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EPR of Co?*-doped NiSO4-7H,0 and MgSO,-7TH,0: Co?*-Ni%* exchange interaction
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X-band EPR measurements on Co’*-doped isostructural single crystals of paramagnetic host
NiSO,-7H,0 and diamagnetic host MgSO,-7H,O have been made at liquid-helium temperature.
The principal values of the g2 and A2 tensors, as well as the orientations of the principal axes of
the g2 and A? tensors, are evaluated from the data using a rigorous least-squares-fitting program
suitable for electron-nuclear spin-coupled systems. Using the g shift of Co?* in the paramagnetic
lattice from that in the diamagnetic lattice the value of —0.81 GHz for the average Co?*-Ni’* ex-
change constant in NiSO,-7H,0 has been estimated using the molecular-field approximation.

I. INTRODUCTION

The present paper reports, for the first time, X-band
EPR studies on Co?*-doped isomorphic single crystals
of paramagnetic nickel sulphate heptahydrate
NiSO,4-7H,0 (hereafter NSO) and diamagnetic magnesi-
um sulphate heptahydrate MgSO,-7H,O (hereafter
MSO) at liquid-helium temperature. Particular emphasis
will be placed on the estimation of the paramagnetic-
guest—paramagnetic-host (Co?*-Ni?*) exchange interac-
tion using the shift of the g value of Co’* in the
paramagnetic host (NSO) from that in the isostructural
diamagnetic host (MSO).

It is well known that the EPR spectrum of Co’* ions
cannot be observed at room temperature, since the spin-
lattice relaxation time of Co?* is very short at room tem-
perature. It can only be observed at low temperatures.
Thus, it is not possible to orient the crystal at room tem-
perature so that the principal planes of the g2 tensor are
coincident with the planes in which the external magnetic
field can be oriented. In the present apparatus the crystal
could not be rotated at low temperatures around two mu-
tually perpendicular axes. Thus, the plane in which the
magnetic field can be rotated cannot, in general, be made
to coincide with the principal planes of the g2 tensor at
liquid-helium temperature. On the other hand, by apply-
ing the least-squares procedure, fitting simultaneously a
large number of resonant EPR line positions, obtained for
a large number of external magnetic field orientations in
any three mutually perpendicular planes, very accurate
values of the elements of the §2 and A ? tensors can be
obtained. From these the principal values, as well as the
direction cosines of the principal axes, of the g2 and A?
tensors can be obtained.! From the principal values of the
22 tensor the shift of the g value of Co?™ in the NSO host
from that in the MSO host can be calculated; this is re-
quired to estimate the Co’*-Ni** exchange constant in
the NSO host. This study is similar to that already re-
ported to estimate the Mn?*-Fe?*, Mn?*-Ni?*, and the
Gd3*-Yb**t exchange interactions.?~’

II. g SHIFT

At liquid-helium temperature Ag, the shift of Co®* g
value in the paramagnetic lattice of Ni>* in NSO from
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that in the isostructural diamagnetic lattice of Mg?™ in
MSO originates from two effects: (i) The presence of an
additional internal demagnetization magnetic field over
and above the external magnetic field at the Co?* site
because of the polarization of the magnetic moments of
the paramagnetic host ions Ni’* produced by the exter-
nal magnetic field. This demagnetization field depends
on the shape of the sample, being zero for a spherical
sample.® Thus, if one were to choose a spherical sample,
as was done in the present case, the g shift at low tem-
perature would solely be due to the guest-host
(Co?*-Ni**) exchange interaction. (ii) The exchange in-
teraction between the host (Ni’*) and probe (Co®*)
paramagnetic ions. This can be taken into account using
the molecular-field approximation as follows.

Considering the nearest-neighbor Ni** host ions only,
the spin Hamiltonian of a Co?*-Ni’* pair can be ex-
pressed as

Hr=H+H"+H, . 2.1
In Eq. (2.1),

is the spin Hamiltonian of Co?** ion (S =1), neglecting
the hyperfine interaction; here ¥ is the g tensor for Co**
and up is the Bohr magneton. (See Sec. V for more de-
tails.) Also,

H'=upS-g-H+3808 +p303 ,

is the spin Hamiltonian of the Ni’* ion (S =1), where g,
is the g tensor of Ni’*, and O/" are spin operators for
S =1 as defined by Abragam and Bleaney,’ and

Hy=JS-S; ,

(2.3)

(2.4)

represents the Co’*-Ni?* pair exchange interaction. Here
J is the Co?*-Ni?* exchange interaction constant.

St. John and Myers have calculated the g shift of
guest ions (Mn?’*) in paramagnetic hosts using the
molecular-field model as follows.'®!! The g shift can be
expressed as

A—J~aﬂ (g1u}H) 2.5)
g =Z <8H>/g1‘uB . .
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In Eq. (2.5), z is the number of equivalent nearest and
next-nearest neighbors and (3E, /dH ) is the average of
the derivative over the lowest-lying triplet of the host
ions. Finally, using the expression for E, as given by
Griffiths and Owen,!? the average exchange interaction
can be expressed as (see the Appendix)

_gzz )[(/32 glﬂBH)2]1/2/6g (P,—Py),
(2.6)

J= (gZRZ'

where the factor 6 appearing in the denominator
represents the number of nearest and next-nearest host
neighbors Ni’* to a Co?* ion, g?, and gg, are the prin-
cipal g values of Co*™ as observed in the paramagnetic
host (NSO) and diamagnetic host (MSQ), respectively,
and P, and P, are the probabilities of Ni’>* ions of being
in the lowest and the next-lowest levels of the ground-
state triplet, respectively. g, =2.25 and | B3| =45 GHz
as determined by Ono'’ for NSO, and an average value
of H can be used to be 3500 G, typical of X-band spec-
trum.

III. CRYSTAL STRUCTURE
AND SAMPLE PREPARATION

The MSO and NSO crystals are isomorphic, each
characterized by an orthorhombic unit cell. The unit cell
contains four formula units related to each other by the
space-group operator P213121 The umt cell dlmenswns
are, for NSO: a =11. 86A b =12. 08A c =6.81 A and
for MSO: a =11.91 A, b=12.02 A, ¢ =6.87 A. In
these crystals each Ni’*, or Mg?*, ion is surrounded by a
distorted octahedron of six water molecules. The seventh
water molecule, not coordinated with a Ni’* or Mg?*
ion, instead fills what would otherwise be a hole in the
structure.'* The four Ni’* or Mg?™ sites in the unit cell

FIG. 1. The crystal growth habit of MSO crystal used for the
EPR measurements. The orientations of the EPR axes X, Y,
and Z (laboratory frame) with respect to the crystal faces have
been indicated. ABCD, ABC'D'E'F’, and E'F'G'H’ are, respec-
tively, {100} {001}, and {010} planes. The directions of unit
vectors a, b € along the unit-cell vectors a, b, ¢ are indicated.
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are physically inequivalent, but magnetically equivalent;
this is reflected in the EPR spectra.

Single crystals of C02+-doped NSO and MSO were
grown by slow evaporation, at room temperature, of the
respective saturated solutions, each containing 1 mol %
CoS04-7H,0. The crystals were protected against mois-
ture by dipping them in mineral oil. The growth habits of
the two crystals are the same; they are exhibited in Fig. 1.

IV. EXPERIMENTAL DETAILS

A VARIAN V4502 X-band spectrometer was used for
the present observations. The magnetic field measure-
ments were made with a Bruker (B-NM20) gaussmeter.
For angular variation studies at liquid-helium tempera-
ture, the crystal was kept fixed while the magnetic field
was rotated. The temperature was varied by the use of a
heater resistor, installed in the liquid-helium cryostat. A
spherial sample of Co?*-doped NSO was prepared by
rubbing a sufficiently large single crystal on a damp filter
paper. EPR spectra were recorded in three arbitrary mu-
tually perpendicular planes, defined by the axes X, Y, Z,
for the magnetic field orientations at 2° intervals. The ZX
plane was chosen parallel to a crystal face; the orientation
of the Z and X axes are exhibited in Fig. 1. Specifically,
the Z axis was chosen parallel to the ¢ axis while the X
axis was chosen parallel to the b axis, being guided by the
crystal faces (Fig. 1).

Co?* EPR lines were clearly observed at 4.2 K. The
similarity of the EPR spectra of the two samples, except
for a little difference in the linewidths and intensities,
caused by the presence of the paramagnetic Ni’™ ions in
the NSO lattice, confirmed that the MSO and NSO crys-
tals were, indeed, isostructural.

The angular variation of the spectra for rotation of
the external magnetic field in any plane revealed the
presence of four different sets of eight allowed Co?*
hyperfine lines AM =+1, Am =0, where M and m are,
respectively, the electronic and nuclear quantum num-
bers. These correspond to the four physically ine-
quivalent sites in the unit cell, which Co?* ions can oc-
cupy. Except for the difference in the orientations of the
respective principal axes, these four sets of spectra are
found to be identical in all respects. The angular varia-
tions of the spectra for the MSO host in the ZX, ZY,
and XY planes at liquid-helium temperature are
displayed in Figs. 2, 3, and 4, respectively.

The peak-to-peak linewidth of the first-derivative ab-
sorption line shape for the NSO host, as a function of
temperature, is exhibited in Fig. 5. It is found that upon
raising the temperature, the linewidths increased, while
the intensities decreased. Finally, at about 47 K the lines
disappeared completely in both the MSO and NSO hosts.
It should be noted that at 4.2 K the average linewidths in
MSO and NSO hosts are 39 and 30 G, respectively. The
linewidths in the two hosts are, in general, not very
different from each other. As well, they are independent
of the orientation of the external magnetic field.

No EPR spectra due to Ni** could be observed in the
NSO host. This can be explained as follows. The lowest
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level (ground state) of the even-electron 3d® (’F)
configuration of Ni’* is an orbital singlet in an octahedral
field; it has threefold spin degeneracy. A field of ortho-
rhombic, or lower, symmetry removes both the orbital
and spin degeneracies of its ground state completely. The
splitting of the ground-state triplet between adjacent levels
in the absence of a magnetic field are |389—pB3| and
2|83, where | 38| and |33| are the fine-structure con-
stants of Ni?* defined by Eq. (2.3). The values of these
parameters are 383=—106.8 GHz and 3= —45 GHz
for NSO.!3 This splitting is much larger than the X-band
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FIG. 2. Angular variation of the X-band spectra in the ZX
plane for Co?*-doped MSO. The circles, solid rectangles, solid
circles, and crosses represent the experimental line positions of
the four physically inequivalent Co?>* complexes. The solid lines
are smooth curves that connect data points for the same transi-
tion. The spin Hamiltonian parameters have been estimated us-
ing the line positions represented by circles.
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FIG. 3. Angular variation of the X-band spectra in the ZY
plane for Co?*-doped MSO. Further details are the same as
those expressed in the caption of Fig. 2.

microwave quantum (~9.5 GHz); thus the EPR of Ni**
cannot be observed at X-band frequencies.'’

V. SPIN HAMILTONIAN
AND EVALUATION OF PARAMETERS

The ground state *F of Co?’" (3d’ configuration) is
split by an octahedral field, such that an orbital triplet
lies lowest, which further splits into Kramers doublets
under the combined effect of the spin-orbit coupling and
fields of lower symmetry. The external magnetic field re-
moves the Kramers degeneracy. The separation between
the lowest-lying Kramers doublet and the next-higher
level is much larger than the X-band microwave quan-
tum. Thus, the Co?>* ion has an effective electron spin
S :% in the MSO, or in the NSO, host, since it is only
the lowest-lying Kramers doublet which participates in
EPR. In addition, the cobalt ion has a nuclear spin
I =21. Finally, the spin Hamiltonian for Co’™" in these

2
hosts can be written as'®

H=pusHES+S-AI+I1-QI. 4.1)

In Eq. (4.1), A and 6 are the hyperfine and nuclear quad-
rupole tensors, respectively, for the Co>* ion.

The parameters were evaluated by the use of a
rigorous least-squares-fitting (LSF) method, employing
exact numerical diagonalization of the spin-Hamiltonian
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matrix, as described in Ref. 1. The elements of the ten-
sor Q could not be determined from the allowed line po-
sitions, since the corresponding energy differences do not
depend upon them. The estimated fine-line positions (60
in total) corresponding to the set of eight hyperfine line
positions for the magnetic field orientation in the three
mutually perpendicular planes for one physically ine-
quivalent Co®* ion, as estimated assuming the hyperfine
interaction to be zero, were first fitted simultaneously to
evaluate the components of the g2 tensor by a LSF pro-
cedure.! The matrix of the §2 tensor, so obtained, was
then diagonalized to obtain the principal values of the g2
tensor (which are squares of the principal values of the g
matrix), and the direction cosines of its principal axes
(same as those of the g matrix). Table I lists the princi-
pal g values and the direction cosines of the principal

3.0—

? H({kG)

1.5—

1.0—

ANGLE

FIG. 4. Angular variation of the X-band spectra in XY plane
for Co?*-doped MSO. Further details are the same as those ex-
pressed in the caption of Fig. 2.

3545

30— |

| | | |
5 35
TI(K)

FIG. 5. Variation of the average linewidth as a function of
temperature for the direction of the external magnetic field along
the X axis for NSO host.

FIG. 6. Partial projection of the NSO unit-cell structure on to
{001} plane showing six nearest and next-nearest neighbors Ni2*
ions (large solid circles) and six SO4?~ groups. Small open cir-
cles represent sulphurs, while large open circles represent oxy-
gens. The lengths @ and b are the unit-cell dimensions. The in-
direct exchange between Co** and Ni’* ions is dominantly via
2s and 2p orbitals of one or two oxygen ions. Examples of such
exchange paths have been shown by dotted lines.
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TABLE I. Principal values and the direction cosines of the principal axes of the g and 4 matrices
of Co**-doped NSO and MSO hosts at 4.2 K. g is dimensionless, while 4 is expressed in units of
GHz. The indicated errors are as estimated by the use of a statistical method (Ref. 17). The direction
cosines of the g2 tensor are given with respect to the X, Y, Z axes (laboratory frame), defined in Sec.
IV and depicted in Fig. 1, while those of the A 2 tensor (X', Y"', Z"') are expressed relative to (X', Y,

Z'), the principal axes of the g tensor.

Direction cosines

Host Principal values Z X Y
NSO Jo 7.100 0.009 z' 0.074 0.981 0.182
8x'x’ 2.936 0.004 X' —0.991 0.053 0.121
8y’ 2.320 0.003 Y’ 0.109 —0.189 0.976
Direction cosines
Host Principal values z' X’ Y’
NSO Ayp 0.806 0.004 z" 0.983 0.125 —0.137
Ay 0.303 0.002 X" 0.048 0.544 0.838
Ayry 0.000 0.001 Y” 0.179 —0.830 0.529
. Direction cosines
Host Principal values zZ X Y
MSO 822 7.008 0.009 A 0.035 0.990 —0.140
8x'x! 2.928 0.002 X' —0.998 0.026 —0.063
gy 2.198 0.003 Y’ —0.057 0.142 0.988
Direction cosines
Host Principal values A X’ Y’
MSO Ay 0.765 0.004 z" 0.997 0.070 0.036
Ay 0.246 0.001 X" —0.059 0.966 —0.254
A,y 0.000 0.001 Y —0.052 0.251 0.967

axes of the g2 tensor with respect to the X, Y, Z axes for
the two hosts. In order to evaluate the elements of the
A tensor the previously determined principal g2 values
and their direction cosines were used in another LSF
procedure, fitting simultaneously 384 allowed hyperfine
transition line positions for the external magnetic field
orientations in the three planes ZX, ZY, and XY of the
same Co’* complex for which the elements of the g
tensor were evaluated. The matrix corresponding to the
tensor A 2 was then diagonalized to obtain the squares of
the principal values of the A ? tensor, as well as its dlrec-
tion cosines, with respect to the principal axes of the g2
tensor. These values are also listed in Table I. The pa-
rameter errors were determined by the use of a statistical
method.!” Since the relationship of the X, Y, Z axes
with respect to the crystal growth habit is known (Fig
1), the dlrectlon cosines of the principal axes of the g2

and A’ matrices, thus define completely the principal
directions of the g2 and A 2 matrices with respect to the
crystal axes.

VI. Co?**-Ni’* EXCHANGE INTERACTION

Using expression (2.6) for J, as obtained from the
molecular-field approximation, an average value of J was
found to be —0.81 GHz. The exchange interaction J
has been shown to depend on interatomic distance R, as
R 2.1 Tt was later found that an exponential function
J =Jye ~PR, with b =3.55 worked better than the power

law for a number of systems.'” The exchange has also
been expressed as a function of bond angles.!” The
paramagnetic shift?® in the g value may be used to esti-
mate the Co?*-Ni** exchange interaction in NSO.? In
the present paper it is assumed that the shift arises main-
ly from a total of six (nearest and next-nearest) neigh-
bors, as the factor exp(—bR) gives rise to a considerable
reduction of J at distances increased by 20%. Further-
more, the magnitude of the crystal-field splittings, 61.8
and 90.0 GHz, is much larger than that of J = —0.81
GHz. Thus the g shift is so small that it only provides
an approximate estimate of the exchange interaction. It
is of interest to visualize the exchange path in NSO.
The exchange is an indirect exchange interaction
through one ion of O?~ (Co?*-0?~-Ni2*) or two ions of
0%~ (Co**-02~-0%"-Ni**), which belong to SO,*~ ions,
as shown in Fig. 6 on the basis of the crystal structure
data, reported by Wyckoff.!* The ligand-ligand overlap
is also important in the exchange interaction in the
present systems.
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APPENDIX

The average of the derivative of energy with respect to
magnetic field of the lowest-lying triplet of Ni** can be
expressed as

OE,, L OE
< arx)‘é1 0H "'’

where E,, E,, and E; are the energies of the ground-state
triplet in increasing values, and P;, P,, and P; are the
corresponding probabilities of occupation of these states.
According to Griffiths and Owen,!? for H||Z these energies
are

E\=38—[(B)*+(giupH)?]'?, (A1)

E>=3B+[(B5)+(g1upH)*1'?, (A2)
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and
E;=0. (A3)
Thus
3E
<7§17n>z[(Bg)er(gl“BH’z]*”z(Pz—P1)g%u%gH, (Ad)

to be used in Eq. (2.5).
Finally, the probabilities P; can be expressed as
3
Pi=exp(—E;/kT) / 3 exp(—E;/kT), (A5)

i=1

where E; are as given by Egs. (A1)-(A3). The required
values of the parameters are'’> 389=—106.8 GHz and
3= —45 GHz, while T=4.2 K for the present data.
This yields P, =0.648, P, =0.253, and P;=0.099.
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