig. 1(b). 

With these expressions it is possible to calculate that 

T^TN+2.52^ 75.74% 

r2=r^-2.56°=70.66°K, 

r0==7V-0.07o=73.15°K, 

(69) 

(70) 

(71) 

where we have used the value 2V=73.22°K and in 
which it has been assumed that / ' = 3 5 cm"1. The value 
of (T+6+7j/T-\ ) is slowly converging in this tem­
perature region, and when evaluated from Eqs. (65) and 
(66) gives 73.2+67+6.7+- . . = 147°K. By fitting 
Cooke and Lazenby's measured20 values of Xj., a better 
value for TN+ ®+vi/T-\ is 158°K. Our plan is to see 
how well the observed fluorine resonance positions 
shown in Fig. 10 can be fit by these expressions for the 
susceptibilities. Substituting numerical values in Eq. 
(61) and Eq. (62), we have 
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For 75.74>7>73.22, Xj> is actually negative. Further­
more, these two equations are derived on the assump­
tion that E<0. If we assume that JS>0, then Xx° and 
Xy° would be interchanged because changing the sign of 
E interchanges the values of gi and g2 as shown in Eqs. 
(19) and (20). In order to distinguish between these 
alternatives and to ascertain the agreement between 
theory and experiment, we shall try to fit the experi­
mental results for Z7o||[HO[]. Two lines are observed, as 
discussed in the previous section, corresponding to the 
two different fluorine sites. The more displaced reso­
nance corresponds to a hyperfine interaction of 2 A /(SV) 
+A xU(Sx

u), the less displaced to an interaction 
2Ax

I(Sx
I)+AyI1(Sy

LI). Using the relations of Eqs. (4) 
and (5), we can write the fractional shifts of all three 
resonance lines in the (001) planes in terms of the 
susceptibilities of the two sublattices. Doing this so as 
to include both hyperfine interactions and the dipole 
sums, we have 

(0.11524 tf
I+0.076)Xy° 

+ (0.05674 iB
II+0.366)Xa;

0, (74) 

«UTO]= (0.11524 .I-0.367)xxo 
+ (0.05764 y

n-0.1S9)xy°, (75) 
«[ioo]= (0.11524,1+0.05764S

II+0.0837)X1I°, (76) 

in which we have set Xz°=Xn
0. It can be seen from Fig. 

10 that the most rapid variation of a with temperature 
in the transition region ^ccurs for the lines with HQ 
parallel to £110] and [110]. The numerical values of 
Xy° and Xx° are determined by Eqs. (72) and (73), while 
the dipole sums and hyperfine interactions are de­
termined by Eq. (9) and Eq. (29), respectively. In 
Fig. 10 we have presented the measured shifts and the 
values calculated for H0 in the (001) plane from Eq. (74) 
and Eq. (75). It can be seen that, as a first approxima­
tion, the two-sublattice model of the susceptibility 
explains the nuclear resonance shifts observed in this 
temperature region. Furthermore, although the ex­
perimental results show that a changes a bit more 
gradually than the calculated, still it must be remembered 
that there are no adjustable parameters in the calculated 
values. All the terms have either been measured inde­
pendently or else have been deduced from measured 
quantities. 

This rapid variation of susceptibility was first ob­
served in powdered NiF2 in collaboration with Jaccarino 
several years ago by noticing the rapid increase in the 
width of the F19 resonance in the powder. There is reason 
to believe that this rapid change of susceptibility is a 
general property of weak ferromagnets because anhy­
drous CrF3 powder also has shown38 the same broadening 
while neutron diffraction measurements39 coupled with 
susceptibility studies40 show CrF3 to be a weak 
ferromagnet. 

38 K. Knox, R. G. Shulman, and T. R. Waite (to be published). 
39 E. O. Wollan, H. R. Child, W. C. Koehler, and M. K. Wilkin­

son, Phys. Rev. 112, 1132 (1958). 
40 W. N. Hansen and M. Griffel, J. Chem. Phys. 30, 913 (1959). 

Between the preliminary announcement41 of our de­
termination of the magnetic ordering in NiF2 and this 
final report, an independent neutron diffraction rein­
vestigation of the magnetic ordering has been reported 
by Alikhanov,42 who has reached the same conclusion 
about the direction of spin alignment as we have. 
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APPENDIX A 

In this Appendix we calculate the components of the 
hyperfine interaction tensor, using three measurements 
from the paramagnetic state and two from the antiferro-
magnetic state. For the antiferromagnetic state we 
assume the spin ordering calculated by Moriya and 
shown in Fig. 5. The values of the hyperfine interactions 
obtained are shown to agree with those measured in 
KNiF3 where their interpretation was unambiguous be­
cause of the cubic symmetry. Finally, in this section, we 
investigate the effect of departures from Moriya's model 
upon the values of the hyperfine interaction and con­
clude that his model of spin ordering is correct with an 
error limit of ± one degree. 

Seven independent measurements of the magnetic 
field at the fluorine nuclei are reported in this paper. In 
the paramagnetic state three independent measurements 
are made; in the transition region two different combi­
nations; in the antiferromagnetic region two different 
combinations of the ,4's are measured, i.e., the direction 
and magnitude of the internal field at the fluorine sites 
in the domains. As discussed in the section on the 
paramagnetic state, it is a good first approximation to 
describe the fluorine hyperfine interaction in terms of 

41 R. G. Shulman, Proceedings of Radio-Frequency Spectroscopy 
Conference, Oxford, September, 1959 (unpublished). 

42 R. A. Alikhanov, J. Exptl. Theoret. Phys. (U.S.S.R.) 37, 1145 
(1959) [translation: Soviet Phys.-JETP 10, 814 (I960)]. 
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four coupling constants, A,1, A8
U, A*1, and A9

n. In 
order to determine these A's it is necessary to know (5). 
As shown in the text, (S) in the paramagnetic state is 
known quite accurately, while in this state three inde­
pendent measurements of the ^L's can be made. By 
adding another variable, i.e., the angle 6 which the 
unpaired pa electrons really make with the z axis, and by 
allowing this to differ from the angle between the z axis 
and the internuclear radius, we introduce one more 
degree of freedom. In our opinion the spin alignment is 
known more accurately in the antiferromagnetic state 
than it is in the transition region. Therefore, our pro­
cedure will be to use the two parameters measured in the 
antiferromagnetic state in conjunction with the three 
from the paramagnetic state to determine the A's. When 
this is done, we find that the five parameters so de­
termined are (in units of 10~4 cm-1) 

A.1=36A±1.8, ^4^=9.1=1:0.9, 

i4.n=42.1±2.1, i4„n=9.9=fc0.9, (A-l) 

6^=54.0°. 

The angle of 54.0° differs slightly but significantly 
from the angle of 50.1°. A reasonable upper limit on the 
unpaired spin introduced into the fluorine w bonds, 
which we have assumed to be zero, would be the a 
contribution multiplied by the sin4° or ~0.7X10~~4 

cm-1. In order to obtain the positive values of A a
l and 

A a11 in Eq. (A-l), it was necessary to use the values of 
Eq. (25). The alternative values of Eq. (26) lead to 
unrealistic negative values of these quantities. 

To obtain values of the individual components of the 
hyperfine interaction tensor, we substitute Eq. (A-l) 
into Eq. (28) with the results, in units of 10~4 cm-1, 

4, I=27.3±2.0, ^ n = 6 1 . 9 ± 2 . 5 , 

,4/=36.7±1.8, Ay
u=32.2±2.3} (A-2) 

4«I=45.2±2.0, ,4,n=32.2zb2.3. 

These values are our best fit of the data and are used 
throughout this paper unless otherwise specified. There 
are three important sources of error in these determi­
nations, whose contributions to the errors in A we 
estimate as follows. First, there is the neglect of T bond 
formation which might contribute as much as ±0.7 

X10~4 cm"1 to the pa interactions. Second, there are 
uncertainties in the spin alignments in both paramag­
netic and antiferromagnetic states. In the paramagnetic 
state the possible errors in the susceptibility might be as 
large as ± 3 % . Since the dipole sum is only about one 
quarter of the observed anisotropy, the uncertainty in 
the susceptibility is no more important to the pff 

contribution than to the isotropic part. To all parts it 
contributes a 3% uncertainty. Below TN we consider 
the effect of a spin deviation of one half of a degree from 
the values in Table VI. This would make a negligible 
contribution to the uncertainties of As1 and -4,11. The 
effects of these variations upon A a1 and A/1 is seen 
most directly by considering the expressions for the a 
and b components of Hi in the antiferromagnetic state 
given in Eq. (46). 

Considering H &, it can be seen that if 6B changes by 
± one half of a degree from the value of 88.20 at 
#o=6000 gauss, then COS0B=O.O314±O.OO9. NOW from 
Eq. (25) the coefficient of cos6B is 222.1 X10~4 cm"1, 
which allows a possible error of ±2X10~4 cm-1 in this 
term. This allows an error of ±0.4X 10~4 cm-1 to appear 
in the individual values of A a1 and Aff

n. The third 
source of errors are experimental inaccuracies. In the 
paramagnetic state these are estimated to ± 2 % in the 
value of the shifts. In the antiferromagnetic state they 
are negligible. These last considerations of spin align­
ment and experimental errors, considered together, 
introduce a possible error of ±0.6X10~4 cm-1 into the 
values of A a1 and A a

u. 
We have neglected possible changes in the values of 

A with temperature which would be associated with 
thermal expansion. If the thermal expansion is the same 
as in MnF2, we can estimate that the errors introduced 
are negligible. 

From these considerations we see that although the 
values of A <? and A a

u would be negligibly affected by an 
error of ±.one half of a degree in the spin order, still an 
error of ± one degree would change the values by an 
amount equal to the possible errors. Taking the reduc­
tion of the NiF2 pa values by x bonding into account, 
we see from Table II that within experimental errors the 
bonding is the same in NiF2 and KNiF3. Since the 
cumulative errors correspond to an uncertainty of ± one 
degree in the spin order, we can take that to be the 
accuracy with which we have confirmed the spin order. 


