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ABSTRACT 

.... 111m 
The time differential perturbed angular correlat1on (PAC) of Cd 

doped into anti ferromagnetic MnF
2

, FeF
2

, CoF
2

and NiF
2 

has been observed. The 

perturbation is caused by a combined electric quadrupole and magnetic dipole 

interaction. The PAC spectra are analyzed using autocorrelation-Fourier 

transformation technique s • The following quadrupole coupling parameters and 

internal fields have been observed (4 0 K) MnF
2

: \)Q = 16.7 ± 0.2 MHz, 
. ---, ~,.,' ~ 

" , . 

n = 0.05 ± 0.02, Hint = 33.1 ± 0.8 kOe; FeF
2

: \)Q = 21.6 ± 0.3 MHZ, 

n = 0.49 t 0.02, Hint = 38.7 ± 0.8 kOe; CoF2 : \)Q 17.7 ± 0.3 HHz, 

n = 0.0 ± 0.02, Hint = 15.8 ± 0.8 kOe; NiF2 : \)Q = 16.5 ± 0.3 MHz, n = 0.1 ± 0.08 

Hint = 23.5 ± 0.8 kOe. The internal fields are perpendicular to the z-axis zFG 

of the field gradient tensor for MnF2, FeF2 and COF2 , parallel to YFG in MnF2 

and pointing along x
FG 

in FeF
2

, In NiF2 the internal field is found in the 

zFG' x FG plane tilted by approximately 48 ± 5° against the zFG axis. The 

hyperfine fields are caused by unpaired spin density transferred into Cd s 

orbitals from 2 nearest and 8 next nearest magnetic ions belonging to two 

different sublattices. The internal fields are compared with those found in 

the corresponding perovskites KNiF
3

, KCOF
3

, KFeF
3 

and RbMnF
3

• 
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I. INTRODUCTION 

1 In recent years the perturbed angular correlation (PAC) of y rays 

has been increasingly applied to investigate the interaction of a nucleus 

with its chemical environment. Using this technique, Haas
2 

et al. have made 

a comprehensive study of nuclear quadrupole interactions. In a preceding 

letter, 3 we reported the PAC of IllmCd doped as a dilute impurity into the 

cubic antiferromagnets KNiF
3

, KCOF 3 , and RbMnF 3 , demonstrating how the 

measured hyperfine fields can be used to obtain new estimates for the spin 

dens{ty parameters fa of the cobalt-fluorine and manganese-fluorine bonds. 

The experiments described in this paper are part of a continuing effort 

to understand the transfer of spin density in inorganic magnetically ordered 

: 2+ insulators us~ng Cd as a probe, a problem closely related to superexchange. 

Because of the lower site symmetry the angular correlation of IllmCd in 

anti ferromagnetic MnF2, FeF
2

, COF2 and NiF2 is perturbed by a magnetic dipole 

and an electric quadrupole interaction. The PAC spectra reported here are 

some of the best examples for combined interactions. ' 

In Sec. II we give some experimental details. Section III deals 

with the spectral analysis using autocorrelation-Fourier transformation 

techniques. In Sec. IV we discuss the individual paths involved in the 

transfer of spin density. 
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II. EXPERIMENTAL 

111m b' db' d" f 110Cd The Cd was 0 ta~ne y neutron ~rra ~at~on 0 O. Subsequently 

the oxide was converted to the fluoride and then heated with the corresponding 

anhydrous transition metal fluoride in a Pt crucible. After cooling the melts 

were ground up in a mortar, to obtain a randomly oriented source. Typically 

the transition metal fluorides were doped with 0.1 mole % Cd. 

Zone refined MnF2 and COF2 were purchased from Atomergic Chemicals 

Co., New York. Anhydrous FeF
2 

was prepared by passing HF gas over high purity 

iron at 10SO-11000C. The product was zone refined in a sealed Pt crucible. 

NiF2 was obtained by heating anhydrous NiC12 in a stream of fluorine at 4S00C. 

It was sublimed subsequently in a stream of HF at 1200 0C. 

For MnF2 , FeF2 and COF2 the spectra were taken with a conventional 

fast-slow four detector setup.2 For NiF
2
/Cd we used an eight detector 

spectrometer, where each counter could be used as a START and a STOP detector. 

A total of eight 180" and eight 90° spectra were taken simultaneously. As 

described earlier~2 the perturbation factor A22G22 (t) can be directly obtained by 

combining corresponding 180° and 90° spectra. 
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III. SPEcrRA ANALYSIS 

The divalent fluorides MnF2 (TN = 67.4°K), FeF2 (TN = 78.loK), CoF2 

(TN = 37.7°K) and NiF2 (TN = 73.2°K) have the rutile structure (D!~) shown in 

Fig. 1. There are two crystallographically equivalent cations per unit cell, 

related to each other by a 90° rotation. 
2+ Cd enters substitutionally for a 

transition metal ion, e.g. at the center of the cube. It is surrounded by a 

distorted octahedron of fluoride ions. Four anions at the Corners of a 

rectangle in the (lID) plane are equivalent (Me-F bond type I), while the two 

remaining F ions above and below the plane have a slightly shorter Me-F 

distance (Me-F bond type II). Because of the point symmetry at the metal site 

(D2h) the orientation of the field gradient tensor, produced by the crystalline 

surroundings at the Cd nucleus, is fixed with the principal· axes pointing along 

[110], [110], and [001]. 

In the antiferromagnetic state there are two interpenetrating sublattices. 

For MnF
2

, FeF
2 

and COF
2 

JFig. la} the spins point along' the c-axis. Hence the 

hyperfine field at the Cd nucleus is parallel to [001], that is, one of the 

axes of the field gradient tensor. Because of symmetry the combined magnetic 

dipole and electric quadrupole interaction is the same for cadmium ions 

entering substitutionally at the center and the cornerS of the cube. 

The spin structure of NiF2 (Fig. lb) is more complicated. The spins 

are perpendicular to the c-axis, with the spin axis along [100] or [OlD]. It 

is well known that a slight canting of the spins occurs, giving rise to a small 

ferromagnetic component. There are four e@ivalent magnetic domains (Fig. 2). 
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However, as can be seen from Fig. 2, the orientation of the internal field of 

the cadmium nucleus relative to the field gradient tensor is effectively 

the same for the four domains, if we neglect the small rhombic 

lattice distortion associated with the magnetic transition. Under this 

assumption cadmium ions entering substitutionally at the center and the 

corners of the cube are subject to the same combined magnetic dipole and 

electric quadrupole interaction. 

The angular correlation of the well known y-y cascade of 111mCd 

into antiferromagnetic MnF2,FeF2, CoF2 and NiF2 is therefore perturbed 

by the combined interaction4 of the Cd nucleus in the intermediate 247 keV 

state (I = 5/2, TN = 84 nsec) 

2 
'J( -+ -+ e qQ {2 2 2} = -yh Hint· I + 41(21 _ 1) 3Iz - 1(1 + 1) + n(Ix - Iy) 

-+ 
The 'components of I refer to the principal axes of the field gradient tensor, 

2 
~ is the quadrupole coupling constant, n the asymmetry parameter, and Hint is the 

internal magnetic field at the Cd nucleus. For a polycrystalline sample; that 

is, a unique but randomly oriented interaction, the angular correlation is given 
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* where G22 (t) = G22 (t) is the perturbation factor 

+2 

= L L 
• N=-2 n

l
,n

2 

Here 'Iml ), Im~)., 1m2), Im~) are eigenfunctions of I z quantized along the 

z-axis of the field gradient tensor, I n
l 

), I n
2

) are eigenvectors of J( 

belonging to the eigenvalues E and E respectively. In the paramagnetic 
n

l 
n

2 
state (Hint = 0) and for an axially symmetric quadrupole interaction (n = 0), 

the expression can be written as l 

with 

1 { 13 10 5 ~22(t) = 5" 1 + 7'" cos(21T 'V
Q 

t) + 7'" cos(4'IT V
Q 

t) + 7 cos(61T vQt)} 

2 
3e qQ 

h2I(2I - 1) 

(1) 

(2) 

The time differential perturbed angular correlation spectra of lllmCd doped into MnF2 , 

,FeF2 , COF2, and NiF2 are shown in Figs. 3 and 4 for temperatures below and above their 

Neelpoints. The spectrum obtained for MnF2 in the paramagnetic state (77°K) 

shows almost exactly the periodic variation expected from Eq. (2). Therefore 

approximate values for V
Q 

and n (n ~ 0) are easily obtained, which can be 

improved by a least-squares fit using for G22 (t) the general expression (1). 
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For paramagnetic FeF2 (T = 90 o K, Hint = 0) the observed PAC spectrum is no 

longer periodic. Since V
Q 

essentially determines the time scale, the specific 

form of G
22

(t) depends only on the asymmetry parameter 0 ~ n ~ 1, which is 

easily found by trial and error. However in the antiferromagnetic state, 

where more parameters have to be determined, this method becomes increasingly 

difficult and tedious. Clearly, the Fourier components (E - E )/h of the 
n

l 
n

2 
perturbation factor G22 (t),which are differences of the eigenvalues of the 

hamiltonian j(, are needed to estimate these parameters. In principle the 

Fourier components can be obtained by a discrete Fourier transformation of 

the experimental spectra. However, whereas G
22

(t) contains three frequencies in 

the case of an axially symmetric quadrupole coupling, up to fifteen Fourier components 

have to be determined for the combined interaction. Since the area under the 

frequency spectrum remains constant (=1) the increased splitting leads to a 

considerable drop in amplitude, which makes it difficult or impossible to 

discriminate the Fourier components from the noise associated with the 

statistical fluctuations of the time differential PAC spectra. 

These difficulties can be overcome by using the autocorrelation 

function of the perturbation factor, rather than G22 (t) itself. The auto

correlation function C
f 

(T) of the time dependent function ret) is defined as 

the ensemble average 

where a stationary ensemble has been assumed. For most applications the ensemble 

average can be replaced by a time average 

lim 1 
T 

T+oo J 
+T/2 

-T/2 

f(t) ·f(t + T) dt 
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5 
It is well known' .that the Fourier transform of the autocorrelation function 

(multiplied by 1/2n) is the average power spectral density W(w) associated 

with the time function f(t) 

Wf(W) 
1 J- C

f 
(T) 

-iWT 
dT 2n e 

-00 

+T/2 2 

Wf(W) lim 
1 1 J f(t) 

-iwt 
= e dt , 

T 2n T-+OO 
-T/2 

where the average is taken over the ensemble. If the time function 

f(t) = set) + net) is the sum of a signal and of noise, with zero time 

(ensemble) averages, the autocorrelation function can be written as 

C(T) f(t) -f(t + T) + f(t.) -net + T) + net) -f(t + T) + net) -net + T) 

C(T) = C (T) + C (T) 
s n 

Since signal and noise are incoherent, the cross terms drop out and the 

autocorrelation function is the sum of the corresponding functions for signal 

and noise. Hence the Fourier transform of the autocorrelation function is 

(apart from the factor 1/2n) the sum of the average power spectral densities 

of signal and noise respectively. This can also be seen immediately from the 

expression for W(w) itself_ By contrast, these cross terms are contained in the power 

, () I' 1 1 IJ+T/ 2f( ) -iwt 12 , , , spectral denslty P W = 1m T 2n -T/2 t e dt whlch lS dlrectly obtained 
T-+oo 

from the Fourier transform F(W)of f(t) itself. Therefore using the auto-

correlation function of the perturbation factor G22 (t), which represents the 

time information in a smoothed form, leads to an average power density spectrum 
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with a greatly improved signal/noise ratio. 
6,7,8 

Recently several authors 

have used the Fourier transform F(W) of the perturbation factor G
22

Ct) or the 

power spectral density pew) derived from it to analyze pure quadrupole PAC spectra. 

However, the use of autocorrelation functions which was originally introduced 

by Matthias et al. 9 and subsequently applied by Rao et al. 10 to time differential 

PAC spectra perturbed by a pure magnetic dipole interaction is far superior 

and necessary to analyze more complicated spectra reliably. 

In the following we discuss some of the computati'onal details. Since the 

coincidence spectrum N(t,e) Noe-
t

/ TN (1 + A
22

G22 (t) P2(cose» + N
r 

is observed only 

for a certain period of time, the perturbation factor G
22

(t) is obtained experi-

mentally (in digital form) within a finite time interval. For times t > t , for 
max 

which the number of true coincidences is smaller than the background due to random 

events N e -t/TN < N , the statistical error increases significantly as can be seen 
o r 

from Figs. 3 and 4. These data points carry little signal information and are 

dropped. In order to obtain a maximum length for the usable portion of 

G
22

(t), and hence optimum frequency resolution, the background due to 

random coincidences should be kept as low as possible. 

Initially the data obtained are smoothed within the time interval 

o < t < t~x according to G;2(i) = 0.5 G
22

(i) + 0.25 G22 (i- 1) + 0.25 G22 (i + 1). 

Here the index i is the channel number. Furthermore, since the statistical error 

of the experimental perturbation factor is known, G22 (t). already represents an 

average rather than a single member of an ensemble. Hence the discrete 

I 

values of G22 (t) are 

L1N(t) 
relative error 

N(t) 

weighed according to the inverse get) of the 
-t/2TN 

For the time interval 0 < t < t , get) ~ e 
max 

holds to a good approximation. In order to avoid side bands, this function 

is tapered off to zero for times t ~ t With the values max 
-t/2TN 

G22 (t) = e • G;2(t) thus obtained the autocorrelation function C(T) 
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is calculated for time lags 0 ~ T ~ T = t . max max Subsequently the discrete 

values of C(T) obtained are reflected at T = 0 so that C(-T) = C(+T). The 

average power spectral density W(w) is then calculated by a discrete (fast)ll 

Fourier transformation of the autocorrelation function C(T). However, in order to 

5 
suppress side bands, C(T) is multiplied by the time window 

D(T) = 0~54 + 0.46 cos(n·T/T ) before transformation. In order to increase the 
max 

number of points calculated and thus to improve the spectral appearance and definition, 

additional zeroes are added to C(t) outside the interval -T ~ T ~ T to 
max max 

create an apparently longer signal. This of course does not affect the (physical) 

frequency resolution. 

In this way we obtain from the experimental time differential PAC 

W
exp 

spectra (Figs. 3 and 4) the experimental average power spectral density functions 

shown in Figs. 5 and 6 for HnF
2

, FeF
2

, COF
2

, and NiF
2 

(dotted lines). Since the 

1 · . h . d . h th d f lllmCd , A" -_ ('ITT )-1, natura llne Wldt assoclate W1~ e y-y casca e 0 Llv" N 

is about 2.5 MHz, the individual Fourier components overlap heavily. Assuming 

-+ 
certain values for V , n, and H. ,the perturbation factor G

22
(t) is calculated. 

Q lnt 

Using these theoretical estimates instead of the measured values for G
22

(t), 

. calc 
a theoretical estimate of the average power spectral denslty W can be 

made, following exactly the same procedure as described above. Comparing 

wcalc with wexp 
approximate values for the unknown parameters in the hamiltonian 

are easily found. 
calc .. exp 

They can be improved by a least-squares fit of Wand W 

. calc exp . . 
in the frequency or by a flt of G

22 
and G

22 
ln the tlme domain. Good 

agreement was optained between the results of a minimization in frequency space 

and time space. The solid curves in Figs. 5,6 and 3,4 represent the calculated 

. calc calc 
average power spectral denslty Wand perturbation factor G

22 
respectively. 
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IV. DISCUSSION 

As can be seen from Table I, the quadrupole coupling constant \i
Q 

is 

2+ 
rather similar for Cd doped into MnF2 , FeF2 , CoF2 , and NiF2 . The asymmetry 

parameter n is surprisingly small for MnF2/Cd, COF
2

/Cd, and NiF2/Cd. In FeF
2 

on the other hand, where the difference between the lengths of the transition 

metal-fluorine bonds (2.122 A type I, 1.993, type II) is largest, an asymmetry 

parameter n ~ 0.5 is found. Since the quadrupole coupling constants \i
Q 

and the 

Larmor frequencies' corresponding to the observed internal fields are of the same 

order of magnitud~, the energy levels of the hamiltonian U are strongly mixed, 

depending on the relative orientation of the internal magnetic field and the 

field gradient tensor. In this way the internal field was found in MnF
2

, FeF
2

, 

and CoF2 to be perpendicular to the z-axis zFG of the field gradient tensor, 

pointing along xFG it; FeF2 and YFG in MnF2 . Within our accuracy no change in the 

quadrupole coupling due to the magnetic transition was observed for MnF
2
/Cd, 

Because of the different spin structure the internal field at the 

cadmium nucleus in NiF2 is perpendicular to the YFG axis (c-axis). Therefore 

besides \iQ' Hint and n the angle e between the internal field and the z-axis 

zFG of the field gradient tensor has to be determined. If one neglects the 

small tilt (~ 1.3°) of the spins from the [100] or [010] direction towards 

[110], the angle ewould be 45°. Whereas \i
Q 

and Hint are rather insensitive 

towards the value chosen for e of course it is strongly correlated with the 

asynnnetry parameter n. Assuming e = 45° a reasonable fit of the experimental 

data is obtained for n ~ 0.2, whereas n = 0.06 ± 0.04 is found in the paramagnetic 

state. , A slightly better agreement between experimental and calculated values 

of the perturbation factor A
22

G
22

(t) is found for e = 51° and n = 0.05. The 
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error limits for e and n quoted in Table I reflect the strong correlation between 

these two parameters. If one assumes that the rhombic lattice distortion, 

associated with the magnetic transition in NiF2 is too small to cause an 

observable change,in the quadrupole coupling, then the better fit obtained for 

e = 51 0 using the quadrupole coupling parameters found in the paramagnetic state 

reflects the influence of the spin canting on the time differential PAC spectrum. 

Lattice distortions, caused by a magnetic transition are generally small. As 

reported earlier
3 

within our accuracy no quadrupole coupling was found in 

antiferromagnetic KCOF3 where at the Neel point a tetragonal distortion of the 

cubic perovskite occurs. 

The internal fields (Table I) found in MnF2/Cd, FeF2/Cd, COF2/Cd, and 

NiF2/Cd at 4°K are rather similar. For comparison we include in Table I 

the hyperfinefields at the Cd nucleus doped into the anti ferromagnetic 

perovskites RbMnF 3' KFeF
3

, KCOF3 , and KNiF
3

• Because of the lower site symmetry, 

the internal fields found in the divalent fluorides MeF2 should be corrected 

for dipolar fields, which generally amount to a few kOe. Jones et al. --
12 

reported 

for the dipolar field at a manganese site in antiferromagnetic MnF2 a value of 

Hd' = 5.8 kOe.Although we do not know the relative sign of the hyperfine 
:tp 

and dipolar field, it can be seen from Table I that thehyperfine fields in the 

divalent fluorides are considerably smaller than those in the corresponding 

perovskites. 

Recentlyl3 the hyperfine fields have been calculated for KNiF 3/Cd and 

NiO/Cd. Cd2+ is surrounded by six magnetic ions belonging to the same 

sublattice in the antiferromagnetic state. Assuming spin density only to be 

transferred into the outermost filled (4s) and empty (5s) shells of Cd2+, good 

agreement was obtained with the experimentally observed fields. It was found 
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that the major contribution to the hyperfine field was caused by an overlap 

- 2- 2+ 
effect of the spin polarized 2Pcr orbital of F (0 ) and the 4s orbital of Cd • 

. f .2+. h 1 1 f' Because of the electron1c ground state 0 N1 1n an octa edra crysta 1eld 

only cr bonding had to be considered. In this way the contribution of a single 

2+ - ( 2-) 2+ ..' . . path Ni - F 0 - Cd to the hyperf1ne f1eld was found to be approx1mately 

More generally ,since spin transfer occurs in the perovsld tes along linear 

2+ 
bonds Me - F 

2+ 
Cd only cr bonding contributes to the hyperfine field in 

(3) 

RbMnF3/Cd, KCOF
3
/Cd, and KFeF3/Cd, although some of the TI-bonding t 2g orbitals 

are half occupied • 

. For the rutile type difluorides MnF2 , FeF
2

, COF
2

, and NiF
2 

the situation 

is considerably more complicated. Cd
2

+ which enters substitutionally at the center 

of the cube (Fig. 1) has 2 nearest magnetic neighbors along the c-axis belonging 

to one and eight next nearest neighbors at the corners belonging to the other 

sublattice. Thus the hyperfine fields produced by the two sublattices at the 

Cd nucleus generally tend to cancel. 
2+ 

As can be seen from Fig. 1, Cd is con-

'2+-F '- 2+ 
nected to the surrounding magnetic ions by angular bonds Cd Me. Hence 

transition metal-fluorine bonds (Me-F) of both cr and TI character will contribute 

to the spin density in Cd s orbitals. Whereas the TI bonding t 2g 

half occupied in MnF
2

(d5), for Ni2+(d
8

) to a good approximation 

orbitals are 

there are no 

unpaired electrons in these orbitals. Therefore in MnF2 "FeF
2

, COF2 , and 

NiF2 different amounts of unpaired spin density will be· transferred from t 2g 

orbitals into Cd s shells. However as can be seen from Table I for the divalent 

fluorides the infernal fields at the Cd nucleus are surprisingly similar.. This 

suggests that the transfer of spin density along transition-metal-fluorine TI 
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bonds contributes rather little to the unpaired spin density in cadmium s 

orbitals. Furthennore, as will be shown below, in NiF2/Cd because of symmetry 

, ,2+ " . the spln transfer from the two nearest Nl > 10ns belonglng to one sublattlce 

can be neglected to a good approximation. Hence in NiF2 the hyperfine field at the 

cadmium nucleus is mainly caused by 8 next nearest neighbors, at the corners 

of the cube. Comparing the hyper fine field in KNiF
3
/Cd (102 kOe) .and the 

internal field in NiF2/Cd (23.5 kOe) , we see that in the perovskite KNiF3 one 

linear bond Ni
2+ - F d

2+ , f' f' C contrlbutes 17 kOe to the hyper lne leld, whereas 

, ,2+-F _ 2+, , (') 
the spln transfer along the angular path Nl Cd lnvolvlng a Nl-F 0-

bond'causes only a hyperfine field of approximately 3 kOe. :rhis shows that 

the spin transfer along angular bonds is rather ineffic.ient and suggests that 

for the remaining rutile type difluorides MnF2 , FeF2 , and CoF2 the small 

hyperfine fields reflect small amounts of spin density transferred along angular 

bonds (of both 0 and 'IT character) rather than an almost complete cancellation 

of the hyperfine fields caused by the two magnetic sublattices. 

In the following paragraph we discuss qualitatively the individual 

paths along which spin density is thought to be transferred. We chose (Fig. 1) 

the positive direction [100] to point'to the front, the positive direction [010] 

to the right and [001] points to the top of the page. For each ion in the unit 

cell a coordinate system is assumed, with the x-axis pointing along [001]. For 

Cd2+, which enters substitutionally at the center of the cube and its two nearest 

magnetic neighbors (above and below) the z-axis is taken along [110]. For .the 

magnetic ions at the corners of the cube the z-axis points along [110]. The 

same coordinate system is used for the four fluorine ions in the (110) plane. 

The point symmetry at a metal site is D2h , at a fluorine ion C2v ' prior to 

doping. We neglect the lowering of the symmetry due to the dopant. We neglect 
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the difference in the transition metal-fluorine bond length (type I and II). 

2+ 2+ . 
We take the bond angles Cd - F - Me w1th the nearest and next nearest 

.. 2+ ° 50· h magnet1c 10nsMe to be 90 and 13 respect1vely rather t an the actual 

values 102° and 129°. Under these assumptions the four next nearest magnetic 

ions in the (110) plane contribute as much to the spin density in cadmium s 

orbitals as the remaining four next nearest metal ions in the (110) plane. 

Since the cadmium s orbitals are invariant with reflections through the mirror 

planes (110) and (110) only those d orbitals of the transition metal ions 

with a corresponding symmetry. behavior have to be considered: Id 2 }, Id } 
z xz 

(next nearest neighbors in (110», I d 2 } , I d 2 } (nearest neighbors) . 
z x _y2 

Similarly only the fluorine orbitals 2p and 2p have to be taken into account. . x z 

The transfer of spin density along the c-axis -from the nearest magnetic ions 

via the fluorine anions in the (110) plane is appreciable only for the 

Id
X2

_
Y2

) function. The Id
z2

} function of the nearest magnetic neighbors 

is perpendicular to the 12p } and 12p } orbitals of the bridging fluorine x z 

anions and hence a small overlap is expected. Therefore, in NiF
2

, for which 

Id 2 2) i~ doubly occupied, only the eight next nearest magnetic neighbors 
z -y 

contribute appreciably to the hyperfine field at the cadmium nucleus. 

In order to compare the hyperfine fields in NiF
2
/Cd andKNiF/Cd, 

expression (3) has to be modified for the transfer of spin density along non

o 2+-F-' 2+ 
linear Ni Cd bonds. The easiest way is to assume the nickel-fluorine 

and fluorine-cadmium bonds to be independent of eac~ other. This assumption 

,19 
is closely related to the independent bond model used to interpret the F 

NMR data in MnF2 and NiF2 and to the factorization of exchange parameters into 

contributions of each individual bond within a certain superexchange path, 

16 
recently proposed by Newman. Under this assumption, the overlap integral 
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(POI4S> in expression (3), where the Po function points along the nickel

fluorine bond is merely replaced by (pl4s >cos 45° with Ip> along the 

cadmium-fluorine axis. It is well known from the 19F - NMR investigations 

1 15,17... .. of Shulman et ~. ln N1F2 and KN1F3 that the spln denslty parameters 

f , f for the nickel-fluorine bond are about the same in the two fluorides. o s 

Neglecting the small contribution of the fluorine 12s > orbital to the spin 

transfer, one obtains for the hyperfine field at the cadmium nucleus in NiF2/Cd: 

H (NiF 2/Cd) :::::: ~ H (KNiF 3/Cd) cos
2 

45 0
• In this way a field of 

H(NiF2/Cd) :::::: 68 kOe is estimated, which is in poor agreement with the experi

mentally observed internal field H. t :::::: 24 kOe. Therefore our experimental 
ln 

results in NiF2/Cd and KNiF3/Cd suggest that the transfer of spin density 

along angular paths cannot be estimated from that observed for 180 0 bonds simply by 

taking a reduced overlap of ligand and metal functions into account. 

Although our discussion has been only qualitative, the data presented 

here show important differences between'supertransferred hyper fine fields in the 

transition metal difluorides and the corresponding perovskites. A more rigorous 

theory of the properties of these materials should be able to account for these 

differences. 
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v. CONCLUSION 

The time differential perturbed angular correlation (PAC) of IlimCd 

doped into antiferromagnetic MnF
2

, FeF
2

, CoF2 , and NiF2 was observed. Well resolved 

hyperfine structure due to a magnetic dipole and electric quadrupole inter-

action was found in each case. The spectra were analyzed using autocorrelation

Fourier transformation techniques. The observed hyperfinefields are discussed 

in terms of unpaired spin density transferred into the closed Cd 4s shell 

along angular transition metal-fluorine-cadmium bonds. 
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RhMnF 3 

KFeF
3 

KCOF
3 

KNiF3 

V
Q 

(MHz) 

16.7 ± 0.2 

21.6 ± 0.3 

17.7 ± 0.3 

16~5 ± 0.5 
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Table I. 

n 

0.05 ± 0.02 

0.49 ± 0.02 

0.0 ± 0.02 

0.1 ± 0.08 

LBL-2398 

H. t(kOe) l.n 

33.1 ± 0.8 Hint"YFG 

38.7 ± 0.8 Hihtll~G 
15.8 ± 0.8 HintlzFG 

23.5 ± 0.8 Hint in xFG,zFG plane 

~ Hint' zFG = 48 + 5° -

111.4 ± 105 

"'100 

71.7 ± 1.5 

101.7 ± 1.5 



-19~ LBL-2398 

FIGURE CAPTIONS 

Fig, 1. The crystal and magnetic structure of a) antiferromagnetic MnF
2

, FeF
2

, 

and COF2 and b) weakly ferromagnetic NiF2 • The cadmium ion enters sub

stitutionally e.g. at the center 'of the cube. 

Fig. 2. For equivalent spin arr·angements in weakly ferromagnetic NiF 2. 

Fig. 3. Time differential PAC spectra of IllmCd doped into paramagnetic and 

antiferrornagnetic MnF2 , FeF2 , and COF2 . 

111m 
Fig. 4. Time differential PAC spectra of Cd in paramagnetic and weakly 

ferromagnetic NiF
2

• 

Fig. 5. Average power spectral density of the time differential PAC spectra 

(dotted line) for MnF2/Cd, FeF2/Cd, and COF2/Cd., The solid curves represent 

a least squares fit. 

Fig. 6. Average power spectral density of the time differential PAC spectrum 

of NiF2/Cd at 4°K (dotted line). The solid curve represents a least 

squares fit. 
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