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Abstract— Experimental data that indicate the existence of an exchange-dependent contribution to single-
ion spin-Hamiltonian constants for antiferromagnetically coupled S-ion pairs in diamagnetic crystals are

reported and generalized.
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Earlier, investigation of the effect of a crystal field
on magnetic anisotropy of a magnetically concen-
trated crystal was usually reduced to the choice of an
isostructural diamagnetic analog with close lattice
parameters (or a series of analogs) [1], which was
doped with the corresponding impurity in amounts
necessary for the observation of the electron paramag-
netic resonance (EPR) spectrum of individual ions.
The energy levels, which were calculated using a
Hamiltonian written in the single-ion approximation
and the molecular-field approximation for a magneti-
cally concentrated crystal with the constants derived
from the EPR data, provided the basis for the calcula-
tion of the magnitude and temperature dependence of
the magnetic anisotropy. However, the quantitative
estimations thus performed had demonstrated a sub-
stantial disagreement with data obtained from anisot-
ropy measurements of the magnetically concentrated
material [1, 2]. At the same time, the experimental and
calculated temperature dependences of the anisotropy
fields proved to be in good agreement [3]. This situa-
tion was observed for almost all compounds under
study. As a result, the investigation of anisotropy with
the use of isostructural diamagnetic compounds
reached a deadlock and studies of this type had not
performed for a long time. The problem associated
with the quantitative estimation of the anisotropy was
solved in the theoretical work by Nikiforov et al. [4],
who, in particular, considered a single-ion exchange
mechanism. However, their paper [4] had gone unno-
ticed by experimenters for quite a long time. Only rel-
atively recently, there appeared publications [5, 6] on
the study of single-ion exchange anisotropy with
invoking the experiment. In order to take into account
the single-ion exchange contribution to the anisotropy
of magnetically concentrated crystals, it took the pair

interactions in isostructural diamagnetic analogs to
investigate using electron spin resonance [6].

In this paper, we treated and generalized the exper-
imental data available in the literature on ion pairs
(MBO, + Fe*t (M = Ga, In, Lu, Sc), CaO + Mn?*,
MgO + Mn?*, and CsCdCl; + Mn?* crystals) for the
axial spin-Hamiltonian constant D¢ [6—9] in order to
demonstrate the existence of exchange-dependent
contributions.

In Hamiltonians [6—9], the strong isotropic
exchange interaction leads to six states characterized
by the total spin S =s; + ;. The energies of these states
have the form [6—9]

Eg = (J/2)[S(S+1)=s,(s;+1)=s;(s;+ 1)].
Here, S is the total spin number, which for each mul-
tiplet of the pair takes one of the values S'=s; + s, 5; +
s;—1,...,5,— s 5,=s5,=15/2; 5;and s; are the spin num-
bers of ions in the pair; and Jis the exchange parameter.

According to [7, 9], the Hamiltonian of the strong
exchange interaction for each individual multiplet can
be represented in terms of the total spin

H = gBHS,+(Ds/3)05(S.).

Here, the external field is directed along the axial axis.
The fourth-order anisotropic terms are ignored. The
spin-Hamiltonian constant Dg has the form [6—9]

Dg = 3ougDyy, + BsD.s;
og=(1/2)[S(S+ 1) +4s(s; + 1)]/(25— 1)(25+ 3) and
Bs=1[3S(S+ 1) —3 —4s(s;,+ 1)]/(2S — 1)(25 + 3) are
the nonlinear functions of the total spin .S, which are
given in [6—9] and tabulated in [7]; Dy, is the dipole
interaction constant; and D,gis the constant including
the contributions from the crystal field D, the local
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EXCHANGE DEPENDENCE OF THE SPIN-HAMILTONIAN CONSTANTS

Constants of the spin Hamiltonian of exchange-coupled S-ion
pairs in diamagnetic crystals

Compound A, Oe DCOSCD“/” Dy;p, Oe | Dy, Oe
CaO + Mn** 35.3| —183.8 | —494.4 | —498.9
CsCdCly + Mn?>" | —89.7 | 557.2 | —402.1 | —407.9
MgO + Mn?* —15.7 | 3343 | —567.9 | —565.6
GaBO; + Fe3* | -100 1194 —71 —82
InBO; + Fe3* -55 642 -70 —69
ScBO; + Fe* -39 458 —68 —~72.6
LuBO; + Fe* -8 -9 —78 —77

distortion due to the “foreign” pair D, and the single-

ion exchange mechanism A./S(S+1). The experi-
mental values of D,y can be determined from the
expression [6—8, 10]

D.g = (Dg/Bs) - (3(15D<'11p/[3s)- (1)

The experimental dependence is described using the
fitted function

D, (S) = (Dg+ D) +AJS(S+1).

The expression for the single-ion exchange constant

AAJS(S + 1) iswritten in this form, because the aniso-
tropic exchange interaction always includes the isotro-
pic exchange parameter. Each multiplet with the total
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Dependences of the single-ion spin-Hamiltonian con-
stants D, g for antiferromagnetically coupled MnZt—Mn2*

and Fe**—Fe** ions in CaO, CsCdCl;, MgO, and MBO;
(M = Ga, In, Sc, Lu) crystals on the quantity |H**|/|J/gf)|.
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spin S is in its own isotropic exchange field that
appears in the pair interaction:

[H| = (1/2B)(3|E4/aISI)
= |J/gBIS(S+ 1) = |J/gBl(S + 1/2).

Equation (1) is also in agreement with the data
reported in [4], where the Hamiltonian term describ-
ing the single-ion exchange mechanism is obtained in
the third order of perturbation theory, which, in par-
ticular, is linear in the isotropic exchange interaction.
The experimental results for the spin-Hamiltonian
constants Dgin MBO; + Fe** (M = Ga, In, Lu, Sc),
CaO + Mn?*, and MgO + Mn?* crystals are presented
in the form of dependences on the total spin S in [6].
These dependences were previously fitted to deter-
mine the spin-Hamiltonian parameters Dy;,, Do + D,
and A, which have been published only partially [6]
(numerical experimental values of the spin-Hamilto-
nian constant Dy for the CaO + Mn?** and MgO +
Mn?* crystals are given in [7]). The parameters Dy,
D, + D, and A calculated from the dependences
Dy(S) for the CaO + Mn?", MgO + Mn?*, and
CsCdCl; + Mn?* crystals are presented for the first
time (see table). The experimental data on the spin-
Hamiltonian constant Dy for the CsCdCl; + Mn?**
crystal are reported in [10].

The experimental value of the dipole interaction
constant Dy, = {D;— B3[Ds+ D+ AJ121}/305 can
be determined with a higher accuracy than Dy;, from
the data obtained for the multiplet with S = 3. The
constants Ds, (D, + D,), and A, which are necessary

for this determination, can be taken from data on the
dependence Dy(S) [6, 7, 10]. This approach to the

determination of the dipole interaction constant Dy,

made it possible to construct the monotonic depen-
dences D, (|JH®|) dependences (see figure). Note that,
when constructing the experimental dependence
described by Eq. (1), the point for .S = 3 is especially
sensitive to the error in the determination of the con-
stant D; and the dipole interaction constant because
the quantity [3; is small.

Therefore, the

includes the correlation correction «/S(S+ 1), which
must be taken into account in writing the Hamiltonian
for pairs in terms of the total spin .S. As can be seen
from the figure, this notation should have a general
form.

single-ion exchange constant
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