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EPR of Mn + in the Tutton salts M(NH4)2(SO4)2 6H20 (M = Cd, CO, Ni):
Mn2+-Ni + exchange interaction
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X-band EPR measurements on Mn -doped isostructural single crystals of three Tutton salts
M(NH4)2(SO4)2 6HzO (M =Cd, Co, Ni) at room, liquid-nitrogen, and liquid-helium temperatures
are presented. Accurate values of the Mn + spin Hamiltonian parameters in these hosts, at various
temperatures, have been estimated by the use of a recently developed, rigorous, least-squares fitting
procedure, especially adapted to the electron-nuclear spin-coupled system of Mn +. The absolute
signs of the parameters are estimated from the relative intensities of lines at liquid-helium tempera-
ture and the spread of various fine-structure sextets. From the g shift in the paramagnetic host
(M =Ni), from that in isostructural diamagnetic hosts, the average nearest- and next-nearest-
neighbor Mn +-Ni + exchange interaction has been estimated to be 0.009 GHz. Linewidth variation
in the paramagnetic hosts (M =Co, Ni) as a function of temperature, as well as the magnitude of
external magnetic field intensity, has also been studied.

I. INTRODUCTION

Some EPR studies on Mn +-doped single crystals of
the Tutton salts M(NH&)z(SO4)z 6HzO, (M =Cd, Co, Ni)
have been previously reported. ' In the
Ni(NH4)z (SO4)z 6HzO host (hereafter NiASH) the EPR
measurements were made by Upreti' at X band, and con-
fined to room temperature (RT) only. He estimated the
spin-Hamiltonian parameters (SHP) employing perturba-
tion expressions, using only the resonant line positions ob-
tained for H~ ~x (H stands for the external magnetic field).
Specifically, he found (i) a monotonic increase of
linewidth with the magnitude of H, (ii) a negative shift in
the g value from those in other isostructural diamagnetic
Tutton salts, (iii) complete disappearance (broadening) of
the Mn + spectrum for H~ ~z, and (iv) a stronger crystal
field, compared to that in other Tutton salts. He conclud-
ed that the interaction between the host Ni + ions with
the impurity Mn + ions was responsible for these
features. Misra and Mikolajczak extended the X-band
EPR measurements on NiASH from room to liquid-
helium temperature (LHT) in order to study the variation
of linewidth as a function of temperature and the orienta-
tion of H, as well as to determine the absolute signs of the
SHP's. Although they estimated the parameters by nu-
merical diagonalization of the SH matrix, the method
used was not particularly suitable to the electron-nuclear
spin-coupled system of Mn +. Furthermore, the sample
used was of arbitrary shape, not enabling the determina-
tion of Mn +-Ni + exchange interaction in NiASH, since
the shape-dependent g shift could not be estimated. The
only EPR studies on Mn +-doped Co(NH4)z(SO4)z. 6HzO
(hereafter CoASH) have been reported by Upreti, he
made measurements at X band in the temperature range
90—373 K. He found that the linewidth increased as the
temperature was decreased, which he attributed to the in-
creased magnetic interaction between the host Co + and
the impurity Mn + ions as the temperature was decreased.

In Ref. 4, the SHP's were estimated by the use of pertur-
bation expressions and the line positions as observed for
H along the three principal axes. As for Mn +-doped
Cd(NHq) z(SOq) z.6HzO (hereafter CdASH), X-band
room-temperature studies have been published by Jain;
he estimated the SHP's by the use of second-order pertur-
bation expressions from the line positions obtained for H
along the principal axes z and x; the absolute signs of the
parameters could not be determined because he did not
make measurements at liquid-helium temperature. Strach
and Bramley have recently presented their zero-field
EPR (ZFR) measurements on four Tutton salts, not in-
cluding NiASH, CdASH, or CoASH. They determined
accurate values of SHP from their ZFR (zero-field reso-
nance) data; as well, they attempted to resolve the ambi-
guity in the sign of the parameter b z, which was ap-
parently caused by the different choices of the z axis of
the b z tensor in previously reported investigations;
see, e g. , Bleaney and Ingram for the cases of
Mn -doped Zn(NH4)z(SO~)z. 6HzO (ZnASH) and
Mg(NH&)z(SO4)z 6HzO (MgASH). Strach and Bramley
also noted that the values of the Mn + SHP's b4 and b4
for NiASH, as reported in Ref. 3, were one to two orders
of magnitude larger than those estimated by them for
ZnASH and MgASH from ZFR data.

The purpose of the present paper is to report further de-
tailed X-band EPR studies on Mn +-doped NiASH,
CoASH, and CdASH single crystals at room, liquid-
nitrogen (LNT), and liquid-helium temperatures. The
main objectives are (i) to determine the absolute signs of
SHP s from liquid-helium temperature spectra; (ii) to esti-
mate the average nearest- and next-nearest-neighbor
Mn +-Ni + exchange interaction in the NiASH host, us-

ing the g shift at liquid-helium temperature from that in
isostructural diamagnetic hosts [in order to accomplish
this, it was necessary to use a crystal with a well-defined
shape, for Kittel has shown that the particular shape of
the host crystal containing paramagnetic ions also causes
a g shift due to the magnetization of the host crystal, over
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and above that due to exchange interaction with the host
paramagnetic ions, equal to (4'/3 N—, )3M/2H, where

N, is the demagnetization factor along the axis of symme-
try (equal to 4n. /3 for a spherical sample) and M is the
magnetization —thus, in order to determine this, a spheri-
cal NiASH sample was used in the present investigations,
for which the shape-dependent g shift is zero]; (iii) to
study the linewidth variation as a function of temperature,
as well as a function of the magnitude and orientation of
H; and (iv) to estimate more accurately the SHP's by the
use of a rigorous least-squares fitting procedure, employ-
ing simultaneously the resonant line positions observed for
many orientations of the external magnetic field. (To this
end, a recently developed computer technique, diagonal-
izing the SH matrix numerically, especially adapted to the
electron-nuclear spin-coupled system of Mn +, was uti-
lized. )

This paper is a sequel to a recently published
study on Mn +-doped ZnASH, MgASH, and
Fe(NHq)2(SO4)2. 6HqO (FeASH). ' Mn +-Ni + exchange
interaction has been previously estimated from the g
shifts in paramagnetic hosts from those in isostructural
diamagnetic hosts at liquid-helium temperatures. " '

g
shifts have also been used to estimate the Gd +-Yb + ex-
change interaction in LiYbF4. '

II. g SHIFT, SAMPLE PREPARATION,
CRYSTAL STRUCTURE, SPIN HAMILTONIAN,

AND EXPERIMENTAL ARRANGEMENT

0) in the unit cell and are surrounded by octahedra of six
water molecules.

The spin-Hamiltonian appropriate to the Mn + EPR
spectrum in the Tutton salts is expressed in the usual no-
tation as follows: ' '

4 =@AS g.H+
m =0,2

3bzos + g 6t bFO4
m =0,2,4

+ AS,I, +B(S„I„+SKI@)+Q'[I, —, I (I—+1)]

+Q"(I„'—I ) . (2.2)

In Eq. (2.2), g, pz, S (= —, ), I (= —, ), and 01 are, respec-

tively, the electronic g matrix, the Bohr magneton, elec-
tron spin, nuclear spin, and the electron spin operators (as
defined by Abragam and Bleaney' ). Q' and Q" cannot
be determined from the "allowed" line positions
(bM =+1, b.m =0; M and m are the electronic and nu-
clear quantum numbers, respectively), as the correspond-
ing resonant line positions do not depend upon them. The
x,y, z axes corresponding to a Mn + ion are defined to be
the principal axes of the b2 tensor, such that the three ex-
trema in the overall splittings of EPR spectra are obtained
for H along z, I, and y in decreasing order of the overall
split tings.

A Varian V4506 X-band spectrometer was used for
EPR measurements, while the magnetic field was mea-
sured using a Bruker gaussmeter (B-NM20). For more
details, see Ref. 9.

5g =gp —gd ———Jn'/p~H . (2.1)

In Eq. (2.1), g~, gd, J, and n' represent, respectively, the
Mn + g factor in NiASH, Mn + g factor in a diamagnet-
ic host isostructural to NiASH, Mn +-Ni + nearest-
neighbor exchange interaction in NiASH, and the number
of nearest and next-nearest Ni + neighbors to Mn +.

The samples were prepared by slow evaporation of
aqueous solutions of appropriate Tutton salts containing a
sufficient amount of MnSO4. H2O so as to provide one
Mn + ion for every 1000 Ni +, Co +, or Cd + ions in the
respective solutions. The spherical NiASH sample was
prepared by blowing a sufficiently large crystal on emery
paper.

The crystal structure of the Tutton salts is monoclinic,
characterized by the space group P2&/a, with two mole-
cules per unit cell. The unit-cell parameters are roughly
in the ratio 3:4:2, while the angle p is close to 105 . In
particular, for NiASH, ' a =9.24, b =12.54, c =6.24 A,
P=106 58'; for CoASH, ' a =9.25, b =12.52, c =6.24
A, P=107 6', and for CdASH, ' a =9.43, b =12.82,
c =6.29 A, P=106'52'. The divalent metal ions in the
Tutton salts are located at the positions (0,0,0) and ( —,', —,',

For the paramagnetic host NiASH, a spherical sample
of appropriate size (about 3 mm diameter) was used.
(Thus, as discussed in the Introduction, the shape-
dependent g shift is zero for this sample. ) However, there
is another g shift experienced by Mn + ions in this host; it
is caused by the exchange interaction with the paramag-
netic host ions Ni +, which can be expressed as (see the
Appendix and Ref. 15)

III. EPR SPECTRA

The features of the EPR spectra as observed for the
three hosts are as follows.

A. NiASH

At room temperature two sets of spectra corresponding
to two physically inequivalent, but magnetically
equivalent, Mn + ions were observed. In particular, for
the orientation of H between 90 and 95' from the z axis

C1a

3
MAGNETIC F)E LD ( kG )

FIG. 1. Peak-to-peak linewidth of the first-derivative line
shape as a function of the magnitude of H at room temperature
for H~ ~x for Mn +-doped NiASH.
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FIG. 2. Average peak-to-peak linewidth of the first-derivative line shape for the lowest- and highest-field sextets as functions of
the orientation of H in the zx plane at room temperature for Mn +-doped NiASH.

in the zx plane, all 30 hyperfine lines for Mn + ions were
observed, the highest-field sextet was observed only for
the orientation of H from about 90' to 120' and from
about 20' to 34' from the z axis in the zx plane. Like-
wise, the two lowest-field sextets could be observed only
for the orientation of H from about 45' to 128' from the
z axis in the zx plane. For more details, and a plot of an-
gular variation of spectra, see Ref. 3 ~ These features
remained the same as the temperature was lowered to the
liquid-helium temperature, except for (i) additional obser-
vation of the two lowest-field sextets for the magnetic
field orientation from about 45 to 150 from the z axis,
and (ii) the disappearance of the highest-field sextet for
the magnetic field orientation along the x axis at 85 K
(this sextet reappears at liquid-helium temperature). As
for the linewidths in the NiASH host, the following obser-
vations are made: (i) the average linewidth of the EPR
lines in NiASH is greater than those in CdASH and
CoASH at all temperatures, and (ii) the average linewidth
is dependent on both the orientation and the magnitude of
H. Figure 1 exhibits the linewidth in NiASH as a func-
tion of the magnitude of H at room temperature for H~ ~x;
it is easily seen that there is a monotonic increase of
linewidth with increasing magnitude of H. The average
room-temperature linewidths for the lowest- and highest-
field sextets as functions of the orientation of H in the zx
plane are shown in Fig. 2; it is evident that these
linewidths are quite anisotropic.

B. CdASH

At all temperatures, the spectra are typical of two phys-
ically inequivalent, but magnetically equivalent, Mn +
ions; all 30 hyperfine "allowed" lines could be observed at
all orientations of the external magnetic field. The room-
temperature angular variation of EPR spectra is similar to
that observed for CoASH at room temperature, exhibited
in Fig. 3. As has been observed for Mn +-doped FeASH,
ZnASH, and MgASH host crystals, the overall splittings
of spectra for H~~z remains almost the same as the tem-

perature is lowered from room temperature to LHT, while
that for H

~ ~

x increases monotonically with decreasing
temperature. Finally, at 210 K, the overall splitting for
H~ ~x becomes equal to that for H~ ~z. Below 210 K, the
overall splitting of lines for H~ ~x surpasses that for H~ ~z.
This temperature behavior of overall splittings for H~~z
and H~ ~x is similar to that displayed for the FeASH host
in Ref. 9. The Mn + linewidths in the CdASH host do
not appreciably change, either with the magnitude or with
the orientation of H, or with the temperature, being 12+3
G. This behavior is the same as those for the other iso-
structural diamagnetic hosts ZnASH and MgASH.

C. CoASH

Figure 3 exhibits the room-temperature angular varia-
tion of EPR spectra for the orientation of H in the zx
plane for one of the physically inequivalent Mn + ions.
The general features of the Mn + EPR spectra in this
paramagnetic host are the same as those in the diamagnet-
ic host CdASH described above, except for the increase in
the linewidth with the decrease in temperature. The
overall splitting of lines for H~~x is found to increase
much more substantially than that for H~~z. While the
overall splitting for H~ ~x is sinaller than that for H~ ~z at
room temperature, it surpasses that for H~ ~z below 190
K. The EPR linewidth continues to increase as the tem-
perature is lowered, however, all 30 hyperfine lines are
certainly clearly observed down to 115 K. Below 85 K
the spectrum completely disappears. This is in agreement
with the observation of Upreti. The average linewidth of
the various sextets is given in Table I at various tempera-
tures. From this table it is clear that, at all temperatures,
the linewidth increases on going from the outer fine-
structure groups towards the central group. This is in ac-
cordance with the observations of Saraswat and Upreti,
for both Mn +-doped CoASH and CoK2(SO4)2. 6HzO sin-
gle crystals. This behavior of linewidth is similar to that
caused due to lifetime broadening, explained quantitative-
ly by Mehran et aI. for Gd +-doped EuAs04 and EuVO4
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I I l I i I I I single crystals. ' Indeed, the ratio of the average
linewidth of the sextet V to that of the sextet IV, after
subtracting off the linewidth in the diamagnetic host
CdASH, at 135 K, is 0.6, equal to that predicted by
dipolar —exchange-li fetime broadening.

IV. SPIN-HAMILTONIAN PARAMETERS

A. Absolute signs

1. CdASH

3 5

I- 3
Z.'

(3

2.5—

t i I I J l 1 i l I

90
ANGj E fdeg I

O

The intensity of the highest-field sextet relative to the
lowest-field sextet for Hiiz for the CdASH host clearly
decreases significantly as the temperature is decreased
from room to liquid-helium temperature. This indicates a
negative absolute sign for the parameter b2 for Mn + in
CdASH. ' It is also in accordance with the sign as re-
vealed by the spread of the various sextets as a function of
H for Hiiz. This spread decreases with increasing mag-
nitude of H indicating that the absolute signs of bz and 3
are the same. Since the relative signs of the fine-
structure parameters as evaluated from the data are
correct, the absolute signs of all the fine-structure parame-
ters can be ascertained with the knowledge of the absolute
sign of bz. As for the absolute signs of the hyperfine pa-
rameters, they are chosen to be negative for both A and B
in accordance with the hyperfine-interaction data. Fi-
nally, the eigenvalues as functions of magnitude of H
were numerically computed with this choice of signs of
parameters at LHT. Indeed, from these eigenvalues it was
found that the highest-field transitions occur among the
highest-lying energy levels, confirming the experimental
observation that at LHT the intensities of the highest-
field lines decrease relative to those for the lowest-field
lines for Hi iz. For, the Boltzmann-population factors are
rather small for highest levels as compared with those for
the lowest-lying levels at LHT.

FICx. 3. Angular variation of X-band spectra in the zx plane
for one of the physically inequivalent, but magnetically
equivalent, sites for the CoASH host at room temperature. The
circles represent experimental line positions, while the solid lines
are smooth curves that connect data points from the same tran-
sition.

2.

COWISH

Because of the unavailability of LHT spectra for
CoASH, the absolute sign of b z for this host could not be
determined. It has been assumed to be negative, the same
as that for CaASH, as indicated by the spread of the vari-
ous sextets for Hiiz and negative absolute signs for the

TABLE I. The average linewidth (in Cs) of the various sextets Hiiz at various temperatures. The
linewidth for the central fine-structure group III could not be measured accurately because of overlap of
the spectrum due to the other physically inequivalent ion. The various fine-structure groups are labeled
in increasing value of H as I, II, III, IV, and V. Dashes denote that these values cannot be determined
from the data.

Temperature
(K)

295
185
155
135
215

15+3
18+3
24+3
30+3
42+3

19+3
24+3
36+3
42+3
51+3

IV

19+3
24+ 3
36+3
42+ 3
49+3

15+3
18+3
24+3
30+3
42+3
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hyperfine parameters A,B, determined from the
hyperfine-interaction data.

3. NiASH

The lines corresponding to the highest-field sextet for
H~ ~x in this host are rather weak at room and at liquid-
helium temperatures. (At liquid-nitrogen temperature
they even disappear. ) It was, therefore, quite difficult to
use the relative-intensity data to unequivocally determine
the absolute sign of the parameter b2. On the other hand,
the spread of the various sextets as functions of the mag-
nitude of H increases as the magnitude of H increases, in-

dicating that the absolute sign of the transformed parame-
ter b2(x) as z~x is opposite to that for the hyperfine pa-
rameter B. Since the signs of the parameters A, B are neg-
ative, as found from the hyperfine-interaction data.
This also indicates that the absolute sign of bz(z) in
NiASH is negative.

B. Values of the parameters

The technique of the analysis to evaluate SHP's has
been well described in Ref. 6, while its application to EPR
of Mn + in the Tutton salts ZnASH, FeASH, and
MgASH has been illustrated in Ref. 10. Table II lists the
values of the SHP's for the Tutton salts CdASH and
CoASH, while the respective values for the NiASH host
are listed in Table III at various temperatures. From
Table III, it is seen that the g values in the paramagnetic
host NiASH are smaller than those in the isostructural di-
amagnetic host CdASH. This is a feature common to the
paramagnetic hosts containing Ni + ions; e.g. , in Mn +-
doped NiKz(SO4)2 6H, O, " ' NiSO4. 7H20, ' and
Ni(CH3COO)q 4H20. ' It is also noted from Tables II
and III that there is a much greater change in the magni-
tude of the ratio (b2/b2 ) in the NiASH host as compared
with that in the CdASH host as the temperature is
lowered from room to liquid-helium temperature.

V. ESTIMATION OF Mn +-Ni + EXCHANGE
INTERACTION

There are two nearest neighbors (NN) and four next-
nearest neighbors (NNN). However, the distance of NNN
is only about 20% greater than that for NN. Thus, on the
average, n', to be used in Eq. (2.1), expressing the g shift
in the paramagnetic host, has been chosen to be 6. It is to
be further noted that the error in the value of g (Table
III) is about 20 times that for g„„because of the nonob-
servability of the spectrum for the orientation of H close
to x. For this reason, the shift in g has been used to es-
timate Mn +-Ni + exchange interaction in NiASH. As
for the value of g in the isostructural diamagnetic host
is concerned, the average of the g values in the hosts
ZnASH, ' MgASH, ' and CdASH (2.004, 2.005, and
2.000, respectively) has been used. Using Eq. (A3) of the
Appendix the value of the exchange interaction averaged
over NN and NNN is estimated to be 0.009 GHz.

The exchange interaction J depends on interatomic dis-
tance R as R ' as found by Shrivastava and Jaccarino.
It was later found by Shrivastava that an exponential
function J =Joe, with b =3.55, works better than the
power law for a number of systems. The exchange was
also calculated as a function of bond angles. The
paramagnetic shift in the g values may be used to esti-
mate the Mn +-Ni + exchange interaction in NiASH. In
the present paper, it is estimated that the shift arises
mostly from the nearest neighbors, as the factor e
gives rise to a considerable reduction at distances in-
creased by 20%. Furthermore, the crystal-field splitting
for Ni + in NiASH, Pq ———59.7 GHz, is much larger
than the estimated value of J so that the shifts are so
small that they give rise to only approximate estimates of
the exchange interaction. It will be of interest to
study the pair spectra. It is important to examine the
exchange path in Ni(NH4)z(SO4)2 6HzO. The ex-
change is an indirect exchange interaction through one,

TABLE II. Values of the spin-Hamiltonian parameters for Mn +-doped CdASH and CoASH hosts (0.1% doping for each). The
parameters br, 3, and B are expressed in units of GHz. The indicated errors are as estimated by use of a statistical method (Ref.
24). The parameters reported by other workers have also been included for comparison. n is the number or lines simultaneously fit-
ted for the evaluation of parameters. Dashes indicate that these values have not been determined.

5 K'
CdASH

85 K' 295 K' 298 Kb 295 K'
CoASH

RT'

gz

gxx

&o

b 2

b 2

b4

B

2.000+0.001
2.000+0.001

—0.715+0.001
0.863+0.002
0.002+0.001
0.010+0.013
0.035+0.013

—0.273+0.002
—0.262+0.002

207

2.009+0.001
2.003+0.001

—0.697+0.001
0.875+0.002
0.002+0.001
0.009+0.009
0.073+0.011

—0.276+0.002
—0.251+0.002

2.003+0.001
2.001+0.001

—0.709+0.001
0.642+0.002
0.008+0.001
0.026+0.011
0.002+0.011

—0.276+0.002
—0.251+0.002

229

2.0168+0.001
2.0204+ 0.002

—0.750+0.006
0.150+0.015

0.057+0.003
—0.267+0.003
—0.264+ 0.006

2.002+0.001
2.004+0.001

—0.712+0.001
0.630+0.002
0.010+0.001
0.038+0.013
0.006+0.013

—0.270+0.002
—0.270+0.002

258

2.005+0.001
g„=2.009+0.001
gy

——2.012+0.001
—0.693+0.003

0.589+0.003

3,=0.258+0.003
=0.269+0.003

Ay: 0 272 +0 003

'Present work.
V. K. Jajn. , Ref. 5.

'G. C. Upreti, Ref. 4.
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TABLE III. Values of the spin-Hamiltonian parameters for the Mn +-doped (0.1%) NiASH host. For details and notation, see
the caption of Table II.

g~
g~
bo

6
6
62
64

B

5 K'

1.931+0.040
1.992+0.001

—0.377+0.023
1.242+0. 022

—0.300+0.029
—1.036+0.118
—0.051+0.031
—0.279+0.016
—0.255+0.001

246

4.2 Kb

2.000+0.001
2.000+0.001

—0.900+0.001
0.300+0.003

—0.200+0.001
—0.700+0.001
—0.015+0.001
—0.270+0.001
—0.270+0.001

81

85 K'

2.022+0.020
2.000+0.001

—0.633+0.051
0.855+0.049

—0.1 12+0.058
—0.849+0.278
—0.405+0. 101
—0.298+0.005
—0.242 +0.002

144

1.997+0.001
1.999+0.001

—0.898+0.003
0.295+0.003

—0.206+0.001
—0.707+0.001
—0.013+0.001
—0.267+0.001
—0.269+0.001

70

295 K'

2.061+0.020
2.002+0.001

—0.690+0.018
0.651+0.016

—0.118+0.033
—0.384+0. 119

0.033+0.029
—0.295+0.007
—0.249+0, 002

193

295 K

2.000+0.001
1.993+0.001

—0.780+0.003
0.280+0.003

—0.200+0.001
—0.700+0.001
—0.015+0.001
—0.270+0.001
—0.270+0.001

162

'Present work.
S. K. Misra and B. Mikolajczak, Ref. 3.

Mn -Q -Ni or two Mn -Q 0 -Ni atoms of
0 which belong to SO4 ions, as shown in Fig. 4, on
the basis of the crystal structure data of Cxrimes et al.
The ligand-ligand overlap is obviously significant in the
exchange interaction in the present system.

VI. DISCUSSION

The salient features of the EPR study presented in this
paper are as follows.

B. Overall splitting of lines for H( ~z and H~ ~x

In accordance with the observation for FeASH,
MgASH, and ZnASH hosts, ' it is found that the overall
separation of lines for H~ ~z, which is greater than that for
H~ ~x at room temperature, does not change significantly
with temperature for CdASH and CoASH. However, the
overall separation of lines for H~ ~x increases substantially
with the decrease in temperature, finally surpassing that
for H~ ~z at a certain temperature, typical of the host (Sec.
III).

A. Absolute sign of B2

The absolute sign of b 2 has been deduced to be negative
in all three hosts CdASH, CoASH, and NiASH. This is
in agreement with the absolute sign of bz in the hosts
FeASH, MgASH, and ZnASH. ' ' (For further discus-
sion, see Ref. 10.) This is also in accordance with the ab-
solute sign of b2 as determined by Miederna et al. ' for
Mn(NH4)2. 6H20 from susceptibility measurements.

C. Behavior of the linewidth as functions
of the orientation and magnitude of H

%'hile there is observed an increase in the average
linewidth as the temperature is lowered from room to
liquid-helium temperature for the paramagnetic hosts
CoASH and NiASH, the linewidth behavior is very sensi-
tive to both to the orientation and magnitude of H in
NiASH. This may be ascribed to be due to the interaction
of the probe Mn + iong with the host Ni + ions, which
are quite paramagnetic in nature (Sec. III). On the other
hand, in CoASH a line-broadening effect similar to life-
time broadening is observed.

D. Mn +-Ni + exchange interaction

The magnitude of the Mn +-Ni + exchange interaction,
averaged over the nearest and next-nearest neighbors, has
been estimated to be 0.009 GHz in NiASH, as found from
the shift of the g factor in NiASH from that in the iso-
structural hosts CdASH, MgASH, and ZnASH (Sec. V).
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APPENDIX

Assuming a pairwise exchange interaction between a
Mn + ion with its nearest neighbor Ni +, the total spin
Hamiltonian for the pair can be expressed as

+4.5J J
(gd gt )PBH ++2

2

where

A =gdPgS H+b202+b202+b404+b4. 04+b404

is the spin Hamiltonian of the Mn + ion (S = —, ) (see Sec.
II for further details):

A '=g)pgS). H+ pp02+/3202

is the spin Hamiltonian of the Ni + ion ( S ~

——1), and

~p JS S ] represents the Mn +-Ni + exchange interac-
tion, where J is the exchange-interaction constant.

The wave functions of the total system can thus be ex-
pressed as product wave functions g~(M)gz(M'), where
M =+—,, + —,, + —,, and M'=+1,0. Thus the spin Hamil-
tonian of the pair system is an 18 X 18 matrix. If we as-
sume now that the external magnetic field is along the z
axis, the following expressions can be obtained, using per-
turbation theory and neglecting smaller zero-order terms
in the spin Hamiltonian of Mn +, for the lowest-lying
Ni + energy level (M'= —1) (Ref. 28) at liquid-helium
temperature:

E( —, , —1)=gdPgH/2 J/2 g, P—AH ——,b2+ TP—P

E ( ——,', —1)= gd—PttH/2+ J/2 g—)PttH ——,b P+ —,
'

P~

J 0
(gd g 1 )PBH+ +P2 2b 2

2

From the above energy levels, using the resonance condi-
tion (for the transition —, , —l~ ——, , —1)hv=g~p&H, one
obtains the following expression for the g factor as ob-
served in a paramagnetic host lattice:

J J2
gp =gd —

H +
Pa Pa

where

[(gd —g t )P AH +8.5J —8b z +Pz]a=
2[(gd g 1 )PBH+P2]

(Al)

(A2)

J =(gd —g )PttH . (A3)

The above solution is also obtained when the term in J
in Eq. (Al) is neglected, since a«1. J in Eq. (A2)
should be replaced by Jn' in an average calculation treat-
ing the nearest and next-nearest neighbors equivalently,
where n

' is the number of nearest and next-nearest neigh-
bors.

In order to determine J one should solve the quadratic
equation (A 1). ~ith the approximation

~

J ~, ~
(gd

—g, )pttH ~,
~

b',
~
«

~
P, ~, the only accep«ble sol«ion,

compatible in magnitude with the molecular-field
theory, is
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